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ABSTRACT: This paper proposes an asymmetric miniaturized single-layer bandpass filter based on interdigital capacitors and microstrip
inductors with miniaturization and a wide bandwidth. It is composed of three series of LC resonator pairs and two parallel LC resonator
pairs, and this asymmetric structure enhances design flexibility. The measured results indicate that the center frequency is 1.48 GHz, and
the passband covers 0.88 ~ 2.08 GHz, with a return loss better than 12.6 dB, whereas the insertion loss is less than 0.58 dB. The physical
size is 31 mm x 13 mm, which is smaller than that of traditional LC filters.

1. INTRODUCTION

ith the rapid development of wireless communication
Wsystems, filters based on interdigital capacitors and mi-
crostrip inductors have become a research hotspot. In [1], a
switchable bandpass filter based on interdigital capacitors and
microstrip inductors is proposed. It realizes single/double band
switching through PIN diodes with independently controllable
transmission zeros and a compact structure. In [2], a broadband
filter based on interdigital capacitors and microstrip inductors is
proposed, achieving a 38.9% 3-dB relative bandwidth and high
selectivity with advantages of miniaturization and easy integra-
tion. For high-precision, multi-functional electromagnetic de-
tection in wireless communication, traditional single-function
devices lack sufficient sensitivity. Second harmonic genera-
tion (SHG) with frequency doubling and functional materials
like graphene/liquid crystals enables breakthroughs, as shown
in Yang et al. innovative studies [3, 4].

In [5], a hybrid filter combining a quasi-lumped-element fil-
tering network and LiNbO3/SiC SAW resonators is proposed
to overcome the narrow bandwidths of traditional acoustic fil-
ters. Cross-coupling/hybrid coupling-based transmission zero
schemes are complex and sensitive to the manufacturing pre-
cision. To address this, cascade lumped elements (capaci-
tors/inductors) in transmission lines. This allows resonators to
gain adjustable anti-resonant frequencies, generating IV, 2N [6]
or 3N + 1 [7] near-passband transmission zeros without com-
plex coupling. In [8], a universal synthesis method is pro-
posed to address the difficult negative coupling implementation
and excessive reliance on optimization. It converts coupling
forms via similarity transformation, enabling direct lumped-
component implementation without optimization and support-
ing multiple transmission zeros and a measured 70.5% frac-
tional bandwidth (FBW). A cubic miniaturized filter with quasi-
TMy10 mode dielectric-loaded cavities is proposed in [9], bal-
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ancing performance and miniaturization to solve the large size
of traditional cavity/waveguide filters that fail at compact in-
tegration of wireless devices. A scaled metal waveguide filter
via metamaterial resonators and 3D printing is proposed in [10],
which achieves effective size reduction to adapt to compact ra-
dio frequency front-ends.

The bandpass filter proposed in this paper consists of inter-
digital capacitors and microstrip inductors. This filter is in-
tended to be used in a wearable positioning system. The op-
erating frequency band of the positioning system is 1710 ~
1880 MHz, so the filter has a center frequency of 1.48 GHz. Its
passband covers 0.88 ~ 2.08 GHz, with return loss better than
12.6 dB and insertion loss less than 0.58 dB.

2. THEORETICAL ANALYSIS

2.1. Circuit Topology and Parameter Optimization

Figure 1 presents the circuit topology of the proposed band-
pass filter, which consists of five capacitors and five inductors
with an asymmetric configuration. This asymmetric LC topol-
ogy enhances the flexibility of miniaturized design without a
strict symmetric layout. The circuit parameters are optimized
through electromagnetic simulation, and the values are deter-
mined as follows: C; = 1.71 pF, C; = 9.51 pF, C5 = 2.01 pF,
Ll = 7.03 IlH, L2 = 276HH, L3 = 7.71nH. Z() is the ter-
minal impedance and is set to 50€2. The ideal simulated S-
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FIGURE 1. Schematic diagram of bandpass filter circuit.

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC25101503

PIER C

Cao et al.

w N = =
(=] S W»h © w»n O
| | | | |

S-parameters (dB)
ol i
wn

O
w O W
I L L

th
S

vvvvvvvvvvvvvv

2

f=]

Frequency (GHz)

FIGURE 2. Ideal simulated S-parameters of the bandpass filter.
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FIGURE 3. (a) The center frequency varies with the values of (a) C: and (b) L.

parameters of the circuit schematic are shown in Fig. 2. The
return loss across the entire passband reaches 21 dB. This re-
sult verifies the rationality of the proposed circuit topology and
the optimized parameter values.

2.2. Key Performance Parameters and Analysis of Parameter
Influence

The core performance parameters of the bandpass filter, includ-
ing the center frequency (fp), 3 dB absolute bandwidth (BW),
3 dB relative bandwidth (FBW), and quality factor (Q) [11], are
defined by the following formulas:

fo = fl-gfz )

BW = fo - f1 2
BW

FBW = =~ 3)
_fo

Q = BW “4)

where fi and f are the lower and upper 3 dB cutoff frequencies
of the passband, respectively. Formulas (3) and (4) indicate
that the 3 dB relative bandwidth is inversely proportional to the
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quality factor. This relationship provides a theoretical basis for
parameter adjustment during the filter design process [12].

Figure 3(a) illustrates the variation in the center frequency
with capacitor C'|. The center frequency decreases gradually
as the capacitance of C| increases. Similarly, Fig. 3(b) shows
that the center frequency exhibits a decreasing trend with the
increase of inductance. Figs. 4(a) and (b) depict the variations
of 3 dB relative bandwidth and quality factor with C5 and Ls,
respectively. As shown in Fig. 4(a), with the increase of Cj,
the 3 dB relative bandwidth decreases while the quality factor
increases. Conversely, Fig. 4(b) indicates that as L3 increases,
the 3 dB relative bandwidth also decreases, and the quality fac-
tor increases. These results further validate the inverse propor-
tional relationship between FBW and Q, and demonstrate that
(5 and L are key parameters for adjusting the bandwidth and
selectivity of the filter.

Transmission poles (TPs) are crucial for improving the se-
lectivity of the bandpass filter [13]. Fig. 5 shows that there are
three transmission poles in the proposed filter, which are se-
quentially labeled as TP1, TP2, and TP3, located at 1.23 GHz,
1.86 GHz, and 2.58 GHz, respectively. Figs. 5(a) and (b) re-
veal that the positions of the transmission poles vary with the
values of C3 and L3. Specifically, the adjustment of C3 and L3
can shift the transmission poles, thereby optimizing the pass-
band flatness and out-of-band rejection performance of the fil-
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FIGURE 5. The position of transmission pole varies with the values of (a) C'3 and (b) L.
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FIGURE 6. The layout of the bandpass filter.

ter [14]. Based on the measured simulation results, the lower
cutoff frequency f; of 0.88 GHz and an upper cutoff frequency
f> 0f2.08 GHz are obtained. Substituting these values into for-
mula (1), the center frequency fy = 1.48 GHz is calculated.
Furthermore, the 3 dB absolute bandwidth is 1.2 GHz, and the
3 dB relative bandwidth (FBW) is 81.1% [15]. The compact
LC structure has significantly reduced the size.

3. FILTER DESIGN

The bandpass filter employs interdigital capacitors and mi-
crostrip inductors as core structures. Among them, interdigital
capacitors feature low parasitic parameters, whereas microstrip
inductors balance integration and inductance needs with a me-
ander line. A series LC resonance enables efficient signal trans-
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mission, and parallel LC resonance suppresses out-of-band in-
terference. Measurements show the filter exhibits excellent
performance: insertion loss is less than 0.58 dB and | S| is bet-
ter than 12.6 dB. This performance satisfies the signal gating
requirements of wireless communication systems.

3.1. Design of Interdigital Capacitors and Microstrip Inductors

Figure 6 shows the filter layout. Fig. 7 shows that the capaci-
tance of the interdigital capacitors varies with the structural pa-
rameters. The core structural parameters of the interdigital ca-
pacitor (Lo, W,, G, N) are schematically depicted in Fig. 8(a).
Specifically, Figs. 7(a), (b), and (d) show that the capacitance
increases with the key parameters: finger length (L,), finger
width (W,), and finger number (V). In contrast, Fig. 7(c) indi-
cates that the capacitance decreases as the interdigital gap (G)
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FIGURE 8. The layout of (a) interdigital capacitor and (b) the extracted capacitance value of the interdigital capacitor.
increases. Fig. 8(b) shows the capacitance variation with in- I — — 1 ()
creasing frequency. An electromagnetic simulation of the in- 27 fIm(Y1)

terdigital capacitor structure is conducted, and the capacitance
value is extracted using formula (5). Fig. 9(a) shows the lay-
out structure of the microstrip inductor. Here, L; represents
the length of the microstrip inductor, and W}, denotes its width.
Fig. 9(b) shows the inductance variation achieved by adjusting
Ly and W;,. An electromagnetic simulation is also performed
for the microstrip inductor structure, with inductance extraction
using formula (6). Formulas (5) and (6) are referenced from [2].

Im(}/lg)

¢= 2 f

®)

14

3.2. Simulation and Measurement

This paper selects Rogers RO4350B as the substrate, with
relative dielectric constant r = 3.66, loss tangent § = 0.0037,
thickness h = 1.524mm, and copper foil thickness of
0.035mm. The layout structure is composed of interdigital
capacitors and microstrip inductors. Iterative optimization is
performed on key parameters: for interdigital capacitors, these
include the interdigital gap, finger length, finger width, and
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FIGURE 9. The layout of (a) microstrip inductor and (b) the inductance value of the extracted microstrip inductor.

TABLE 1. Structural parameters of the interdigital capacitor (unit: mm).

Capacitor N w L G G, W,
¢, 8 0.23 5.5 0.13 0.2 0.16
C, 12 0.65 7.1 0.2 0.2 0.13
(o8 6 0.4 22 0.13 0.13 0.13
TABLE 2. Comparison of filter performance.
. Center Insertion Return 3 dB Relative Physical
Filter Frequencies Loss Loss Bandwidth Dimensions
Structures (GHZ) (dB) (dB) (%) (Kg x Kg)
Ref. [2] 4.52 1.68 21.5 38.9 0.31x0.21
Ref. [5] 3.62 1.48 - 27.0 0.07 x 0.06
Ref. [8] 1.22 0.69 12.0 70.5 0.13 x 0.06
Ref. [13] 1.25 0.90 14.5 62.4 0.23 x0.13
This work 1.48 0.58 12.6 81.1 0.24 x 0.10
0

finger number; for microstrip inductors, the line width and

length are optimized. The core circuit size is 0.24A; x 0.10,
(31mm x 13mm), (\y: the guided wavelength at the center
frequency).

The simulated and measured performance metrics are shown
in Fig. 10, Fig. 11 shows the layout simulation results of differ-
ent interdigital gaps, and a photograph of the filter is shown in
Fig. 12. Fig. 10 shows the simulation results of the LC layout,
which are largely consistent with the schematic simulation. In
the passband, the simulated return loss reaches 20.9 dB, and the
insertion loss is less than 0.58 dB. Table 1 lists the structural pa-
rameters of the interdigital capacitor, where N, W, L, G, G,
and W, represent the finger count, line width, finger length, in-
terdigital gap, finger end gap, and terminating microstrip width,
respectively.

Table 2 lists the filter performance comparison with other
designs. Discrepancies in passband return loss between sim-
ulation and measurement are caused by machining accuracy
and transmission line loss during actual testing. We perform
a tolerance analysis (or sensitivity analysis) in ADS. When the
interdigital gap G of the interdigital capacitor C is 0.15 mm,
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FIGURE 10. Simulated and measured results of the bandpass filter.

the simulation result is shown in Fig. 11(a). When the value
of G is adjusted to 0.13 mm, the simulation result is shown in
Fig. 11(b). Such a slight adjustment will cause the deterioration
of the return loss in the passband, and insufficient processing
accuracy will easily lead to differences between the layout and
the measured results.
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FIGURE 11. Layout simulation results.

FIGURE 12. Physical image of filter processing.

4. CONCLUSION

This paper proposes a miniaturized, low-cost single-layer band-
pass filter based on interdigital capacitors and microstrip in-
ductors. It features miniaturization, low insertion loss, and an
excellent overall performance. The schematic design, layout
structure, and physical prototype of the filter are detailed in this
paper. Comprehensive electromagnetic simulations and exper-
imental measurements have further validated its reliable perfor-
mance.
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