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A Novel Surface Wave Diplexer Based on Tensor Impedance Surfaces

Mojtaba Mighani”

Abstract—In this paper, a new Surface Wave (SW) diplexer in frequency bands of 11.6 GHz and
19.3 GHz is presented based on the frequency variations of the refractive angle when an SW enters from
a Scalar Impedance Sheet (SIS) to a Tensor Impedance Sheet (TIS). In this structure, a SIS has been
placed alongside a TIS, and using three launchers, SW is excited and received on them. To achieve
an SW diplexer, the structure is designed in a way that the refractive angle changes in the expected
range when SW enters from SIS to TIS. Finally, the proposed structure is fabricated and measured by
printed circuit technology. The measurement results at 11.6 GHz and 19.3 GHz show that this structure
has 3.6 dB and 4.1 dB insertion losses and 33.5dB and 37 dB isolations in the two bands, respectively.
These measurements are in good agreement with mathematical modelling and simulations.

1. INTRODUCTION

Diplexers are one of the most compelling three-port elements in microwave systems. One application of
these devices is the simultaneous connection of a transmitter and a receiver with two different frequencies
to an antenna [1]. Therefore, a diplexer can be used when we need to combine or separate two frequency
channels, and a multiplexer is utilized for more than two channels. In other words, multiplexers and
diplexers have a function similar to power combiners and splitters with the difference that unlike them,
combiners and splitters can only be used in one frequency [2, 3]. Moreover, multiplexers have two major
advantages compared to power splitters and combiners. First, they do not have the intrinsic attenuation
of power combiners and splitters, and second, they can create isolation between their ports [4]. This
behaviour makes multiplexers and diplexers highly efficient in multi-channel receivers. A diplexer can
also be compared to a circulator. A diplexer can simultaneously operate in two separate channels.
Therefore, it is more suitable than a circulator in many applications.

The design method of diplexers is usually based on connecting two filters with two different
passbands via a T-junction. In this method, the most important problem is that each filter in the
other filter passband must be an open connection. There are two methods for the diplexer design.
One is usually based on optimizing an error function, which is a time-consuming process [5, 6], and the
other is analytical methods based on the design of two separate filters and a coupling matrix [7,8]. The
fabrication methods of diplexers are based on printed circuit technology [7—11] and waveguides [12, 13].
In [10], an input reflectionless low-pass filter was presented, which consists of a reflective network
implemented with a microstrip resonator and a resistive termination, and in [8], a switchable diplexer
was presented by using pin diodes. The main advantages of printed circuit-based diplexers are the
simplicity of construction and the possibility of combining with the lumped elements. On the other
hand, the fabrication of diplexers with waveguides allows achieving low insertion losses and high-quality
factors. For example, in [13], a waveguide-based diplexer with a 0.39 dB insertion loss and very high
rejection was presented. Moreover, due to the high power handling, waveguide-based diplexers are more
commonly used in transmitters.
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In surface impedance structure, periodic unit cells are used to achieve the desired surface impedance
properties. In SIS the cells are symmetric, and these cells will become asymmetric in one or both axes of
the cells. Ideally, the number of these cells should be infinite, but usually when the number of repetitions
is more than 10, the structure can be assumed to be almost periodic, and the boundary conditions can
be approximated. The size and thickness of the cell must be small as compared to the wavelength. It
is usually around A/10 [14]. Unlike constitutive properties such as permittivity and permeability which
are effects of the atomic structure of a material, impedance surfaces derive effective material properties
from macroscopic periodic inclusions that are artificially added to a material.

Recently, using tensor impedance surfaces, a structure has been proposed that can be employed
to design an SW diplexer [14-16]. The proposed structure is obtained by a TIS alongside a SIS and is
designed using metallic arrays of cells over a grounded substrate. In this structure, an SW is excited
on the SIS and orthogonally propagates onto the TIS due to the refraction phenomenon. The direction
of propagation on the TIS will change due to SW frequency. In [14], the refraction angle changes were
modelled according to the frequency and were validated on a sample structure with a range between 0
and 9 degrees at the 15.1-15.75 GHz frequency band. Moreover, in [15], the SW losses were modelled
in this type of structure and included ohmic, dielectric, mismatch, and modes transform losses. With
this method, the insertion losses between the input and the two output ports of the proposed diplexer
can be calculated.

In this paper, the frequency variations of the refraction angle are used to present a new SW diplexer
based on the TISs. Therefore, the SW is excited on the SIS by a launcher, which can include two
frequency channels, and orthogonally propagates toward the boundary of the TIS as the incident wave.
Now, according to the frequency of each channel, the SWs enter the TIS with different refractive angles,
and the two bands will be separated from each other. Finally, these two SWs are received by using
two launchers. The main advantage of this structure is the continuous change of the refraction angle in
terms of SW frequency. This behaviour can enable the mechanical channel tuning in the structure by
moving the SW launchers.

One of the most important challenges of using impedance sheets is the excitation and measurement
of the SW on these surfaces. The simplest laboratory method is to use coaxial probes along the surface
vertically and horizontally to excite transverse magnetic (TM) and transverse electric (TE) modes,
respectively [17]. This method of testing, due to the low coupling efficiency, increases the insertion loss
for a microwave device and is practically not usable. This approach is only applied when the goal is to
validate the performance of a structure and the absolute value of the coupled power on the surface does
not matter. For example, in [14] to validate the frequency changes of the refractive angle which were
modelled by a new analytic method, coaxial probes were used.

The only practical way to overcome this limitation is to use SW launchers [18-24]. The launchers
can couple the SW on the impedance surfaces with high efficiency. The design flaw of an SW launcher
is that it needs a substrate with high relative permittivity, which limits the substrates that can be
used for the launcher. For example, in theory, to achieve a coupling efficiency above 90%, a relative
permittivity of higher than 10 is required [23,24]. In [18,19], an SW launcher was presented using a
coplanar waveguide structure in such a way that it had an appropriate efficiency and frequency band.
The size of the launchers varies depending on the defined parameters, for example in [18-19,21], is
15 x 15cm? at K-band frequency and in [22] is 7.5 x 7.5cm? in X-band frequency. In our work, the
structure proposed in [19] is used as a basis for designing the required launchers.

This paper consists of four sections. After the introduction, the design process of isotropic and
anisotropic cells is described. This process is very important for the implementation of the required
boundary conditions of SIS and TIS using printed circuit board (PCB) technology. In the third section,
the losses on the presented structure are investigated. The structure is presented as a microwave
diplexer; therefore, the loss calculation is essential. Finally, in the fourth section, the findings of the
design and simulation are tested and measured.

2. SIS AND TIS DESIGN

Figure 1 shows how the proposed structure works. In this structure, three launchers are used as input
and output ports in two frequency bands. For the proposed structure, appropriate SIS and TIS are
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Figure 1. The proposed structure for SW diplexer.
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Figure 2. Geometry of the proposed cells, (a) anisotropic for the TIS, (b) isotropic for the SIS.

needed. A TIS is an impedance surface, and the impedance tensor is defined as Eq. (1).

~ o Zxx Zacy
Zsurf — |: Zym Zyy (1)

These two surfaces are obtained by the proper selection of two isotropic and non-isotropic cells
that have a good bandwidth [14]. The geometry of the cells and their dimensions are shown in Fig. 2
and Table 1. The proposed structure is an array of these cells, which is fabricated by a RO4003 Rogers
substrate with a relative permittivity of 3.55.

Table 1. Dimensions of the proposed cells (in millimeters).

h | Xe| Xp1 | Yp1 | Xp2| 7 | Yo | V1
0.8 4 2.1 3.75 2 05| 1 | 2.55

These two cells are designed to have the highest bandwidth with reactive impedance in the single
mode. Moreover, to minimize the losses due to the impedance mismatch between the surfaces, the
dimensions and geometry of the SIS cell are selected using Eq. (2) [14, 15]

ZoaZyy — Z2, =10 (2)
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where 7 is the surface impedance of the SIS. In Fig. 3, the dispersion diagrams of both cells are plotted
for the TM and TE modes in various propagation directions. In this figure, it is clear that the minimum
TE cut-off frequency is 21.5 GHz, which occurs at 90 degrees, and this frequency for the other SW
propagation angles of TE modes is higher. On the other hand, the minimum excitation frequency of
the TM mode, as shown in Fig. 3, is equal to 10.013 GHz. Therefore, the bandwidth of the structure
in which the SW can propagate on the surface at all propagation angles is equal to 10.013-21.5 GHz.
To ensure that the TIS is in single-mode operation, frequency margins should be considered at the
beginning and end of this bandwidth.
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Figure 3. The dispersion diagrams of the TM  Figure 4. Imaginary part of entries of surface
and TE modes for the presented anisotropic and  impedance tensor vs. frequency.
isotropic cells in different SW propagation angles.

In Fig. 4, the entries of the surface impedance tensor of the TIS are shown. According to this
figure, at the start of the frequency bandwidth, due to the equality of Z,, and Z,, and the small
value of Z,,, the surface exhibits isotropic behaviour. The non-isotropic manner of the TIS starts from
14 GHz. Therefore, the TIS shows non-isotropic behaviour in its single-mode bandwidth only within
the range of 14-21 GHz.

Now according to Fig. 1, if the SW is excited on the SIS and crosses the TIS boundary vertically,
it will enter the TIS with angle ; due to the refraction phenomenon. This refractive angle is a function
of the SW frequency and is calculated as Eq. (3) [14]

2K!Y,y,

), = tan~* i7¢
O =
2Kz + 3 <Y02 + detYay, f)

(3)

In Eq. (3), 0y is the refraction angle of the SW; K/ is the component of the SW phase vector on
the TIS along the z-axis; Ky is the phase constant in the free space, and Yj is the free space admittance.

Moreover, Yy, 7 is the surface admittance tensor and is defined as Eq. (4).

Y, ~—1 |: Yo me :|

Ysurf = Zsurf = sz Yyy (4)

3. CALCULATION OF INSERTION LOSS

There are three types of losses on the proposed structure: the losses due to the TM to TE mode
conversion, the mismatch between the surface impedances of SIS and TIS, and the finite coupling
efficiency of SW launchers [15]. Each TIS has two orthogonal propagation axes. When the SW
propagates on the TIS axis, the modes are pure TM or TE. If the wave enters the TIS with angle
0 relative to the main axis of the TM mode, a percentage of the TM mode will be converted to
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TE, and due to the single-mode design of the surface, the wave radiates from the surface. Therefore,
more mode conversion will result in more Ly losses. This parameter is one of the limiting factors of
increasing the refractive angle on the TISs. On the other hand, if the SW crosses the boundary of TIS
and SIS, due to the mismatch between the surface impedances, a part of the wave will be reflected and
causes another loss which is called the mismatch loss Lysas [15]. In Fig. 5, the Ly and Lpsp curves
of the proposed structure are plotted using Eqgs. (5) and (6).

Ly =10 (5)
In Eq. (5), I'' is the SW reflection coefficient at the boundary of TIS and SIS.
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X

and Zz., Ty, and &3, are the normalized entries of the surface reactance tensor; k” is the normal
component of the phase vector on the TIS, and kg is the wavenumber at the free space.

Figure 5 shows that due to the proper selection of the SIS cell and its surface impedance, the
calculated mismatch loss is negligible. Another insertion loss in the structure is the result of the
limitation of SW coupling on the surface and receiving from it. Coaxial probes are commonly used
for SW measurements in the laboratory, but they cannot be employed for a microwave device such
as a diplexer due to low coupling efficiency. Therefore, SW launchers are used for the proposed
diplexer. To increase the SW coupling efficiency on the SIS, a substrate with high relative permittivity
is needed [23,24]. Therefore, for the launchers, a CER-10 Taconic substrate with a relative permittivity
equal to 10 and a thickness of 0.8 mm is utilized. Fig. 6 shows the geometry of the proposed launcher.
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Figure 5. Lj;p and Ly of the proposed structure vs. frequency.
To increase the out-of-band rejection of the proposed diplexer, three types of this launcher are

designed and tuned, which have different frequency characteristics. In Table 2, the dimensions of the
proposed launchers are shown.
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Table 2. The dimensions of the SW launchers (dimensions are in mm).

Lpy | Lpa | Lps | Wer | Wie | Lpa | Wep | Wig | Wes
15 1 6 30 09 | 09| 05 4.5 | 0.5
Number of Launchers Wie | Wiz | Lis
#1 7 4.5 3.1
42 56 | 45 | 3.5
#3 6.2 3 3.1

Ly

WL

Figure 6. The geometry of proposed SW launchers.

The first launcher is designed for the input port of the structure, and in both frequency bands 11.6
and 19.3 GHz, it has suitable SW coupling efficiency and return loss. The second and third launchers are
designed only for bands 1 and 2, respectively. In Figs. 7 and 8, the simulated input reflection coefficient
and coupling efficiency of each launcher are drawn.

According to these figures, the first launcher has 88% SW coupling efficiency at 11.6 GHz and 87%
at 19.3 GHz. Therefore, this launcher has a good performance in both frequency bands. Moreover, the
coupling efficiency of the second and third launchers is more than 87%, respectively, in the first and
second bands because these launchers are designed to have low coupling efficiency in the other band in
order to improve diplexer rejection as much as possible.

4. IMPLEMENTATION AND MEASUREMENTS

The main purpose of this paper is to propose an SW-based diplexer. Therefore, according to Fig. 1, a
structure is designed and fabricated as a microwave device with three ports. Fig. 9 shows an image of
the designed launchers.

By putting the results of Fig. 4 in Eq. (3), the frequency variations of the refraction angle are
obtained, as shown in Fig. 10. Furthermore, the structure is evaluated according to the test setup
presented in [14], and the results are in good agreement with the calculated results. According to this
figure, the refraction angle varies from about 0 degrees at 11.6 GHz to 14.5 degrees at 19.3 GHz.
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Figure 8. The simulated coupling efficiency and
input reflection coefficient of the proposed SW
launchers vs. frequency for the second band.

Launcher #3

Figure 9. The photograph of the launchers.

Figure 11 shows the setup test that is used to measure the scattering parameters of the structure.
In this test, R&S ZVA-24 vector network analyzer and a 50-ohm coaxial termination have been used as
shown. Moreover, according to Fig. 11, in order to prevent unwanted SW scattering on the surface, a
flat absorber, i.e., ECCOSORB BSR from Laird with 0.25 mm thickness, has been used.

As depicted in Fig. 1, the surface impedance sheet is implemented on a 150 x 260 mm? Rogers
RO4003 substrate. Fig. 12 shows the image of the measurement setup. Figs. 13 and 14 indicate the
results of the measured input reflection coefficients of all ports in both bands. According to these figures,
port 1, which is the input port of the diplexer, has a suitable impedance matching in the two frequency
bands. Furthermore, ports 2 and 3, which are the outputs of the diplexer, are in the impedance matching
conditions only at bands 1 and 2, respectively.
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Figure 10. The Calculated and measured Figure 11. The presented setup for the
refraction angle of SW on the TIS. measurements.

Figure 12. The photograph of the measurement setup.
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Figure 13. The measured input reflection Figure 14. The measured input reflection
coeflicient in band 1. coefficient in band 2.

In Fig. 15, the measured absolute values of S9; and Ss; in band 1 are shown. According to this
figure, the proposed diplexer has an insertion loss of 3.6 dB and an isolation of 37dB at 11.6 GHz. Given
the 88% coupling efficiency of the launchers and the losses modelled in Fig. 5, the measured insertion
loss is predictable and in good agreement with the calculated results. The 37 dB isolation measured in
this band is due to the refraction angle modelled in Fig. 10 and the 10% coupling efficiency of launcher 3
which is predicted in Fig. 7(a).
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In Fig. 16, the measured absolute values of So; and S3; in band 2 are shown. According to this
figure, the proposed diplexer has an insertion loss of 4.1dB and an isolation of 33.5dB at 19.3 GHz.
Given the 87% coupling efficiency of the launchers and the mismatch and mode transform losses, which
are modelled in Fig. 5, the measured insertion loss is predictable and in good agreement with the
calculated results. The 33.5dB isolation measured in this band is due to the modelled refraction angle
in Fig. 10 and the 24% coupling efficiency of launcher 2 which is predicted in Fig. 8(a).

5. CONCLUSION

In this paper, a novel diplexer is presented based on the frequency variations of the refraction angle
when SW enters a TIS from a SIS. This new structure is fabricated by placing a SIS alongside a TIS.
Moreover, three different launchers have been used to excite the SW on the surface and receive from it.
The results obtained from mathematical modelling and structure measurement are in good agreement.
On the other hand, the validation of the possibility of creating an SW diplexer is one of the important
findings of this paper.
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