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Design of Miniaturized Planar SIW Diplexers
Using Dual-Mode Resonators

Homayoon Oraizi* and Elham Bidaki

Abstract—In this paper, two planar diplexers using dual-mode resonators are designed, which have
achieved significant size miniaturization. The first diplexer is made of a simple single dual-mode
resonator as a square cavity in the substrate integrated waveguide technology. The two degenerate
modes with 90° rotation are perturbed by the placement of metallic via and CPW lines as input and
output ports. A prototype model of this diplexer is designed and fabricated in the X-band. Its simulation
results and measurement data agree very well. An isolation of 22dB is achieved between two ports,
which is quite suitable for receiving systems. For the improvement of isolation and bandwidth, the
degree of structure is increased, whereby dual-mode resonators are used to connect the channel filters
to the input port. Those types of channel filters are used which generate a transmission zero in the
frequency band of the other channel. The isolation and bandwidth of the diplexer have been improved
significantly, where its size is much smaller than the common diplexers.

1. INTRODUCTION

Diplexers are used in applications where an input signal is to be separated into its two components
having two distinct frequencies, which may be contiguous or separated. One application of diplexers
is in duplex systems. The frequency diplexers may be realized as series or shunt connections of two
band-pass filters, which may be designed for various types of transmission lines [1]. The common designs
of diplexers use a T-junction to which two band-pass filters are connected to separate the two channels
with the required isolation and impedance matching [2, 3]. However T-junctions occupy a large space in
the system. Furthermore, the required tuning of diplexers may be difficult [2]. Another design for the
diplexer uses ferrite circulators for the connection of the two output filters to the input port [4]. Designs
of circulators with acceptable performance are quite costly. In [5] a dual-mode cavity is employed as
the common resonator to replace the T-junction. By using multilayer technology a high isolation is
achieved, but the structure is not planar. There are also some realizations based on the waveguide
technology A waveguide diplexer using a dual-band resonator is presented in [6]. Due to the absence
of junctions the size of diplexer reduces but it requires precise fabrication On the other hand, in [7] a
resonant Y-junction is introduced as the first block of a rectangular waveguide diplexer. However it is
very sensitive and its optimization is very difficult.

Recently various planar diplexers are proposed due to their favourable characteristics. They are
designed for various technologies, such as low temperature co-fired ceramic (LTCC), thin film technology
(PCB), planar waveguides and substrate integrated waveguides (SIW) [5, 8]. The SIW is fabricated in a
microstrip medium by placing a row of metallic vias in a low loss substrate, which exhibits low insertion
loss, high power handling capacity and high @ factor compared to other planar waveguides.

In this paper, two planar diplexers are presented, which use single SIW resonator having dual-
mode operation. The structures of the proposed dual-mode SIW diplexers are quite simple and achieve
a significant miniaturization and narrow profile compared to the available diplexers.
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2. DUAL-MODE RESONATOR

The dual-mode resonators operating at two resonance frequencies are quite effective in filter designs,
which lead to the reduction of number of resonators and the eventual size reduction of filter. In such
systems, the resonance frequencies of degenerate modes may be separated by producing a perturbation
on the symmetry axis of its field pattern. Consequently, a suitable bandwidth will be generated for
the appropriate operation of the filter. As the perturbation increases, the resonance frequencies will be
further separated.

The resonance frequencies of degenerate modes (TEp, and TE,0,) of a rectangular SIW resonator

are made equal [9]:
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and m, n, p, q are the order of resonance modes. €, is the dielectric constant of the substrate material,
c, the speed of light in free space, d the diameter of metallic vias, s the distance between vias, and a
and b are the width and height of rectangular resonator, respectively. The dual-mode operation of STW
resonator appears for the case of (m # p, n # ¢). Therefore, the resonance frequencies of the square
resonator, namely TEqg2 and TEgy, have the same resonance frequency.

Two vias are made on the diagonal of the SIW resonator to produce the two electric field patterns
of the diagonal TEyy; and TEjgs modes, as shown in Figure 1. The displacement of vias along the
diagonal of SIW resonator for the first mode does not appreciably affect its resonance frequency, because
they are placed on the region where the standing electric field is zero, as shown in Figure 1(a). Its
resonance frequency depends in the dimension of SIW resonator. On the other hand, for the second
mode shown in Figure 1(b), the vias are made on the diagonal, where the standing electric field is not
zero. Consequently, the electric field will be forced to zero at the position of inserting the metallic vias.
In such a case, the displacement of the vias along the diagonal towards the centre of resonator tends to
increase the resonance frequency of second mode.

3. PLANAR DUAL-MODE RESONATOR SIW DIPLEXER

The field distributions of the two degenerate resonance modes of the SIW square resonator are rotated
by 90° relative to each other. That is the zero field points of one mode coincides with the maximum
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Figure 1. Electric field distribution of the Figure 2. The configuration of the diplexer.
diagonal TEoy; and TE192 modes.
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field region of the other, and vice versa. We intend to make use of the field rotation of such resonance
modes to design a single dual-mode resonator diplexer. Consequently, we place one output port of the
diplexer at the point where the field of one mode (namely diagonal TEgq;) is maximum and we place the
other output port of diplexer where the field of the other mode (namely diagonal TEqg2) is maximum.
In such a manner, the isolation between the two output ports is maximized. The frequency separation
of diplexer may be adjusted by variation of the perturbations (namely position of vias).

The configuration of the single dual-mode resonator SIW diplexer is shown in Figure 2, where the
output ports 2 and 3 and input port 1 are designated. The dimensions of diplexer are determined
according to the guidelines in previous section. Due to the presence of the CPW lines for the output
and input ports, only one via is sufficient to generate the two modes (see Figure 2). The CPW lines
between SIW and 50 ohm lines should operate as an impedance transformer.

The design of diplexer is optimized by CST software. Its optimum geometrical dimensions are given
in Table 1. The Rogers R04003 substrate is used with dielectric constant 3.55, height 0.508 mm and
loss tangent 0.0027. The diameter of metallic vias is 0.6 mm and their spacing is 1 mm. By this design
the field leakage is negligible [11]. The width of CPW line is 1.15mm to produce the characteristic
impedance of 50 ohms.

3.1. Measurement Data and Simulation Results

The performance of the diplexer is obtained by CST and HFSS softwares. However, in order to
avoid overcrowding the figures, only the CST data are reported. The results obtained by CST and
HFSS coincide. The scattering parameters S1; (reflection coefficient at the input port), Se; and S3;
(transmission from the input port to the output ports) are shown in Figure 3(a). The isolation between
the two output ports (Ss2) is drawn in Figure 3(b). The various characteristic of the diplexer as obtained

Table 1. Geometrical dimensions of the single dual-mode resonator SIW diplexer.

W | 171mm | Ly | 6mm | do | 1.bmm | Ly | 2.9mm
XO | 355mm | Ly | 6mm | ds | 1.9mm | dy 9mm

YO | 394mm | Ly | 29mm | S; | 0.54mm | S3 | 0.57mm
Ly 29mm | Lg | 2.8 mm | S5 | 0.55 mm
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Figure 3. Simulated and measured scattering parameters. (a) Reflection and transmission; (b) isolation;
(c) group delay.
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by CST and HFSS are given in Table 2 for comparison. Figure 4 presents a photograph of the circuit.

The two measured passbands are centered at 10.21 and 11.08 GHz. The frequency shift is considered
to be mainly caused by the substrate dielectric constant variations. The measured insertion losses
(IL) are 2.79 and 3.51dB at the two center frequencies respectively, while the simulated ones are
1.03 and 1.64 dB. The measured isolation is larger than 22dB from 9 to 13 GHz. However, there are
some deviations between the simulation result and measured data of diplexer which are due to the
workmanship of the fabrication of diplexer and measurment instruments. Since ports 1 and 3 are close
together and the lack of availability of small connectors to fit them, the connectors could not be made
very tight to obtain accurate results. The frequency shift is considered to be mainly caused by the
substrate dielectric constant variations.

Figure 5(c) shows the group delay for both channels of the diplexer. The group delay from input
port 1 to output port 2 in the passband with the center frequency 10.4 GHz is between 0.6 to 0.9 ns. The
group delay from input port 1 to output port 3 in the passband with the center frequency 11.22 GHz is
between 0.9 to 1.4ns. These group delays are acceptable for the common modulation systems.

Table 2. Comparison between simulation results and measurement data.

fo (GHz) IL (dB) s 4B RL (dB)
Channel 1 | Channel 2 | Channel 1 | Channel 2 s2 (dB) Channel 1 | Channel 2
CST

. . 10.40 11.22 1.03, 1.64 > 25.5 42 19.2
simulation

. HFSS_ 10.51 11.23 1.14, 1.43 > 27 24.7 22.6
simulation
Measured

10.21 11.08 2.7 3.51 > 22 20 10.5,
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Figure 5. Dual-mode filter with non-resonating node, (a) 3D view of the filter [12], (b) its response at
the upper cannel filter.
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The designed diplexer has a simple structure and design showing the capability of the dual-mode
resonator for the generation of diplex signal and is of degree one, but its transition band has a sharp
slope. Its output ports are perpendicular to each other, which results in high isolation between them.
Such isolation is sufficient for receiver applications. Simplicity can be a positive point, although it could
be improved. However, higher isolations are required for transmission applications. Consequently, for
broader bandwidths and increased isolation between the output ports, the device order may be increased,
so that dual-mode resonators may be used for connecting channel filters to input port which does not
have the shortcomings of the older versions, such as Y- and T-Junctions.

4. PLANAR SIW DIPLEXER OF DEGREE 3

For the design of diplexer, the dual-mode resonator with three ports is used for the first and second
channel filters. In order to achieve high isolation between the output ports, the filter and its channel
passband should coincide in their design, but should have high rejection on the other channel. In other
word, there should be a transmission zero in the other channel pass band. These points are considered
for the design of filters for the planar SIW diplexer. For this purpose, we use the Dual-mode filter with
non-resonating node (NRN) which is designed in [12]. Since the channel filters require two transmission
zeros on the two sides of the pass band and their size should also be small, the non-resonating nod
(NRN) filter in the form of a CPW structure is selected.

4.1. Dual-Mode Filter with Non-resonating Node

The filter is designed based on a dual-mode resonator with a non-resonating node (NRN), which is
realized by a coplanar waveguide mode on the top metallic surface. This method leads to an indirect
mutual coupling between the source and load, which generates two transmission zeros in the filters [12].
NRN is a parallel element in the network model, which makes possible the design of cross-coupled filters
with the maximum number of transmission zeros without mutual coupling between the source and load.
NRN leads to a constant phase shift and prepares new paths for the signal. Its other frequency response
is drawn in Figure 5. The position of transmission zeros may be adjusted by varying the lengths L4
and Lo.

4.2. Diplexer Design

Three port square resonators are used for diplexer design, where its output ports are perpendicular to
its input port. Resonators are connected to the common resonator through CPW line. Considering
the resonance frequencies of the dual-mode resonator, the centre frequencies of channel filters and
transmission zeros are determined. The structure of planar SIW diplexer is shown in Figure 6.

4.3. Simulation Results

Figure 7 shows the simulation result of the proposed diplexer of degree 3 with geometrical dimensions
given in Table 3. This diplexer is designed by CST software. The centre frequencies of the first and
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Figure 6. The proposed diplexer of degree 3. (a) 3-D view of proposed diplexer; (b) top view of
proposed, dual-mode resonator connects channel filters to input port.
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Table 3. Geometrical dimensions of the diplexer of degree 3.

Wi | 17.2mm ds 3.14mm | Ls 3.4 mm P 4.5 mm
Ws | 17.2mm dy 6.5 mm Le | 2.67mm P, 5.3 mm
W3 | 15.3mm ds 5 mm L, 2.3 mm dy 8.53 mm
L1 3.15 mm Lo 2.9 mm Lg 3.5 mm Ln, 4.6 mm
L3 4.7 mm Lno 5.6 mm ds | 2.44mm Ly 5.57 mm

Table 4. Comparison between the proposed diplexers and the References.

|521| or |S31| |321| or |S31| |S |
Size (\3) (Insertion loss) (Suppression) dB (Isol:tzion)
Channel 1 | Channel 2 Channel 1 Channel 2
Diplexer
of degree 1 0.12 x 0.094 x 0.057 2.7dB 3.5dB 24@10.21 GHz | 26@11.08 GHz > 22dB
(Measured)
Diplexer
of degree 3 4.1 x 1.2 x 0.057 1.2dB 1.4dB 48@10.39 GHz | 48@11.22 GHz > 48dB
(Simulated)
Ref. [13]
0.103 x 0.103 x 0.004 1.25dB 1.49dB 26@1.03 GHz 25@1.37 GHz > 22.5
(Measured)
Ref. [5]
0.83 x 0.83 x 0.064 2.86 dB 3.04dB 52@8 GHz 43@Q9 GHz > 40dB
(Measured)
Ref. [8]
0.187 x 0.30 x 0.003 2.8dB 3.2dB 38@1.50 GHz 39@1.79 GHz > 30dB
(Measured)
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Figure 7. Simulation result of the diplexer of degree 3.

second channels are 10.39 and 11.2 GHz, respectively. The insertion and return losses of the first channel
are 1.2dB and 35dB, respectively. Those of the second channel are 1.4 dB and 28 dB, respectively. As
expected, the bandwidth and isolation of diplexer have improved by increasing its degree. Observe that
the isolation between the two output ports (S23) is better than —46 dB. Figure 7(c) shows the group
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delay for both channels of the diplexer. The group delay from input port 1 to output port 2 in the
passband with the center frequency 10.39 GHz is between 1.3 to 1.55ns. The group delay from input
port 1 to output port 3 in the passband with the center frequency 11.22 GHz is between 1.7 to 2.23 ns.
The performances of the proposed SIW diplexers are compared in Table 4 to those of other diplexers
reported in the literature.

5. CONCLUSION

Two novel planar diplexers of first and third degrees are designed with SIW technology, which use dual-
mode square resonators. The SIW diplexers have simple and small structures, which may be readily
designed by the available computer simulator softwares. A prototype model is fabricated in the X
band. Its measurement data agree very well with the simulation results, which indicates its effective
application in microwave circuits. Observe that the bandwidth, output port isolations and return losses
of the third degree diplexer have been significantly improved compared to the first degree diplexer.
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