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ABSTRACT: In this paper, we propose a compact quad-band bandpass filter by using short-ended stepped-impedance resonators (SE-
SIRs) and open-ended stepped-impedance resonators (OE-SIRs) in a hybrid structure. The proposed design uses the odd- and even-
mode resonances of the two types of resonators to produce four independent passbands in a compact multilayer structure. The first and
second passbands are set by SE-SIR resonators at 1.56 and 2.5 GHz, respectively. The third and fourth passbands are centered at 3.5 and
5.2 GHz, respectively, due to the OE-SIR resonators. To achieve the quad-band response in a compact size, a multilayer arrangement
with electromagnetic broadside coupling between the feeding structure and resonators has been adopted. Finally, the filter is designed,
simulated, fabricated, and measured using a Rogers-Ceramic RO4360 substrate with a permittivity of €, = 6.15 and thicknesses of
(h1 = 0.3, h2 = 0.508) mm. Simulated insertion losses were 0.29, 0.26, 0.43, and 0.66 dB, and return losses were 28.65, 15.05, 1404,
and 173 dB in each of the four operating bands, respectively. Filter responses from simulation and measurement are contrasted and
discussed. The produced filter is very small, covering a circuit area of about 129 mm?, without feeding ports.

1. INTRODUCTION

The rapid growth of wireless communication networks has
increased the demand for small multiband bandpass fil-
ters with high performance, low insertion loss, excellent selec-
tivity, and spectral efficiency. Stepped-impedance resonator
(SIR) is one of the most attractive filter design methods be-
cause of their compact size, ability to tune the resonant fre-
quency by varying dimensions and generating multiple reso-
nant modes. Integrating open stubs with SIR structures can
achieve high-frequency and ultra-wideband filtering responses
while maintaining simple geometric shapes [1]. Later, embed-
ded and stub-loaded SIR structures were proposed for com-
pact multiband operation with triple-band responses and en-
hanced frequency selectivity [2]. Moreover, dual-mode band-
pass filters with good selectivity improvement have been de-
signed using symmetrical T-shaped stub-loaded SIRs by gener-
ating transmission zeros [3]. The increasing need for dual- and
multiband wireless devices has resulted in many filter designs
for various communication protocols. Some tiny dual-band
bandpass filters have been reported based on cross-coupled
dual-mode isosceles right-angled triangular (IRAT) resonators,
where coupling between LC and cavity modes can provide a
large number of transmission zeros and good selectivity [4].
Other studies have investigated using small Global System
for Mobile Communications (GSM)/Global Positioning Sys-
tem (GPS) filtering structures with T-shaped resonators and
wide-stopband dual-band filters for improved stopband perfor-
mance and size reduction [5,6]. Similarly, dual-band band-
pass filters based on Grounded Stepped-Impedance Resonator
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(GSIR) using electrically coupled ring-shaped stubs have been
shown to have compact dimensions, low insertion loss, and
ultra-wide stopband suppression, substantially improving fil-
tering selectivity [7]. Recently, advanced resonator technolo-
gies have been reported that provide improved electrical per-
formance and greater operational flexibility, including switch-
able low-loss filtering structures, closely spaced dual-band re-
sponses, and layered spherical resonators [8—11]. In addition
to supporting multi-band operation, modern wireless commu-
nication systems require filters with high frequency selectiv-
ity and narrow passband characteristics. Thus, much effort
has been devoted to dual-band filtering solutions such as ultra-
narrowband filters for WIMAX applications, large-bandwidth-
ratio millimeter-wave filters, and wideband dual-band configu-
rations using different substrate technologies [12—14]. In addi-
tion, independently tunable passbands and reconfigurable dual-
band filter architectures are proposed to improve frequency se-
lectivit, providing increased operational flexibility. Passbands
and reconfigurable dual-band filter architectures have been pro-
posed to improve frequency selectivity while increasing oper-
ation flexibility and maintaining desirable bandwidth charac-
teristics [15, 16]. Multilayer and dual-mode technologies have
attracted considerable attention recently because of their abil-
ity to overcome the limitations of planar architectures. Mul-
tilayer dual-mode resonator topologies with interlayer electro-
magnetic coupling have been used to obtain small dual-band
filters with improved filtering performance and multiple trans-
mission zeros [17]. Likewise, multilayer filtering approaches
have been of interest for enhancing compactness and spectrum
selectivity. Multilayer dual-mode resonators and microstrip-
to-slotline transition-based dual-band filters have low loss, im-
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FIGURE 1. Proposed short-ended stepped-impedance resonator (SE-SIR): (a) Physical configuration, (b) odd-mode equivalent circuit, and (c) even-

mode equivalent circuit.

proved interband isolation, and multiple transmission zeros,
making them suitable for tiny multiband microwave frontend
systems [18, 19]. Therefore, in this study, a small multilayer
bandpass filter based on coupled stepped-impedance resonators
(SIRs) and broadside-coupled transmission lines is proposed.
The proposed structure is based on multilayer electromagnetic
coupling and operates at 1.56, 2.5, 3.5, and 5.2 GHz while main-
taining its compactness and high filtering performance. Several
transmission zeros are introduced to improve passband isola-
tion and stopband rejection. The proposed filter was designed,
simulated, fabricated, and experimentally tested. Measured and
simulated results show good agreement, making the proposed
filter suitable for modern multi-standard wireless communica-
tion systems.

2. DESIGN AND MODELING FRAMEWORK FOR RES-
ONATORS

This study investigates two types of dual-mode stepped-
impedance resonators (SIRs), namely, a short-ended
stepped-impedance resonator (SE-SIR) and an open-ended
stepped-impedance resonator (OE-SIR), to achieve the
desired resonances at 1.56, 2.5, 3.5, and 5.2 GHz. The pro-
posed resonators are defined by the impedance parameters
(Z1), (Z32), (Z3) and the corresponding electrical lengths
(01,04,03,04,05,06,07,0s) as shown in Figs. 1(a) and 3(a).
Their symmetric arrangements enable studying their resonance
characteristics using even-odd mode decomposition. The
obtained resonance conditions were then used to determine the
electrical parameters and physical dimensions of the proposed
resonators.

The equivalent circuit in Fig. 1(b) is obtained by applying the
symmetry plane as an electrical boundary condition in the odd-
mode analysis. The impedance sections Z;, Z3 and electrical
lengths, 61 and 03 of the SE-SIR configuration control the odd-
mode resonance. The resonator structure for the even-mode
equivalent circuit in Fig. 1(c) can also be regarded as a stepped-
impedance resonator (SIR). Under these excitation conditions,
the loaded stub is in the resonant path and adds to the structure’s
effective electrical length.
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FIGURE 2. The proposed SE-SIR resonator’s optimized geometry and
dimensional parameters (¢; = 8.3mm, {5 = 2.7mm, {3 = 2.6 mm,
fy = 2.0mm, 5 = 2.0mm, W7 = 0.5mm, Wy = 1.0mm,
Ws = 1.5mm, g1 = 0.6mm, D = 0.2mm) and the simulated
Im(Z;,) response were used to verify the even- and odd-mode reso-
nance behavior.

The odd-mode resonance condition and the corresponding
electrical-length relation of the SE-SIR resonator are derived
based on Egs. (1) and (2), respectively

tan&l-tanﬂg = YE/Y3=Z3/Z1:RZ (1)

Or = 2(91 +93)<7T 2)

where the electrical length of resonating sections is represented
by (#) and the impedance ratio by (Ry).

Thus, even-mode resonance characteristics are obtained us-

ing transmission-line theory, and resonant frequencies are cal-
culated using the following expressions [20]:

tan (91+92+94) -tanf3 = Yl/ng = Zg/Zl =Ry
Or = (91+02+04 + 03) <

3)
“4)
This design’s loaded section satisfies the condition (27, = Z7),
simplifying analytical formulation.

These are resonance conditions for design flexibility of a res-
onant spectrum. This allows the resonant frequencies to be
accurately distributed and independently controlled. The pro-
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FIGURE 3. The suggested OE-SIR resonator’s architecture and modal representation are as follows: (a) Physical structure, (b) odd-mode equivalent

circuit, and (c) even-mode equivalent circuit.

posed resonators were implemented using a Rogers RO4360
substrate with a relative dielectric constant of (¢,1g2 = 6.15)
and thicknesses of (h = 0.3, hy = 0.508) mm. The impedance
ratio (Rz = 0.3) for the SE-SIR corresponds to Z; = 69 (),
Zy = 34.5Q, and Z3 = 20.7 Q, respectively. Odd-mode reso-
nance was achieved at a frequency of 2.5 GHz with a total elec-
trical length of 7 = 126°, where #; = 48° and 63 = 15°. The
design process is described in [20]. The even-mode resonance
at 1.56 GHz was obtained with 87 = 66° while meeting the re-
quirements (1 = 30°, 2 = 9°, 03 = 12°, 4 = 15°). Fig. 2
shows the simulated imaginary part of the input impedance of
the proposed SL-SIR, which validates the creation of the de-
sired even- and odd-mode resonances at 1.56 and 2.5 GHz, re-
spectively.

Similarly, Fig. 3(b) illustrates that the odd-mode response
of the OE-SIR is represented by impedance sections Z; and
Z5, which have electrical lengths 65 and 6, respectively. The
resonator construction of the even-mode equivalent circuit in
Fig. 3(c) can alternatively be viewed as a stepped-impedance
resonator (SIR).

Odd-mode resonance characteristics of the OE-SIR resonator
can be described using the following formulas:

Y1/Yo=25/Z1 = Ry
2(95 —|—96) <7

tan 65 - tan 0g 5)
Or (6)

Derived equations offer a mathematical basis for determining
odd-mode resonances in both resonator designs.

Furthermore, the even-mode resonance condition of the OE-
SIR resonator is defined as [20]:

ZA+jZytanfp

Dy = 2y ATIZ2 0T
2 Zy+ jZ ptanfr

Za = —jZycotfy 7

s = (05 + 67+ 0s)

Or = (04 +65) (8

The impedance ratio (Rz = 0.3) for the SE-SIR corresponds to
Z1 =699, Zy = 34.5€Q, respectively. The OE-SIR achieved
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the requisite odd-mode resonance at 3.5 GHz with a total elec-
trical length of 7 = 132°, with 05 = 54° and 0 = 12°. The
desired even-mode resonance at 5.2 GHz was achieved with a
total electrical length of O = 144°, where 05 = 81°, 65 = 20°,
0, = 18°, 65 25°, and 604 = 124°. We verified the
proposed analytical model through full-wave electromagnetic
simulations using an Advanced Design System (ADS) simula-
tor [21]. The simulated input-impedance response in Fig. 4 con-
firms the successful stimulation of intended resonant modes,
with good agreement with theoretical expectations.
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FIGURE 4. The OE-SIR resonator dimensions ({¢ = 6.85 mm, {7
1.6 mm, /s 1.7mm, fy 1.15mm, ¢10 = 0.95mm, Wy
0.5mm, Wy = 1.0mm, g = 0.8mm, D = 0.2mm) and the ac-
companying simulated imaginary input-impedance response confirm
the created dual-mode resonances.

3. QUAD-BAND HYBRID SE-SIR/OE-SIR FILTER CON-
FIGURATION

3.1. OE-SIR and SE-SIR Dual-band Filter Development

The proposed SE-SIR and OE-SIR resonators were imple-
mented to realize two dual-band bandpass filters, which formed
lower- and upper-frequency filtering sections of the final quad-
band structure, following the resonator synthesis procedure de-
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TABLE 1. Optimized in terms of physical dimensions are the dual-band filters SE-SIR and OE-SIR.

Filter 1 (1.56/2.5) GHz

Filter 2 (3.5/5.2) GHz

Substrate

Lengths (mm) Widths & Gaps (mm) Lengths (mm) Widths & Gaps (mm)

Grounded substrate
Rogers Ceramic RO4360
Dielectric constant €4 = 6.15
Thickness h1 = 0.3 mm

f1 =8.1,40, = 2.5, W1 =05W,=1.0, | ¢s6=6.6,¢; =1.5,
l3 =2.5,04 =175, | W3 =1.5,gc1 = 0.6, ls =1.6,09 =1.15,
f5 = 1.8. D =0.2,5 =04 l10 = 0.92.

Wi = 0.5, Ws = 1.0,
gc2 = 08, Sl = 04

Ungrounded substrate

Thickness ho = 0.508 mm

Rogers Ceramic RO4360 bw1 =3, 8uo=1.9, | Wy =05, W3 =15, | lu3 =1.0,0ps =14, | Wy =0.5,Ws = 1.0,
Dielectric constant e,0 = 6.15 | 5 = 11,5, =0.2. | W5 =14, W, =1.0. | {yws = 5.5. Ws = 1.2, W, = 1.0.
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FIGURE 5. (a) The dual-band SE-SIR filter’s geometry and multilayer broadside-coupled construction use two coupled short-ended stepped-
impedance resonators and (b) a three-dimensional representation of the proposed filter.

scribed in Section 2. Both filters were designed on Rogers
RO4360 substrates (¢,142 = 6.15, h = 0.3mm, hy, =
0.508 mm) using a multilayer broadside-coupled design. The
resonators were etched on the grounded substrate and excited
by a feeding network placed on a separate top layer. This con-
figuration provides independent control of resonance and cou-
pling properties, increasing flexibility for bandwidth tuning and
impedance matching while preserving compact circuit dimen-
sions and resonance conditions expected by odd- and even-
mode analyses.

Figure 5 shows the first dual-band filter built by combining
two identical SE-SIR resonators. The resonators were placed
symmetrically on the grounded layer with a coupling gap S
between them. The electromagnetic coupling between the res-
onators directly determines the coupling coefficient and band-
width properties of the resulting passbands. At the same time,
input and output signals were fed using broadside-coupled mi-
crostrip lines on the top substrate. The coupling between the
resonators is mainly magnetic; however, this configuration pro-
duces capacitive coupling between the feeding network and the
resonators. This coupling mechanism efficiently excites even-
and odd-mode resonances and enhances the filtering perfor-
mance.

The resonator dimensions obtained by the analytical synthe-
sis described in Section 2 were converted into practical physi-
cal parameters using full-wave electromagnetic simulation and
then optimized to consider effects of coupling interactions,
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fringing fields, and discontinuities related to the microstrip im-
plementation, as listed in Table 1. As predicted by the reso-
nance analysis, the simulated SE-SIR filter generated two pass-
bands at 1.56 and 2.5 GHz, as shown in Fig. 6, corresponding
to the even- and odd-mode resonances, respectively. The fil-
ter realized fractional bandwidths of 5.26% and 6.16%, return
losses of 20.83 dB and 2373 dB, and insertion losses of 0.33 dB
and 0.25 dB, respectively. Additionally, the response has better
out-of-band rejection, stable transmission properties, and good
suppression of higher-order resonances, confirming the appli-
cability of the SE-SIR resonator for low-frequency, dual-band
filtering applications and the proposed design method.

Magnitude (dB)

Frequency (GHz)

FIGURE 6. The suggested dual-band SE-SIR filter’s simulated scatter-
ing characteristics (S11 and S21) show passbands at 1.56 and 2.5 GHz.
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TABLE 2. The final optimized geometrical parameters of the hybrid SE-SIR/OE-SIR quad-band filter.

Substrate

Filter 1 (1.56/2.5) GHz

Filter 2 (3.5/5.2) GHz

Lengths (mm)

Widths & Gaps (mm)

Lengths (mm)

Widths & Gaps (mm)

Grounded substrate

Rogers Ceramic RO4360
Dielectric constant £,,; = 6.15
Thickness A1 = 0.3 mm,

1 =8.1,0, =25,
l3 =2.5,04 =1.75,
l5 =1.8.

Wi =0.5, Wa = 1.0,
W3 = 1.5, gc1 = 0.6,
D =025 =04
So =0.2.

lg = 6.6, 6y = 1.5,
ls = 1.6, 0o = 1.15,
f10 = 0.92.

Wl = 0.5, W2 = 1.0,
gc2 = 0.8, S1 = 0.4
Sy =0.2.

Ungrounded substrate

Rogers Ceramic RO4360
Dielectric constant £, = 6.15

Co1 = 4.2, Lo = 1.9,
Cuws = 11.0.

Wi = 0.5, W5 = 1.5,
Ws = 1.4, W, = 1.0.

Cos = 3.7, bt = 2.2,
Luws = T.0.

Wi = 0.5, Ws = 1.0,
We = 1.2, W, = 1.0.

Thickness ho = 0.508 mm
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FIGURE 7. (a) The dual-band OE-SIR filter’s geometry and multilayer broadside-coupled construction use two coupled open-ended stepped-
impedance resonators, and (b) a three-dimensional representation of the proposed filter.
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FIGURE 8. The simulation results show that the upper-band resonances
at 3.5 and 5.2 GHz are activated by the OE-SIR filter.

For the upper-frequency filtering part, a second dual-band
filter was designed based on the proposed OE-SIR resonator.
The same multilayer feeding arrangement and coupling method
were used, and only updated resonator parameters were de-
scribed. Fig. 7 shows the shape of the matching filter, and Ta-
ble 1 lists optimized dimensions. The coupling distance .57 be-
tween the resonator pair is selected to obtain the desired band-
width and selectivity. Fig. 8 presents two passbands centered at
3.5 and 5.2 GHz, which are well generated by the constructed
OE-SIR filter. The resonance frequencies predicted by the
modal analysis are in good agreement with the simulated re-
sults. The resonator’s open-ended design provides a finer pass-
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band assignment and better resonance control at upper frequen-
cies. The resultant response shows return losses of 15.82 and
24.32 dB, insertion losses of 0.34 and 0.45 dB, and fractional
bandwidths of 6.00% and 3.46%, respectively, along with crisp
transition characteristics and good frequency selectivity. The
two fabricated dual-band filters and the SE-SIR filter that gen-
erates lower-frequency passbands at 1.56 and 2.5 GHz eftec-
tively yield four independently controlled resonances.

3.2. Implementation and Performance Analysis of Hybrid Quad-
Band Filter

We tested the performance of separate dual-band filters and then
combined into a common multilayer platform to create the pro-
posed quad-band bandpass filter. Fig. 9 shows the final struc-
ture. The integration process couples the low-frequency filter-
ing part based on SE-SIR resonators with the high-frequency
filtering part based on OE-SIR resonators through a shared
feeding network and a coupled space S2. With this method, it is
possible to generate four passbands concurrently while preserv-
ing resonant characteristics of each set of resonators. The op-
eration of the proposed filter can be explained by the contribu-
tion of each pair of resonators. The first and second passbands
are centered at 1.56 and 2.5 GHz with SE-SIR resonators, and
the third and fourth passbands are at 3.5 and 5.2 GHz with OE-
SIR resonators. The interaction between adjacent passbands is
small because each family of resonators has its own frequency
range. The improved quad-band filter was assessed using a
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FIGURE 9. (a) The proposed hybrid quad-band filter, which combines the OE-SIR and SE-SIR filtering sections into one multilayer feeding structure,
(b) a three-dimensional representation of the suggested final filter, and (c) its simulated S-parameter responses (S11 and S21).
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FIGURE 10. Experimental verification of the proposed quad-band filter. (a) Photograph of the prototype manufactured and (b) comparison of

simulated and measured S-parameter responses.

full-wave electromagnetic simulator, with dimensions shown
in Table 2.Fig. 9(b) presents simulated scattering parameters.
Four passbands were effectively established at 1.56, 2.5, 3.5,
and 5.2 GHz. Simulated return losses were 25.6, 15.05, 13.94,
and 18.6 dB, with corresponding insertion losses of 0.29, 0.37,
0.43, and 0.68 dB, respectively. Moreover, multiple transmis-
sion zeros are created at the passband margins, providing strong
skirt selectivity and significant out-of-band suppression. The
suggested filter has a small dimension of 0.12Ay x 0.13A,, a
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compact size, flexible frequency allocation, and high filtering
performance.

Fig. 10(a) shows the fabricated prototype, and Fig. 10(b)
shows a comparison of measured and simulated scattering prop-
erties. The measured and simulated results are in good agree-
ment, confirming the proposed hybrid SE-SIR/OE-SIR config-
uration. The small discrepancies are mostly due to manufac-
turing tolerances, conductor losses, variations in dielectric pa-
rameters, and the effect of SMA connections. The results ob-
tained show the effectiveness of the proposed design and verify
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TABLE 3. Comparative analysis of published multiband bandpass filters and the suggested multilayer quad-band filter.

Operating A
I
Ref. Resonator Structure Frequencies IL (dB) RL (dB) FBW (%) | TZs (/\: ;‘ Technology
(GHz) g
SSLSIR + Microstri
2] 2.45/3.50/5.20 <20 >15 | 96/13.1/7.9 | 4 | 0.0486 _rHerostrip
Embedded SIR Triple-Band SIR
Multilayer Dual-M
[16] ultilayer Dual-Mode 1.90/3.50 <1.0 > 20 3.512.8 4 | 0.0083 | Multilayer DMR
Resonator
Dual Coupli Ultra-
a oupln
[10] u plng 3.50/5.80 <20 > 19 0.8/1.0 2 | 00273 Narrowband
Path Resonator
BPF
Coupled-Line
[51 Coupled Resonators 3/6.3 0.3/1.3 > 15 8.33/1.9 7 0.056 Resonator
(Microstrip)
Quarter-Wave Dual-Mod
6] Dual-Mode 0.85/1.57 098/1.11 | > 15 168435 | 2 | 0.0095 ual-ode
Microstrip
Resonator
0.29/ 28.65/ 7.05/ Multilayer
Dual-Mod 0.26/ 15.05/ 6.4/
This Work uai-ode 1.56/2.50/3.50/5.20 6-8 | 0.0156 Broadside-
SE-SIR + OE-SIR 0.43/ 14.04/ 571/
Coupled SIR
0.66 17.3 2.5

its suitability for tiny multiband wireless communication appli-
cations. To further evaluate effectiveness, the performance of
the simulated proposed design was compared with that of pre-
viously reported bandpass filters in operating frequency, return
loss, insertion loss, circuit size, fractional bandwidth, and im-
plementation technology. Table 3 shows the results.

The comparison demonstrates desired trade-off among cir-
cuit compactness, frequency selectivity, and passband allo-
cation flexibility, while guaranteeing proper filtering perfor-
mance in all operating bands. Other advantages of the multi-
layer broadside-coupled design are better passband selectivity,
flexible frequency allocation, and better coupling controllabil-
ity. SE-SIR and OE-SIR resonators are independently tunable.
The proposed filter is a compact and efficient solution for mod-
ern multi-band wireless communication systems that require
quad-band operation.

4. CONCLUSION

In this study, a novel hybrid SE-SIR/OE-SIR quad-band band-
pass filter was designed, fabricated, and experimentally ver-
ified. Using the modal features of two families of dual-
mode resonators in a multilayer broadside-coupled system, we
achieve four independently controllable passbands at 1.56, 2.5,
3.5, and 5.2 GHz. By producing a large number of transmis-
sion zeros, the proposed structure can achieve a compact size,
flexible frequency distribution, and enhanced selectivity. The
analytical design technique and full-wave electromagnetic opti-
mization procedure were validated using the manufactured pro-
totype, which showed high agreement between measured and
simulated results. The suggested design offers four operational
passbands within a small size of 0.0158)\,2, in contrast to pre-
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viously reported dual- and multi-band filters. 7.05%, 6.4%,
5.71%, and 2.50% are the appropriate fractional bandwidths.
The suggested dual-mode SE-SIR/OE-SIR topology offers a
competitive mix of multiband capabilities and small circuit size,
as shown by the comparison with current designs, and is thus
ideally suited for future multiband wireless communication ap-
plications.
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