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ABSTRACT: In RF front-end circuits, the miniaturization and high-performance integration of duplexer remain critical challenges for
5G communication and IoT devices. A microstrip duplexer design scheme is proposed based on electric and magnetic coupling path
separation and dual-mode characteristics. Through the collaborative design of second-order uniform impedance resonators and dual-
mode T-shaped resonators, the design achieves signal separation for dual frequency bands at 2.4 GHz and 3.6 GHz. The design forms
the electric coupling path via edge-gap coupling of rectangular split-ring resonators and realizes magnetic coupling path through vias.
By independently regulating electric and magnetic coupling strengths, eight transmission zeros are introduced on both sides of the dual
passbands, significantly enhancing out-of-band suppression and port isolation. The simulation results show that the passband insertion
loss is less than or equal to 1.9 dB. Due to machining tolerances, the measured center frequencies shift to 2.04 and 3.48 GHz, while
the out-of-band rejection remains better than 39 dB, validating the engineering adaptability of the design. This scheme achieves high-
performance integration of RF front-ends in a compact architecture through the coordinated regulation of multiple transmission zeros and
coupling path separation technology, providing a solution for wireless communication devices.

1. INTRODUCTION

In radio frequency (RF) front-end circuits, duplexer serves as
a core component for separating transmitted and received sig-
nals at the antenna, directly influencing the spectral efficiency
and anti-interference capability of wireless communication sys-
tems. A duplexer typically consists of two cascaded bandpass
filters and must achieve low insertion loss and high port isola-
tion within target frequency bands [1-4]. With the widespread
application of 2.4 GHz and 3.6 GHz frequency bands, duplexer
design faces the dual challenges of insufficient transmission
zero control accuracy and redundant circuit size [5—7].

It is difficult to achieve coordinated control of multiple trans-
mission zeros and reduce out of band suppression and du-
plexer isolation in existing duplexer design schemes such as
ordinary T-shaped resonators [8], defected ground slotline res-
onators [9], slotline-loaded ring resonators [10], dual-mode
stub resonators [11], and hybrid electromagnetic coupling res-
onators [12]. Although coupling additional resonators into an
all-resonator-based duplexer can introduce transmission zeros,
it comes at the cost of a significantly larger circuit size [13]. A
dual-band dual-polarized substrate integrated waveguide (SIW)
cavity-backed antenna-duplexer achieves off-body communi-
cation compatibility by combining an antenna with a duplexer,
but its SIW cavity structure results in a large footprint and
high insertion loss [14]. Another work proposes bandwidth-
improved half mode SIW (HMSIW) resonator-based filtennas
for single/dual-channel networks, which integrates filtering and

* Corresponding author: Mingxin Liu (Imx0951@163.com).

doi:10.2528/PIERC25081402

154

radiation functions but lacks independent regulation of trans-
mission zeros, leading to limited out-of-band suppression [15].

To address the above mentioned issues, a design scheme
for a microstrip duplexer with multi-coupled resonators is pro-
posed based on electric and magnetic coupling path separa-
tion and dual-mode characteristics. This design employs a
multi-resonator architecture, achieving controllable generation
of multiple transmission zeros through an optimized coupling
mechanism. Within this architecture, some transmission zeros
can be independently controlled via electric and magnetic cou-
pling. Simulation results show that the passband insertion loss
is less than or equal to 2.15 dB, the port isolation greater than
38 dB, and the circuit size of the lower frequency band only
0.66A, x 0.15),, where A, is the waveguide wavelength. By
introducing a multi-transmission zero mechanism, the duplexer
controls the insertion loss within 1.9 dB and improves the port
isolation to more than 38 dB while maintaining a compact size,
achieving high-performance integration of RF front-end com-
ponents.

2. THE DUPLEXER DESIGN PRINCIPLE

The core unit of the multi-resonator coupled duplexer employs
second-order uniform impedance resonators, achieving dual-
band signal transmission through separated electromagnetic
coupling paths. The structure uses a dual-mode T-shaped res-
onator as the feeding network, whose even and odd mode char-
acteristics correspond to 2.4 GHz and 3.6 GHz, respectively.
Two sets of separated electromagnetic coupling resonators with
different sizes are designed by the physical size of A;/4, en-
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FIGURE 1. Structure diagram of duplexer.

suring strict matching between the feeding structure and center
frequency of the resonator. The duplexer establishes an elec-
trical coupling path through end-gap coupling of rectangular
split-ring resonators, while electromagnetic coupling is intro-
duced via vias, as illustrated in Fig. 1. This design with sep-
arated electrical/magnetic coupling paths provides a structural
foundation for independent control of transmission zeros.

The electric coupling path relies on capacitive energy storage
between microstrip edges. During signal coupling, the electric
field dominates, and the transmitted signal maintains a 0° phase
shift (no phase inversion). The magnetic coupling path relies on
inductive energy storage. Vias act as distributed inductors, and
the magnetic field interaction during coupling causes a 180°
phase shift (half-wavelength phase inversion) of the transmitted
signal. When the amplitudes of the signals from the two paths
are equal, the 0° and 180° phase difference leads to complete
destructive interference when this interference frequency point
is the transmission zero.

The topological coupling structure of the duplexer is shown
in Fig. 2, where P1 is the input port, and P2 and P3 are the
two output ports respectively. R1-R2 and R5-R6 are two sets
of second-order separated electromagnetic coupling resonators
with different center frequencies, while R3 and R4 correspond
to the odd mode and even mode of the T-shaped resonator, re-
spectively. Signals are output through the first channel and the
second channel via two coupling paths of R1-R2-R3 and R4-

R5-R6, respectively.
;
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FIGURE 2. Coupling topology of duplexer.
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3. DESIGN STEPS OF DUPLEXER

The duplexer is fabricated on a Rogers 6010 dielectric substrate
with a relative permittivity of 10.2 and a thickness of 1.27 mm.
The specific structural parameters are shown in Fig. 3. This
substrate selection can effectively suppress dielectric loss in the
high-frequency band, meeting the operational requirements for
the 2.4 GHz and 3.6 GHz.
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FIGURE 3. Structure parameter diagram of duplexer.

The structure of the T-shaped dual-mode resonator is shown
in Fig. 4(a), while the equivalent transmission line circuits for
its odd-mode and even-mode are presented in Figs. 4(b) and
(c), respectively. Based on transmission line theory, the elec-
trical lengths of the even-mode and odd-mode are 6, + 6, and
6, with corresponding characteristic impedances of Z, and Z,.
According to microwave network theory, the input admittance
of the odd-mode Y9, and even-mode Y%, can be expressed as

tan 0
Yo =4 = 1
in = J—_ (D
Z, tan 0 Zytanf,
}/;it — an 0y + Zp tan @)

Zo(Zy — tan, tan 6,,)

By adjusting the resonator geometric parameters, the res-
onant frequencies of the odd-mode and even-mode are con-
figured to 2.4 GHz and 3.6 GHz, respectively, with the corre-
sponding even-mode length 20.04 mm and odd-mode length
12.7mm. As can be seen from Fig. 4, the even-mode length and
odd-mode length can be computed by (11412 +w)/2+13+w
and (I1 + (2 + w)/2, respectively. To be compatible with the
standard printed circuit board (PCB) drilling process, the ini-
tial coupling gap s2 is set to 0.4 mm, and the via diameter d2 is
0.42 mm. By using the advanced design system (ADS) Linecalc
tool, the physical dimensions (in mm) of the resonator in Fig. 3
are initially calculated and further optimized, resulting in de-
tailed dimensions as shown in Table 1.

TABLE 1. Parameters of the duplexer.

Parameter Value Parameter Value
1 5.8mm 2 18.6 mm
13 6.34 mm 4 5.8 mm
5 9.6 mm w 1 mm
dl 0.38 mm d2 0.42 mm
sl 0.2mm s2 0.4 mm

The current distribution of the duplexer obtained by software
simulation is shown in Fig. 5. It can be clearly seen that at
the operating frequency of 2.4 GHz, signals mainly propagate
through resonators R1-R2 and odd-mode path of the T-shaped
resonator. At this time, the odd-mode current shows a strong
coupling state in the vertical arm of the T-structure. The current
distribution in the 3.6 GHz band is concentrated on resonators
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FIGURE 4. Even-odd mode equivalent circuits of T-shaped resonator. (a) T-shaped resonator, (b) even-mode equivalent circuit, (¢) odd-mode

equivalent circuit.
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FIGURE 5. Current distribution of duplexer. (a) Electric field distribution at 2.4 GHz, (b) electric field distribution at 3.6 GHz.
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FIGURE 6. Curve of transmission zero 1 versus parameter s2.

R5-R6 and the even-mode path of the T-shaped resonator, and
the even-mode current forms a symmetric distribution in the
horizontal arm of the T-structure. This mode separation char-
acteristic is in good agreement with the theoretical design, veri-
fying the feasibility of the duplexer to achieve independent reg-
ulation of dual bands through even-odd mode resonance.
From the perspective of microwave equivalent circuits, the
gap between metal microstrips can be equivalent to a distributed
capacitance, and its width directly reflects the electric coupling
strength. The metallized via is equivalent to a distributed in-
ductor, and the diameter size represents the magnetic coupling
strength. For the 2.4 GHz channel, as can be seen from Fig. 6,
when the coupling gap s2 increases from 0.2 mm to 0.8 mm,
the electric coupling strength weakens while the magnetic cou-
pling remains unchanged, and the transmission zero 1 shifts to
the high-frequency stopband away from the center frequency
of the passband. At this time, the phase cancellation point of
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FIGURE 7. Curve of transmission zero 1 versus parameter d2.

electric/magnetic coupling occurs in the higher frequency band.
When s2 is reduced to 0.05 mm, the electric coupling strength
exceeds the critical value, and transmission zero 1 moves from
the high-frequency stopband to the low-frequency stopband,
which is due to the frequency shift reversal of the phase cancel-
lation point of electric/magnetic coupling caused by excessive
electric coupling.

This shift of transmission zero 1 is inherently driven by the
variation of electric field intensity at the edge gap of the rect-
angular split-ring resonators. As s2 decreases, the gap between
split-ring resonator edges narrows, leading to increased con-
centration of electric field lines at the gap. This enhanced elec-
tric field intensity strengthens the electric coupling effect, and
the electric field reaches a critical strength in s2 = 0.05 mm
that reverses the phase cancellation frequency of electric and
magnetic coupling, thus shifting transmission zero 1 to the low-
frequency stopband. Conversely, a larger s2 disperses the elec-
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FIGURE 8. Electric field intensity of T-shaped resonator at different 3 lengths. (a) I3 is longer, (b) [3 is shorter.

tric field at the gap, weakens electric coupling, and moves the
phase cancellation point to the high-frequency band.

Further analysis of the simulation results in Fig. 7 reveals
that as the via diameter d2 increases from 0.5 mm to 2 mm,
the magnetic coupling strength decreases with the expanding
via size, while the electric coupling strength remains constant.
During this process, transmission zero 1 moves from the high-
stopband closer to the passband center frequency, and the can-
cellation of electric and magnetic couplings occurs at a lower
frequency than before. When d2 increases to 2.0 mm, trans-
mission zero 1 lies in the lower stopband and deviates from the
center frequency. This phenomenon indicates that the position
of transmission zero 1 is determined by the hybrid electromag-
netic coupling effect of the larger second-order separated elec-
tromagnetic coupling resonator. Similar to 2.4 GHz passband,
transmission zero 2 is determined by the hybrid electromagnetic
coupling of the smaller second-order separated electromagnetic
coupling resonator in 3.6 GHz, exhibiting a behavior analogous
to that of transmission zero 1.

The weakening of magnetic coupling with increasing d2 is
rooted in the variation of magnetic field intensity around met-
allized vias. A smaller d2 (e.g., 0.2 mm) restricts the current
path of the via, concentrating the magnetic field around the via
and strengthening magnetic coupling. As d2 increases to 2 mm,
the widened current path disperses the magnetic field, reducing
magnetic coupling strength. This weakening reduces the phase
cancellation frequency of electric and magnetic coupling.

Specifically, transmission zero 1 in 2.4 GHz is generated
when the hybrid electromagnetic coupling meets the equal am-
plitude opposite phase condition. The electric coupling strength
(controlled by s2) determines the amplitude of the 0° phase
signal. A smaller s2 narrows the gap, enhancing capacitive
coupling and increasing the signal amplitude. The magnetic
coupling strength (controlled by d2) determines the amplitude
of the 180° phase signal. A smaller d2 reduces the via’s cur-
rent path, enhancing inductive coupling and increasing the sig-
nal amplitude. Under the conditions of strong electrical and
magnetic coupling, when the amplitudes of the two signals
are equal, destructive interference occurs at the 0°/180° phase,
forming transmission zero 1 in the low-frequency stopband. If
the equal amplitude condition is broken, the interference point
will move accordingly.

As shown in Fig. 8, the magnetic field intensity of the T-
shaped dual-mode resonator adjacent to the small second-order
separated electromagnetic coupling resonator increases with
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the increase of parameter /3. This magnetic field variation di-
rectly alters the electromagnetic coupling coefficient of the R4-
R5-R6 resonator group, causing transmission zero 3 to migrate
from the low-frequency stopband to the high-frequency stop-
band when electric and magnetic couplings cancel each other
out. The relationship between transmission zero 3 and pa-
rameter (3 is illustrated in Fig. 9. It can be seen that for the
3.6 GHz passband, when [3 increases from 4 mm to 6.34 mm,
transmission zero 3 moves from the lower stopband closer to
the center frequency. When /3 exceeds 7.0 mm, transmission
zero 3 shifts from the lower stopband to the higher stopband.
This phenomenon confirms that transmission zero 3 is deter-
mined by the coupling effect between the even mode of the T-
shaped resonator and the small second-order separated electro-
magnetic coupling resonator, complementing the mechanism
where transmission zeros 1 and 2 are dominated by separated
electromagnetic coupling resonators as analyzed earlier. Fur-
ther studies show that parameter /3 significantly affects only
the transmission zeros of the 3.6 GHz upper channel, with little
effect on the lower channel.
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FIGURE 9. Curve of transmission zero 3 versus parameter /3.

Transmission zero 3 follows the same phase interference
admittance deviation mechanism but involves the even mode
of the T-shaped resonator. The even mode provides the base
admittance Y;?,, and the small second-order resonators intro-
duce additional electromagnetic coupling. Parameter 7" adjusts
the even-mode’s electrical length 8, + 6, which changes Y5 .
When (3 increases from 4 mm to 7 mm, 6, + 6} approaches /2,
increasing | Y5, |, which alters the balance among Y5, capacitive

ino
admittance, and inductive admittance.
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TABLE 2. Performance parameter comparison of duplexers.

Reference £1/f2 Isolation Transmission Size at f1 Size at f2 Minimum element
(dB) Zeros (mm?) (mm?) spacing (mm)
20 1.95/2.14 44/36 2 0.56 x 0.38 | 0.61 x 0.42 1.0
21 1.1/1.3 33/26 2 0.86 x 0.82 1.2 x 0.97 0.2
22 1.95/2.14 32/37 5 0.38 x 0.36 0.42 x 0.4 0.2
16 2.4/3.5 45/42 7 0.59 x 0.48 0.86 x 0.7 0.2
19 1.73/2.25 35.9/35.5 5 0.24 x 0.62 0.42 x 0.9 0.23
This Work | 2.45/3.6 43/42 8 0.51 x 0.25 0.77 x 0.37 0.2

Note: All size data in this table are based on the waveguide wavelength A,.
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FIGURE 10. Simulation results of parameter S.

FIGURE 11. Physical prototype of duplexer.

4. SIMULATION AND MEASUREMENT RESULT

4.1. Simulation Results

To verify the design feasibility, the duplexer was simulated us-
ing simulation software, and the results are shown in Fig. 10.
When the passband Sp; of the duplexer is less than —10dB,
the corresponding frequency range is 2.4 GHz—2.56 GHz and
3.24 GHz—3.38 GHz. Eight transmission zeros are introduced
on both sides of each passband, effectively improving the pass-
band rectangularity coefficient and channel isolation. The out-
of-band rejection of the two passbands is 38 dB, and the isola-
tion between the two passbands is better than 42 dB, verifying
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FIGURE 12. Measured results of parameter S.

the effectiveness of the electric and magnetic coupling path sep-
aration design for multi-transmission zero regulation.

4.2. Measurement Results

The fabricated duplexer based on a Rogers 6010 substrate is
shown in Fig. 11, with SMA connectors for feeding connec-
tions. The measured S-parameters are presented in Fig. 12.
Measurement data show that the lower channel has a center
frequency of 2.04 GHz with an absolute bandwidth covering
1.9-2.16 GHz, while the upper channel has a center frequency
of 3.48 GHz and a bandwidth of 3.36-3.64 GHz. Transmission
zeros appear at 2.3 GHz and 4.3 GHz, with out-of-band rejec-
tion of both passbands better than 39 dB. The offset between
measured and simulated center frequencies is mainly caused
by processing tolerances and connector parasitic parameters.
Despite frequency shift, the out-of-band rejection and isolation
indices exceed simulation results, demonstrating the design’s
adaptability to engineering implementation.

4.3. Results and Discussion

The designed duplexer achieves a compact circuit layout of
24.8 mm x 12.2mm (0.51), x 0.25),) in the lower frequency
range, which has significant performance advantages compared
to other duplexers using microstrip line technology, as shown
in Table 2. It is evident that the designed circuit size is reduced
by 40%, 82%, 7%, and 55% respectively compared to [14—17]
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at the low center frequency f1 of the first resonance. At the sec-
ond resonant high-center frequency f2, the size is reduced by
75% and 43% compared to [18] and [19], respectively. The du-
plexer achieves an isolation 0f43/42 dB in the f1/f2 frequency
bands, outperforming the 44/36 dB in [16] and 32/37 dB in [18].
Meanwhile, the introduction of 8 transmission zeros effectively
enhances the out-of-band rejection capability. The design of
minimizing element spacing enables stronger electric coupling
in a compact area, which is a key to generating 8 transmission
zeros without increasing circuit size, highlighting the design’s
uniqueness in miniaturization and integration density.

5. CONCLUSION

A design scheme for a microstrip duplexer with multi-coupled
resonators based on electric and magnetic coupling path sepa-
ration and dual-mode characteristics is proposed. The design
achieves precise positioning of multiple transmission zeros by
independently regulating electric and magnetic coupling paths,
effectively improving passband selectivity. The duplexer em-
ploys a dual-mode T-shaped resonator as the feeding structure,
reduces the number of resonators using even-odd mode char-
acteristics, and meets the miniaturization requirements of RF
front-ends by combining a compact A, /4 resonator size design.
Simulation results show that the duplexer has a passband inser-
tion loss less than 1.9 dB and port isolation exceeding 38 dB in
2.4 and 3.6 GHz.

This design supports supplementary downlink transmission
in 5G NR systems, where the 3.6 GHz mid-band meets urban
area coverage needs, and the 2.4 GHz band serves as a reli-
able fallback for indoor signal penetration, ensuring stable up-
link/downlink signal separation. In internet of things (IoT) end
devices, its miniaturized structure and 2.4 GHz band compati-
bility enable direct integration with Wi-Fi 6/Bluetooth Low En-
ergy modules, reducing the complexity of additional frequency
conversion circuits. In the future, within the framework of the
current design, a third-order resonator will be introduced to ex-
pand the 3.6 GHz passband bandwidth to 400 MHz, so as to
meet the requirements of 5G communication for wider chan-
nels. Additionally, based on the existing dual-mode T-shaped
resonator structure, the duplexer can be integrated with a filter-
ing power divider to develop a single-chip RF front-end mod-
ule, further enhancing the miniaturization level for IoT appli-
cations.
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