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Abstract— A highly integrated three-state diplexer (TSD) on a
single planar elliptical structure is for the first time presented
in this paper. Three resonant modes are investigated in a planar
elliptical resonator, e.g., two TM11 degenerate modes and one
TM21 mode. These three resonant modes are designed to form
three filtering channels, which are further combined to generate
three states of a diplexer, namely, TSD. The planar elliptical
triple-mode resonator is fed by three microstrip lines to form a
triple-mode TSD. In order to validate the concept, the designed
planar TSD is fabricated and measured. The measured results
are in good agreement with the simulated ones.

Index Terms— Diplexer, duplexer, elliptical resonator, filter,
three-state diplexer (TSD), triple-mode resonator.

I. INTRODUCTION

THE diplexer is an important component for wireless
communication systems due to its inherent nature of

frequency division applied for frequency up-conversion and
down-conversion links, where the multiple diplexers are gen-
erally used in multichannel selections of a complex system.
As the research launches, the designs and synthesis of diplex-
ers have been comprehensively investigated [1]–[17].

The traditional approach of designing a diplexer normally
employs two filters to form the separated passbands at the
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cost of enlarged circuit layout and unneglectable economic
cost. This inspires the research for the diplexer miniaturization
and cost reduction [7]–[17], including the common resonator
technologies [9], [10], compact resonator structures [11]–[13],
and multimode technologies [14]–[17]. Noticeably, all the
aforementioned works have put significant attentions on minia-
turization of a single diplexer, which has incremental benefits
for the typical up- and down-conversion systems. Even though
the achieved miniaturization techniques have the distinguished
features for a standard diplexer system, it is found that these
approaches require multiple diplexers to be used for multiple-
channel systems, raising an unavoidable issue of complicated
system architecture, massive circuit layouts, and, consequently,
nonnegligible challenges in terms of system cost control.
Therefore, it turns out to be an interesting and effective way
of achieving the multifunctional diplexer with compact size
into a single circuit structure.

In this paper, a highly integrated multifunctional diplexer,
namely, three-state diplexer (TSD), is presented and realized
using a triple-mode elliptical-shaped resonator for good con-
trol of three resonant modes. Taking advantages of the multi-
mode resonator technologies [18]–[21], the overall size of the
circuit has been significantly miniaturized by employing the
proposed triple-mode elliptical patch resonator. To the best of
the authors’ knowledge, this is the first time that the functions
of multiple diplexers are realized using a single resonator
structure. This TSD has potential application in frequency-
hopping communication, as there are three frequency states
for frequency-hopping system to choose.

The remainder of this paper elaborates with the following
arrangement. In Section II, the concept of the integration
of three diplexers is introduced and a triple-mode elliptical
resonator is presented as a candidate for designing the TSD.
Section III demonstrates the designed TSD based on the
proposed triple-mode elliptical resonator with the derived
empirical formulae for calculating the resonant frequencies.
In Section IV, the simulation and measured results are pre-
sented. Finally, a conclusion is presented in Section V.

II. DESIGN CONCEPT

A. Topology of TSD

Fig. 1(a) depicts the block diagram of the proposed TSD.
The proposed TSD has three ports and three filtering elements.
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Fig. 1. Topologies of the proposed TSD (a) Block diagram. (b) State1,
port1 is the common port. (c) State 2, port2 is the common port. (d) State3,
port3 is the common port.

The three filtering elements are individually placed between
every two neighboring ports. In detail, Filter 1, Filter 2, and
Filter 3 are placed between port 1 and port 3, port 2 and
port 3, and port 1 and port 2, respectively. Furthermore,
the Filter 1, Filter 2, and Filter 3 operate at different passband
frequencies f1, f2, and f3, respectively. The TSD is designed
with three operation states in the same diplexer circuit, when
the port 1, port 2, and port 3 are set as the common ports,
respectively, corresponding to the block diagrams, as shown in
Fig. 1(b)–(d). The operational principles of the three states can
be summarized as follows:

State 1: When the port1 is set as the common port, the filter-
ing channel 1 and filtering channel 3 are utilized to construct
a first-state diplexer operating at f1 and f3, simultaneously,
while the filtering channel 2 ( f2) is not functioning.

State 2: When the port 2 is set as the common port, the fil-
tering channel 2 and filtering channel 3 are utilized to construct
a second-state diplexer operating at f2 and f3, simultaneously,
while the filtering channel 1 ( f1) is not functioning.

State 3: When the port 3 is set as the common port, the fil-
tering channel 1 and filtering channel 2 are utilized to construct

Fig. 2. Top view of planar elliptical triple-mode resonator.

a third-state diplexer operating at f1 and f2, simultaneously,
while the filtering channel 3 ( f3) is not functioning.

Therefore, this circuit topology with different port excita-
tions can have three operational states as a multifunctional
diplexer.

B. Elliptical Shape Triple-Mode Resonator

Fig. 2 presents the top view of the elliptical-shaped triple-
mode resonator used to implement the function of TSD.
The printed circuit board (PCB) with the dielectric constant
of 2.55 and the thickness of 0.8 mm is used. The elliptical
patch is engineered on the top layer of the PCB with the
full metal layer at the backside of the PCB functioning
as the ground. The long axis radius and short axis radius
of the elliptical patch are named as r1 and r2, respectively.
The electric field distributions of the three elliptical patch
resonant modes are presented in Fig. 3. The degenerate mode
TM11+ and TM11− of this elliptical resonator are signed as
mode 1 and mode 2, and the higher order mode TM21 is
assigned as mode 3.

The port 1, port 2, and port 3 are put on the particular posi-
tion as shown in Fig. 2, e.g., port 1 and port 2 are orthogonal to
each other along the x- and y-axis, respectively, while port 3 is
45° oriented from x-/y-axis. The three ports excite this triple-
mode resonator under weak coupling condition. In Fig. 3(a),
it can be observed that the electric field
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is strong at both port 1 and port 3, but it is very weak at
port 2. This implies that the electromagnetic (EM) energy has
a channel connecting port 1 and port 3, while port 2 is the
isolation port. The EM energy can flow between neither port 1
and port 2, nor port 3 and port 2. In Fig. 3(b), the electric field
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Fig. 3. Resonant modes of the proposed elliptical triple-mode resonator. (a) TM11+. (b) TM11−. (c) TM21.

TABLE I

COUPLING STRENGTH BETWEEN PORTS AND RESONANT MODES

TABLE II

PASSBANDS AT EACH TRANSMISSION PATH

is strong at both port 2 and port 3, but it is very weak at port 1.
This implies that the EM energy has a channel connecting
port 2 and port 3, while port 1 is the isolation port. The EM
energy can flow between neither port 1 and port 3, nor port 1
and port 2. Similarly, in Fig. 3(c), the electric field is strong
at both port 1 and port 2, while port 3 is the isolation port,
the EM energy cannot flow between port 1 and port 3, or port 2
and port 3. Consequently, the coupling strength corresponding
to the ports and resonant modes can be summarized in Table I.

Therefore, it can be concluded that there are passband
between port 1 and port 3 for mode TM11+, passband between
port 2 and port 3 for mode TM11−, and passband between
port 1 and port 2 for TM21, which can be named as Passband1,
Passband2, and Passband3, respectively. These three passbands
locate at the lower, middle, and higher frequency bands,
respectively. The relationship among these three passbands and
three ports can be concluded in Table II.

To study the resonant modes of this elliptical patch res-
onator, the resonant frequencies of the three resonant modes
are first elaborated by the empirical formulas modified from
the circular patch resonator [22]. The resonant frequency of
the circular patch resonator can be calculated by (1), and the ae

in (2)–(4) is the effective radius of the elliptical patch resonator
of mode 1, mode 2, and mode 3, respectively. It is worth noting
that the (2)–(4) are modified from effective radius formulae
of circular patch resonator in [22]. Equations (2) and (3)
are modified from the fundamental mode equation of circular
patch resonator to calculate the first two resonant frequencies
of elliptical patch resonator of TM11+ and TM11− when
m = n = 1. Equation (4) is modified from the second-
harmonic mode of circular patch resonator to calculate the
third resonant frequency of elliptical patch resonator of TM21

Fig. 4. Three resonant frequencies of the elliptical triple-mode resonator.
(a) Against the varied r1, when r2 = 11 mm. (b) Against the varying r2,
when r1 = 14.5 mm.

when m = 2 and n = 1. χmn is the roots of Bessel function.
The C is the velocity of light, h is the thickness of the
substrate, and the relative permittivity εr is 2.55. According
to the roots of Bessel function, the χ11 is 1.841 and the χ21
is 3.054. The r1 and r2 are the long axis radius and short axis
radius of the elliptical resonator, respectively. To validate the
formula of (1)–(5) for calculating the resonant frequency of
mode 1, mode 2, and mode 3 effectively, all these resonant
frequencies are numerically extracted by the EM simulations
and calculated by (1)–(5), which are reflected on Fig. 4
for comparison. The simulated resonant frequencies of the
three resonant modes are found in good agreement with the
calculated results. Therefore, the empirical formulas (1)–(5)
are validated for calculating the three resonant frequencies of
the elliptical resonator.
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Fig. 5. TSD. (a) Circuit layout. (b) Simulated S-parameters.

TABLE III

EXTERNAL QUALITY FACTOR (QE) OF THREE PASSBANDS

III. IMPLEMENTATION OF TSD

In this section, there are two parts to elaborate the proposed
TSD design based on the elliptical patch resonator. A simple
elliptical patch filtering circuit is presented in part A to validate
the discussion in Section II. In Section III-B, a slot-cut is
engineered on the elliptical resonator to increase the degree of
freedom for controlling the third resonant frequency.

A. Validation

To validate the discussion in Section II, an elliptical res-
onator fed by three microstrip lines is proposed. Its con-
figuration and simulated scattering parameters are shown
in Fig. 5. The triple-mode elliptical patch is designed on the
top layer of the PCB. The long axis radius (r1) and short
axis radius (r2) are equal to 16 and 11 mm, respectively.
Three passbands between the three ports are achieved as shown
in Fig. 5(b), which coincides with the discussion at Section II.
The three frequencies of these passbands can be calculated
by using (1)–(5). The external quality factor is extracted in
each passband which is given in Table III. The synthesis
values of three external quality factors are well matched
with the extracted one, showing good agreement between
them. Meanwhile, the isolation between three ports is shown
in Fig. 5(b). In detail, the Isolation2 and Isolation3 have the

transmission zeros located around the resonant frequencies of
the mode TM11−, and TM21. The Isolation1 appears at around
the resonant frequency of the mode TM11+. Though it is not an
obvious transmission zero, there is a deep suppression showing
an improvement of the isolation between the port1 and port 2
near the frequency of Isolation1. Therefore, the discussion
about the passbands in Section II is evidently validated.

B. Realization of TSD

It is clearly shown in Fig. 4 that the long axis radius (r1)
can control the resonant frequency of TM11+ mode and TM21
mode. Meanwhile, the short axis radius (r2) can control the
resonant frequency of TM11− mode and slightly affect the
TM21 mode. There are three frequencies with only two control
variables (r1 and r2). In order to increase the degree of the free-
dom to control the third resonant frequency, one more variable
is expected. Therefore, a slot-cut is introduced on the elliptical
patch, as shown in Fig. 6(a). In this way, there are three
independent parameters to control three resonant frequencies.
The length of slot-cut (a) can control the resonant frequency
of mode TM21 effectively, while slightly affecting the mode
TM11+. Under weak coupling condition, the varying resonant
frequencies of the three resonant modes against the parameter
r1, r2, and a are extracted and shown in Fig. 6(b)–(d),
respectively. It is worth noting that there are many ways to
open this slot to control the third resonant mode. In this
paper, a vertical slot is chosen. This slot is slightly shifted
from the center part of the resonator in order to have better
inband impedance matching. Herein, the procedure to design
the three resonant frequencies of the triple-mode resonator can
be concluded in the following with a specification of three
passband frequencies f1, f2, and f3.

1) Apply (1)–(5) to calculate dimensions of r1 and r2
according to the given resonant frequencies of f1 and f2.

2) Implement a vertical slot and change the length of the
slot a to obtain a desired frequency of f3.

3) Optimize the passband frequencies in accordance to the
mode charts in Fig. 4 by iterative fine tunings to obtain
the desired three passband frequencies.

4) Optimize the performance by adding the tapped struc-
ture to the feeding lines and offsetting the slot-cut for
impedance matching.

IV. RESULTS AND DISCUSSION

As discussed previously, three evenly distributed passbands
are designed and optimized using this proposed method. The
circuit layout with marked dimensions is shown in Fig. 7(a).
The photograph of the fabricated circuit is shown in Fig. 7(b).
The measured and simulated S-parameters are as shown
in Fig. 7(c) and (d). The passband between port 1 and port 3
is designed at the 2.8 GHz, namely, Channel1, while the
passband between port 2 and port 3 is designed at the 4 GHz,
namely, Channel2. Finally, the passband between port 1 and
port 2 is designed at 5.5 GHz, namely, Channel3. The mea-
sured results are in a good agreement with simulated ones.
The measured insertion loss is less than 1.5 dB. Meanwhile,
the isolation between different filtering channels is better
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Fig. 6. Calculated resonant frequencies of the proposed triple-mode elliptical
resonator with slot under weak coupling. (a) Configuration of elliptical
resonant with slot cut. (b) Against varied r1 when r2 = 13 mm, a = 6 mm.
(c) Against varied r2 when r1 = 18 mm, a = 6 mm. (d) Against varied a
when r1 = 18 mm, r2 = 13 mm.

than 12 dB. The three states operational functions can be
summarized as follows.

State 1: When the port 1 is the common port of the diplexer,
the Channel1 and Channel3 can be used as two filtering
channels, as shown in Fig. 8(a).

Fig. 7. TSD with slot. (a) Circuit layout with marked dimensions.
(b) Photography. (c) Insertion loss. (d) Return loss.

State 2: When the port 2 is the common port of the diplexer,
the two filtering channels are the Channel2 and Channel3,
as shown in Fig. 8(b).

State 3: When port 3 is the common port of the diplexer, the
two filtering channels are Channel1 and Channel2, as shown
in Fig. 8(c).
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Fig. 8. TSD. (a) Port1 as the common port. (b) Port2 as the common port.
(c) Port3 as the common port.

Therefore, the proposed approach of designing a TSD is val-
idated to be feasible for the implementation of multifunctional
diplexer.

V. CONCLUSION

In this paper, a new concept that integrates three filter-
ing channels to achieve three states of diplexers on a sin-
gle resonator circuit is for the first time proposed, namely,
TSD. A planar TSD structure based on a planar triple-mode
elliptical-shaped resonator was designed and fabricated to
validate this concept. The simulation and measured results are
well matched to each other, thereby evidently validating the
feasibility of the proposed design approached.
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