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ABSTRACT: In response to the growing demands of modern communication systems for miniaturized devices, high selectivity, and multi-
band characteristics, this paper proposes a design methodology for a dual-band filter based on a planar interdigital structure. Two dual-
band filters are developed utilizing transmission zeros and cascading techniques. The filters exhibit high selectivity and wide stopband
performance. They are also tunable through parameter adjustments while maintaining a compact form factor. By incorporating composite
right/left-handed (CRLH) theory, the proposed filters demonstrate left-handed characteristics. Simulated and experimental results indicate
that the designed filters achieve low insertion loss, a wide stopband, and excellent out-of-band rejection within the target frequency bands.
Additionally, compared to existing designs in the literature, this approach offers notable advantages in terms of both size and performance.
The findings of this study show significant potential for applications in RF and communication systems.

1. INTRODUCTION

he requirements for device miniaturization, wide stop-
bands, integration, and multi-band capabilities in commu-
nication systems are becoming increasingly stringent [1,2].
As one of the most common components in communication
systems, filters must be designed to meet these characteristics.
In 2016, Chen et al. designed a septuple-band filter by lever-
aging multiple resonators connected in parallel to create mul-
tiple coupling paths [3]. This was achieved by parallelizing
filters with different frequencies or cascading filtering com-
ponents to realize multi-frequency filter designs. These filters
are characterized by their compact size and high selectivity. In
2017, Shen and colleagues proposed a novel single-mode res-
onator based on dual-composite right/left-handed (D-CRLH)
transmission lines. By cascading two different single-mode
resonators, they designed four dual-band filters [4]. In 2018,
Q. Yang etal., developed a wide passband filter by combin-
ing low-pass filters with open stubs. By increasing the number
of open stubs, additional transmission zeros were introduced
sequentially, enabling the design of filters with two to seven
passbands [5]. The multi-band characteristics were achieved
by adding transmission zeros in the stopband region of the fil-
ter. In 2020, Liu et al. utilized a balanced dual-mode dual-layer
ring resonator to design a dual-band filter [6], achieving con-
trollable transmission zeros and demonstrating excellent selec-
tivity and wide stopband performance. The comprehensive de-
sign approach involves obtaining the transfer function of the
multi-band filter and using a coupling matrix for simulation.
The transfer function is typically derived through the frequency
transformation of a normalized low-pass prototype [7]. Left-
handed materials, a type of artificial electromagnetic material,
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were first proposed by Veselago in 1968 [8]. Due to the right-
handed parasitic effects in practical applications of left-handed
transmission lines, the concept of composite right/left-handed
transmission lines emerged. Microwave devices, such as filters
designed using these composite right/left-handed transmission
line (CRLH TL), not only maintain excellent filtering perfor-
mance but also exhibit advantages like compact size and inno-
vative structures. Ref. [9] proposed a method for independently
controlling each pair of transmission zeros above and below
the passband by leveraging the cross-coupling characteristics of
high-order and low-order modes within the substrate integrated
waveguide (SIW) cavity. Refs. [10] and [11], based on the pro-
posed superconducting composite right/left-handed (SCRLH)
filter, established equivalent lumped element circuit models
for differential mode (DM) and common mode (CM), derived
the resonant frequencies, and extracted the component values.
Theoretical research was conducted on a novel superconduct-
ing dual-composite right/left-handed (SD-CRLH) filter, which
exhibits wide stopband characteristics, high unloaded quality
factor, and compact size.

Unresolved issues in current dual-band filter design: 1) De-
veloping effective methods for designing dual-band filters. 2)
Ensuring that the designed filter has high out-of-band suppres-
sion. 3) Reducing the size of the filter to address its overly large
dimensions. 4) Enhancing the versatility of the filter by en-
abling resonance points to shift through parameter adjustments.

Innovations in This Paper: 1) We propose a method incor-
porating transmission zeros and cascading to design two dual-
band filters. 2) The designed filters exhibit a wide stopband
characteristic. 3) The use of CRLH TL theory enables minia-
turization of the filters. 4) The filters that we designed feature
adjustable bandwidth capabilities.
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2. ANALYSIS AND DESIGN

2.1. Structure and Parameter Extraction of CRLH Resonator

As shown in Fig. 1, the composite right/left-handed (CRLH)
resonator unit proposed by Lai et al. consists of an interdigital
structure [12]. It is evident that this structure is composed of in-
terdigital capacitors and short-circuited branches. Here, /. and
W represent the length and width of the interdigital structure,
while /; and W, represent the length and width of the short-
circuited branches, and Z represents the input impedance of the
interdigital structure.
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FIGURE 1. (a) CRLH resonator unit. (b) Equivalent circuit diagram of
CRLH resonator unit, W, = 2.4mm, I = 8.0mm, [, = 5.0mm,
P =61mm, Wy = 1mm, Lgr = 2.45nH, Cr, = 0.68PF, Cr =
0.5PF and L; = 3.38 mm.

The input impedance of the short-circuited branch in the res-
onator unit structure shown in Fig. 1(a) is given as follows:

Z = jZ.tan(pls), )

where Z, is the characteristic impedance of the microstrip line,
and [ is the propagation constant at the center frequency. The
interdigital inductance value can be estimated from (1) as:

Ze
Ly ~ — tan Sl,. 2
w

The empirical formula for the interdigital capacitance is de-
rived as:

Cr = (er + 1)1 [(N = 3) A1 + As] (pF), A3)

B\ 045
A 4.409 tanh [0.55 <Wc>

*107% (pF/um), (4)

0.457*
Ay = 9.92tanh [0.52 (W> ] 1075 (pF/um), (5)

c

where h represents the thickness of the dielectric substrate.

As shown in Fig. 1(b), the equivalent circuit diagram of the
interdigital structure is presented, where the interdigital unit
structure can be equivalently represented as a left-handed ca-
pacitance C'r,, and the short-circuited branch line is equivalently
represented as a left-handed inductance L;. The value of Ly,
is determined by the length and width of the short-circuited
branch line. These parameters include C'z and L g, which are
parasitic elements generated by the interdigital unit and short-
circuited branch.

The input admittance Y of the circuit in Fig. 1(b) is expressed
as follows:

(1 — wQ/wge) (1 - w2/wfh) - wQ/w%.

Y = 6
JoC, (1= w22, ©
When Y = 0, resonance occurs in the circuit.
(1-w?/w?,) (1 —w?/w?,) —w?/w} = 0. (7
The resonance frequency is obtained as:
a++Vb a—b )
= Wy = .
w1 9 ) 2 9
a=w}, +wi, +wi, ©)

b= wgh +w3€ _H"J;l% - 2w§hw§e +2w}23w§h + 2w12%w52’e . (10)

1 1 1
Wee= , Wah=—me—e——e=, Wi=——=—=. (1l
VLCp " VLRCRr k VLiCr (an

This design is based on a balanced CRLH TL filter. First,
we calculate the frequency points where the input admittance is
zero, denoted as wy or wy in (8). Then, using Equations (9) and
(10), we can obtain wy, and wg. Finally, the parameter values of
CL, Ly, Cgr,and Lp are determined. Next, the design process
of a microstrip dual-band filter based on the planar interdigital
structure will be introduced in detail. Both filters are designed
based on the basic interdigital unit structure mentioned earlier.

2.2. Design of Dual-Band Filters for the n78 and n79 Frequency
Bands

In this section, a second-order wide stopband single-band filter
operating at 3.5 GHz is first designed using a planar interdigi-
tated structure. A source-load coupling structure is introduced
to generate a transmission zero in the stopband, resulting in a
second passband at 4.9 GHz. Ultimately, a wide stopband of
2.65 f1 is achieved, validating the filter’s CRLH characteristics
through S-parameter inversion [13].
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FIGURE 2. Basic topology diagram.
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FIGURE 3. Single-band filter structure based on interdigitated structure.
S =08mm, W = 0.5mm, L = 2.2mm, dy = 1.1mm, a1 =
4.5mm, Lo = 2.75mm, Lz = 2.5mmand L; = 16.8 mm.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 152, 73-80, 2025

PIER C

PORT 1

O

PORT 2

O

FIGURE 4. Equivalent circuit diagram of the single-band filter structure based on interdigitated structure. C. = 1.88pF, Lr = 3.93nH, Cr, =

8.49pF, Cr = 2.10pF, C1 = 0.35pF.

As shown in Fig. 2, the basic topology diagram of the de-
signed filter is presented, where R1 and R2 represent two iden-
tical resonators, which are coupled electrically for transmission.
S and L represent the source and load, respectively. Based on
the overall concept of the topology, the model diagram of the
planar interdigital structure is shown in Fig. 3. This structure
is designed on a Rogers 5880 dielectric substrate with a dielec-
tric constant of 2.2 and a thickness of 1.575 mm. It is clear that
the entire structure is symmetrically distributed, with the ports
designed using a coupled feeding method.

The equivalent circuit is shown in Fig. 4, where the dashed
box represents the two interdigitated resonator units. The ca-
pacitive J transformation is used to represent the electric cou-
pling between the resonators. Similarly, the coupling feed be-
tween the input and output ports is also represented by the J
transformation. The following analysis will focus on this equiv-
alent circuit diagram.

Firstly, for this two-port network, due to the symmetrical dis-
tribution of the circuit, calculating from both ports yields the
admittance matrix as follows:

w>CT+Y, Y, w2CiC,
_ jw3CQCc+ijCYT2—|-w2C'§YT Y, Y, +wC
[Y} - ! Yy, w2clcc w2cl2+yr ' (12)
Y, Y, +w2C, jw3CECAHwC Y, +w2 C2Y,
1 1
Yo=jwCr+ ——, Y,=jwlp+ —-,
jwLp, JjwCr,
Y, =Y, + Y. (13)
Through the Y matrix, the scattering matrix can be repre-
sented as:
S Si2
[S] = ( 521 522 = ([ U ] B [ Y }filter)

-1
(TUT+1Y Jriner) (14)
where [U] represents the identity matrix.

By substituting the parameters into the above empirical for-
mula and optimizing using HFSS, the specific model param-
eter values are obtained as: S = 0.85mm, W = 0.5mm,
L=22mm,dy =1.1mm, a; = 4.5mm, and L, = 2.75 mm.
Fig. 5 shows the simulation results of the single-band filter.
It is apparent that the filter design successfully implements
a second-order wide stopband single-band filter operating at
3.5GHz.
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FIGURE 5. Simulation results of the single-band filter.

Based on the above single-band filter structure, a source-load
coupling structure is designed to introduce transmission zeros
in the stopband, resulting in dual-band filtering characteristics.
Fig. 6 shows the improved filter design structure and circuit
topology. One can observe that the signal is transmitted through
two paths: the main signal path remains unchanged, while an
inductive path is added between the source and load. When the
transmission signals in the two paths are equal in amplitude and
opposite in phase, they add up to create transmission zeros in
the stopband. To suppress the spikes of harmonic signals, two
symmetrical open-circuit stubs are added, effectively ensuring
wide stopband performance. Fig. 7 shows the equivalent circuit
diagram of the dual-band filter. In addition to the electric cou-
pling in the main path, an inductive coupling component has
also been added.

Below, pathl represents the main signal path, while path2
denotes the source-load coupling path. The two paths are con-
nected in parallel; therefore, the admittance of the filter circuit
is equal to the sum of the admittances of each path.

[Y] = [Y] pathl + [Y] path?2 (15)
w2C12+Y,.
— | jw3C2C.+jwC.Y2+w2C2Y,
Y, wCiCe
Y. Y,‘-‘rUJQCl

Y]

pathl

Y w3CiC.
Y, Y, +w2C,
WIC2LY, (16)

J@BCZCAjwC, Y 24w C2Y,

L2-L32 . Ly
w
Lo JWiz"12
55 (1
Lo

v 7

path?2 =

. L .
]wa_ng Jw
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FIGURE 6. Dual-band filter structure and basic topology diagram based on interdigitated structure.
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FIGURE 7. Equivalent circuit of the dual-band filter.
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JwCr’

Ya:jWCR+ . ;
JwLp,

Yy, =jwlr +

Y, =Y, + Y. (18)

After obtaining the Y matrix, the scattering matrix can be
similarly derived using (14). When S5; = 0, the values of the
transmission zeros can be determined.

Finally, the simulation results of the dual-band filter ob-
tained through electromagnetic simulation software are shown
in Fig. 8. It can be seen that this is a low insertion loss, high
selectivity dual-band filter operating in the 5G sub-frequency
band, with 2.65 f; wide stopband characteristic.
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FIGURE 8. Simulation results of the dual-band filter.

Next, we analyze the impact of four structural variables Ls,
dy, Wy, and W1 on the filter’s performance. Since the length
of dy represents the length around the via hole, which corre-

sponds to the value of L; in the circuit, the inductance increases
as dy increases. Similarly, the transmission zero of the first fre-
quency point shifts to the left, while the second frequency point
remains largely unchanged. Wy represents the width of a seg-
ment of the branch in the source-load coupling structure. As
Wy increases, it can be observed that the first frequency point
is almost unaffected, while the insertion loss at the second fre-
quency point gradually decreases. The added extra symmetri-
cal open-ended branch width W7, shows a significant improve-
ment in the high-end spurious at the harmonic frequency as W1
changes.

According to the dispersion curve in Fig. 9, it can be observed
that when Beta P is 0, the resonant frequencies are 3.5 GHz
and 4.9 GHz, with significant changes occurring at these two
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FIGURE 9. Dispersion curve of the interdigitated filter.
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frequency points. This dispersion curve validates the design of
the CRLH dual-frequency filter.

2.3. Design of an S-Band Dual-Frequency Filter

A second-order wide stopband single-frequency filter operating
at 2 GHz was designed using single-mode CRLH resonators.
By paralleling two single-mode CRLH resonators, the filter
achieves independently adjustable frequencies, providing fil-
tering and transmission characteristics at S-band frequencies
(2 GHz/3.9 GHz). The filter reaches an out-of-band suppres-
sion of 15dB at 2.84f;. Equivalent constitutive parameters
were extracted using MATLAB to verify the CRLH characteris-
tics of the filter, and the design approach was validated through
fabrication and testing.

The following describes a single-frequency filter structure
based on Resonator 1 and Resonator 2. This structure is
designed using a Rogers 5880 substrate with a thickness of
0.787mm and a dielectric constant of 2.2. Its planar model
is shown in Fig. 10. The entire structure exhibits an up-down
symmetric distribution, with two identical resonators achiev-
ing electrical coupling by being placed in close proximity. The
feed ports consist of 50 2 microstrip lines. An equivalent cir-
cuit analysis of this filter structure will be conducted below.

Ly
$ dz

We

FIGURE 10. Single-frequency filter structure model, L4 = 8.95mm,
do = 0.25mm, W5 = 0.84mm, Ls = 4.7mm, o = 0.25 mm,
Wy = 1.23 mm.

Similarly, the J-transformation is used to represent the elec-
trical coupling between the two resonators. The equivalent cir-
cuit diagram can be analyzed with reference to the previous dis-
cussion, and the specific circuit structure is shown in Fig. 11.
The dashed box represents the left-handed circuit, which here
refers to the composite left-handed circuit composed of inter-
digitated capacitors and ground metal vias. The electrical cou-
pling between the two resonators is represented using the J-
transformation. A detailed analysis of this equivalent circuit
will be provided below. By observing the equivalent circuit, it
can be seen that this is a symmetric two-port circuit. The ad-
mittance looking into the ports can be expressed as (19).

w?Ci+Ys Yy jwCy
w2CE+Y2-Y, Y, Yr+w?2Ch
Y] = ! 22 ;19
Y jwC w=C7+Y,
Y, Y, +w2C, w2C12+Y1?7Y,,

71

Yo = jwCr + - ; (20)
JjwLp
. 1
Y, = jwLp+ ——-, 21
JwClp,
Y, = Y, + Y. 2)

By applying (14), the scattering matrix is obtained. After
simulating the equivalent circuit and extracting the parameters,
the equivalent lumped component values in the circuit are de-
termined as follows: Lr = 4.98nH, C;, = 2.34pF, Cgr =
3.63pF, L;, = 10.77nH, Co = 8.48pF, L, = 18.68nH, and
C7 = 0.15pF. Fig. 12 shows the S-parameter simulation re-
sults. It can be observed that the filter has a center frequency
of 2 GHz, achieving a second-order single-frequency filtering
response, with a 20 dB wide stopband characteristic of 2.9 fj.

As shown in Fig. 13, the basic topology of the filter con-
sists of R1, R2, R3, and R4, which represent the interdigi-
tated resonator elements. R1 and R2, as well as R3 and R4,
are connected through electric coupling. The filter formed by
R1 and R2 operates at a 2 GHz frequency band, while the res-
onator formed by R3 and R4 operates at a 3.9 GHz frequency
band. The two passbands are independent and can be separately
tuned.

Based on the design of the single-frequency filter, the dual-
frequency filtering characteristic is achieved next using a cas-
cading method. Fig. 14 shows the structure of a dual-frequency
filter composed of four resonators with electrical coupling be-
tween each pair. This structure is designed using the same
thickness and material as the single-frequency filter’s dielec-
tric substrate. This structure is symmetric about the horizontal
axis, and the feed ports use 50 2 microstrip lines for transmis-
sion. The relevant parameters are labeled as shown. It is worth
noting that the interdigitated structures are connected by short
lines, but it does not affect their individual interdigitated ca-
pacitances and short-circuit branches, allowing each to operate
independently.

The simulated S-parameter results are shown in Fig. 15.
It can be observed that the filter operates in the S-band
(2 GHz/3.9 GHz), with insertion losses of 0.33 dB and 0.55dB
for the two passbands, respectively. The dimensions are
0.12X. x 0.09)., achieving an out-of-band suppression of
15dB at 2.84f;. This ultimately realizes the design of a
miniaturized wide stopband dual-frequency filter. Through
equivalent parameter extraction, it can be seen that the per-
meability and permittivity of the filter change from positive
to negative values near 2.2 GHz and 4.0 GHz. When Beta P
is 0, the corresponding resonant frequencies are 2.0 GHz and
3.9 GHz, showing significant changes at these two frequency
points, which validates the design of the CRLH dual-frequency
filter, as shown in Fig. 16.

Finally, we arrive at the following conclusions. It was de-
termined that L4, W5, and L5 primarily affect the transmission
characteristics of f1, while Lo, W7, and d; primarily affect the
transmission characteristics of fo. Among them, Lo represents
the length of the interdigitated structure corresponding to the
C'p, value in the left-handed circuit. As Lo increases, the ca-
pacitance increases, and the transmission zero of fo shifts to
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FIGURE 12. Simulation results of the single-frequency filter structure.
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FIGURE 13. Basic topology diagram.
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FIGURE 14. Dual-frequency filter structure model, Wy = 2.36 mm,
di = 012, d2 = 0.25mm, Ly = 9mm, W5 = 0.84mm,
Ls = 4.7mm, W; = 02mm, Ly = 3.9mm, Lg = 1.9mm,
ro = 0.25 mm.

the left. W represents the width of the interdigitated structure.
As W increases, the transmission zero of f shifts to the right,
and the bandwidth increases. d; represents the gap between the
interdigitated structures. As d; increases, the capacitance de-
creases, and fo shifts to a higher frequency. Similarly, as L4

78

FIGURE 15. Simulation results of the S-band dual-frequency filter.

Frequency (GHz)

-80 -60 -40 -20 O 20 40 60
Beta_p (deg)

FIGURE 16. S-band filter dispersion curve.

80 100

increases, the capacitance of the right-side resonator increases,
and the transmission zero of f; shifts to the left. As Wy in-
creases, the transmission zero of f; shifts to the right. As Ls
increases, the inductance of the right-side resonator increases,
and the transmission zero of f; shifts to the left.

3. MEASUREMENT AND ANALYSIS

3.1. Experimental Measurement of the Dual-frequency Filter for
the n78 and n79 Bands

The filter model was fabricated and tested, as shown in Fig. 17.
Fig. 18 presents the comparison curves of the simulation and
test results. From this comparison, it can be observed that the
test curve closely matches the simulation curve. However, due
to the adjustment of the microstrip line width, which is quite
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TABLE 1. Comparison of filter performance with that in the references.

TABLE 2. Comparison of S-band filter performance with references.

Reference /o (GHz) IL (dB) Stopband Width Size (A, %,) Reference fo(GHz) IL (dB) Stopband Attenuation Size (L, " A,)
[14] 10.05/13.70 1.80/1.40 1.54f1(>20dB) 1.27%0.57 [18] 6.22/8.24 0.86/1.32 1.77£1/(>20 dB) 0.89 x0.41
[15] 3.50/3.85 1.60/2.82 1.31£1/(>30dB) 0.66 % 0.47 [19] 8.0/11.4 2.26/3.07 2.34f/(>20 dB) 1.93%0.80
[16] 2.30/2.70 0.90/0.90 1.6071/(>30 dB) 0.41x0.20 [20] 3.6/6.4 1.30/1.80 2.72f1/(>20dB) 0.58%0.29
[17] 3.45/3.55 0.15/0.22 1.09£1/(>30dB) 1.02x0.08 [21] 2.51/5.30 1.41/1.88 2.39£1/(>20dB) 0.23%0.45

This Work 3.43/4.87 2.30/2.20 2.57f1/(>30dB) 0.30%0.28 This Work 2.2/4.1 1.50/1.90 2.95f1/(>20dB) 0.10%0.13
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FIGURE 18. Comparison chart of simulation results and measured re-
sults of the filter.

narrow (with the narrowest width being only 0.15mm), the
manufacturing process introduced some errors. This caused
slight deviations in the measured insertion loss and passband
bandwidth. Nevertheless, the comparison shows that the out-
of-band rejection is better than the simulation results, achieving
arejection level of 54 dB at 6.9 GHz and 32 dB at 8.0 GHz, with
an overall rejection level exceeding 30 dB in the 5-9 GHz range
(2.57f1). Table 1 presents a comparison of the performance of
the n78 and n79 band filters with those from the literature. Our
designed filter demonstrates certain performance advantages.

3.2. Experimental Measurement of the S-Band Dual-Frequency
Filter

Figure 19 shows the physical image of the fabricated S-band
filter and the test setup using a vector network analyzer in the
laboratory. Fig. 20 presents the comparison waveform of the
test results and simulation results. The results indicate a rejec-
tion level of 21 dB at 4.9 GHz and 34 dB at 6.0 GHz, achiev-
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FIGURE 20. Comparison curve of simulation and test results for the
S-band filter.

ing an overall rejection level exceeding 20 dB in the 4-6.5 GHz
range (3.25f1). Table 2 presents a performance comparison be-
tween the S-band filter and various reference filters. The filter
designed using the methods outlined in this paper exhibits su-
perior performance.

4. CONCLUSION

This paper proposes a method for designing dual-frequency fil-
ters using transmission zeros and cascaded structures, based on
planar cross-coupled resonators and composite left/right trans-
mission line theory. The designed filter exhibits low inser-
tion loss, miniaturization, and excellent out-of-band suppres-
sion performance. Through the S-parameter inversion method,
itis demonstrated that both filters exhibit left-handed character-
istics. The paper also details how changes in structural param-
eters lead to variations in the filter’s resonance points. Simula-
tion results show good agreement with experimental measure-
ments.
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