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Abstract. In this paper, two miniaturized planar diplexers
based on the substrate integrated waveguide (SIW) struc-
ture loaded by open complementary split-ring resonators
(OCSRRs) are proposed. The working principle is based on
the theory of evanescent mode propagation. The proposed
SIW diplexers operate below the cutoff frequency of the
waveguide. Both the complementary split-ring resonators
(CSRRs) and the OCSRRs behave as electric dipoles how-
ever, the resonance frequency of the OCSRRs is approxi-
mately half of the resonance frequency of the CSRRs.
Therefore, the electrical size of the OCSRRs is larger than
the CSRRs. Accordingly, the OCSRRs are more appropri-
ate for the SIW miniaturization. At first, the filtering re-
sponse of the SIW structure loaded by OCSRR unit cells is
investigated. Then, two miniaturized SIW diplexers which
consist of two cascaded OCSRR unit cells with different
orientations are designed. For the first diplexer (Type I),
the fractional bandwidths of operation for the up and down
channels are 9.52 % and 2.59 % at 4.2 GHz and 5.8 GHz,
respectively. For the second diplexer (Type Il), the frac-
tional bandwidths of operation for the up and down chan-
nels are 5.95 % and 2.51 % at 4.7 GHz and 5.6 GHz, re-
spectively. Finally, in order to validate the ability of the
proposed OCSRR unit cells in the size reduction, two de-
signed diplexers are fabricated and experimental verifica-
tions are provided. A good agreement between the results
of measurement and simulation is achieved. The proposed
diplexers show significant advantages in terms of size
reduction, low loss, high isolation, and integration with
other planar circuits.
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1. Introduction

Recently, substrate integrated waveguide (SIW) has
already attracted an extreme interest in the design of mi-
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crowave and millimeter-wave integrated circuits [1-4]. The
SIW structure is synthesized on a planar dielectric sub-
strate with linear arrays of metallized via holes or posts
connected with two metal plates on the top and bottom
sides. This structure has been quickly developed because of
its advantages such as high quality factor, low insertion
loss, high power-handling capability, low cost, and more
importantly, easy integration with planar circuits [ 1-4].

Diplexers are one of essential components in trans-
ceivers for microwave multi-service and multi-band com-
munication systems. Diplexer is a three ports device which
is used to separate transmit/receive channels connected to
a common antenna. This component provides a high band-
isolation between two different output ports to avoid inter-
ference between each other. In order to achieve a few de-
sired specifications for a high-performance diplexer in
terms of low insertion losses, strong channel rejection and
high isolation, this device can be realized by different filter
configurations [5—-10]. The SIW structures are suitable to
realize essential filter elements of the diplexers because of
the advantage of these structures. However, these struc-
tures suffer from large sizes.

On the other hand, there has been a rising attention in
the field of the double negative (DNG) structures which
can be realized by resonance structures or non-resonance
structures [11-13]. It has been shown by Marques et al.
that the resonant-type approach is useful for the synthesis
of bandpass filters (BPFs). The essential elements for
implementations of the resonant-type approach are the split
ring resonators (SRRs) and complementary split ring
resonators (CSRRs). These metamaterial resonant elements
are frequency-selective structures and the electrical size of
them is significantly small. The SRRs provide a negative
effective permeability while the CSRRs exhibit an effective
negative permittivity in a narrow band at the resonate fre-
quencies [12], [13]. Other types of these resonant particles
are the open split ring resonator (OSRR) and the open
complementary split ring resonator (OCSRR). The
electrical size of the OCSRR is larger than the electrical
size of the CSRR. Therefore, this particle can be more
appropriate to miniaturize the physical size of microwave
components which are implemented by the resonant-type
approach [12-13].

ELECTROMAGNETICS
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In this paper, the evanescent-mode technique is used
to miniaturize the SIW diplexers. Two compact planar SIW
diplexers loaded by the OCSRR unit cells with different
orientations are designed. These proposed diplexers are
realized by a three-port device with two cascaded SIW-
OCSRR filters whose working principle is based on the
theory of evanescent mode propagation. Therefore, more
miniaturization is achieved by using OCSRRs instead of
CSRRs. Finally, two proposed SIW diplexers are fabri-
cated and tested. A good agreement between the simulation
and measurement’s results is obtained. The designed di-
plexers exhibit some useful characteristics, such as high
isolation, low loss and more important, high compactness.

2. Realization of the SIW-OCSRR
Filters

Several methods and topologies are reported [5—6] in
order to miniaturize the SIW filters. Among them, the
evanescent-mode technique attracts an extreme attention
because of easy etching some components on the top or
bottom metal surface of the SIW structure [7-10]. Ac-
cording to this theory, an additional forward passband at
the frequency range below the waveguide cutoff could be
achieved by loading the electric dipoles on the metal cover
of the SIW structure. Since the CSRRs behave as electrical
dipoles, so that some miniaturized SIW filters based on this
technique have been reported [14]. The passband of the
miniaturized filter is located below the cutoff frequency of
the SIW structure [14].

The structures and the equivalent-circuit models of
the CSRRs and the OCSRRs are shown in Fig. 1(a) and
Fig. 1(b), respectively. Both the CSRR and the OCSRR are
modeled by means of the shunt-connected resonant tank
formed by one capacitance and one inductance. As shown
in Fig. 1, the inductance of the CSRR is a quarter of the
OCSRR, so the resonance frequency of the CSRR is twice
the resonance frequency of the OCSRR with the same
footprint. Therefore, the electrical size of the OCSRR is
larger than that of the CSRR and more miniaturization
could be achieved by loading the OCSRR on the SIW
surface [15]. To achieve further miniaturization, the SIW
bandpass filters loaded by the OCSRRs have been pro-
posed in [15] where two prototypes of the SIW-OCSRR
filters have been designed. The configurations of these
filters are depicted in Fig. 2. In order to increase the cou-
pling between the two OCSRRs as well as suppress the
propagation of the dominant mode of the SIW structure,
the metal strip in the middle of two OCSRRs is removed.

To meet the given specification in the filter design, it
is important to follow the classic methodology. In this
method, the essential parameters could be defined in terms
of the circuit elements of a low-pass prototype filter. These
design parameters include the coupling coefficient and
external quality factor. To specify the physical configu-
ration of the filters based on this method, the relationship

@

(b)

Topology and equivalent circuit
(a) the CSRR and (b) the OCSRR.

Fig. 1. model of

(b)

Fig. 2. Configuration of the SIW-OCSRR filters: (a) face-to-
face oriented (Type 1), (b) side-by-side reversely
oriented (Type II).

between coupling coefficient, external quality factor and
physical structures should be determined. Consequently,
the distances wy, /;, and /, can be achieved by using their
relationship with the coupling coefficient and extracted
external quality factor. The external quality factor and
coupling coefficient can be evaluated by using the follow-
ing relations [15]:
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As can be seen in these figures, when the distances /; and .01
wy are smaller, a stronger coupling is obtained which leads
to a larger bandwidth.
A current diagram of the SIW-OCSRR filter for two Fig. 3. (a) External quality factor and coupling coefficient as
different frequencies (that is, within the forward passband a function of /,. (b) External quality factor as a function

of L. (c) External quality factor and coupling
coefficient as a function of ;.

below the cutoff frequency and stopband below the cutoff
frequency) is depicted in Fig. 5. At 5.5 GHz, the signal
propagates and OCSRRs are excited. In this case, forward-
wave propagation below the waveguide cutoff is obtained
based on the resonant behavior of the OCSRRs. However,
at 3 GHz, OCSRRs are not excited and the injected power
is retuned back. Furthermore, due to the use of slots in the
proposed OCSRR structures, these slots may produce radi-
ation in the upper half space. Therefore, the radiation loss
could be quantified as follows:

R =1-IS,[ —|s.["- 4)

The simulated radiation loss is depicted in Fig. 6
which is extracted by using (4) under the conditions of
lossless substrate and metal. As we can see from Fig. 6 the
radiation loss is less than 0.026 for Type I and 0.032 for
Type II which implies that the slots have a little effect on
the radiation loss in the filters design.
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Fig. 5. Current diagrams for the SIW-OCSRR filter at two
different frequencies.
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Fig. 6. Calculated radiation loss and total transmission losses
(radiation loss + dielectric loss + conductor loss) of the
proposed SIW-OCSRR.
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Fig. 7. Photographs, simulated and measured frequency
responses of the fabricated SIW-OCSRR filters:
(a) Type I, (b) Type I [15].

Also, in Fig. 6, a comparison by including all losses
(which contain radiation loss + dielectric loss + conductor
loss) for these resonator is presented which finally leads to
1.2 dB insertion loss for Type I and 1.6 dB insertion loss
for Type I1.

Figure 7 shows the photograph, simulated and meas-
ured transmission responses of the SIW-OCSRR filters
which demonstrates that the designed filters have very
small size compared with similar filters. As can be seen in
Fig. 7 (b) and (d), a forward passband below the wave-
guide cutoff at center frequency of 5.5 GHz is achieved
which is good for WLAN applications [15].

3. Design Procedure of the Proposed
SIW Diplexers

Configurations of the proposed diplexers with their
physical parameters are depicted in Fig. 8. Figure 8(a)
shows the first layout of the proposed diplexer with a pair
of OCSRRs in the face-to-face orientation referred to as
Type 1. The second configuration of the proposed diplexer
with a pair of OCSRRs in the side-by-side reverse orienta-
tion is referred to as Type II and is shown in Fig. 8(b). The
proposed diplexers consist of two SIW channel filters
loaded by OCSRRs and three 50  SIW-microstrip transi-
tions. Three 50 Q microstrip feed lines have been used here
for the purpose of measurement where these microstrip
feed lines provide the pads for the attachment of the edge
launch SMA connectors.

The channel SIW-OCSRR filters play an essential
role in designing the proposed diplexers in which a trans-
mitter and a receiver filter are cascaded together. These
proposed diplexers have been achieved after designing two
SIW filters with appropriate features. The frequency
responses of the proposed diplexers are shown in Fig. 9.
The frequency responses of the proposed diplexers which
are realized based on SIW-OCSRR filters are simulated by
using 3-D electromagnetic simulator. In the simulations,
the metallic and dielectric loss have been taken into
account by wusing the conductivity of copper o=
5.8x10"S/m and the loss tangent tand=0.0027 for the
substrate. As shown in Fig. 9, the simulated insertion losses
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Port 1

(b)

Fig. 8. Configuration of the proposed SIW-OCSRR diplexers:
(a) Type 1, (b) Type II.

S-Parameters (dB)

S-Parameters (dB)

(b

Fig. 9. Simulated frequency responses and isolation of the
proposed SIW diplexers: (a) Type I, (b) Type II.

at the two bands for diplexer Type 1 are approximately
1.5 dB and 2.8 dB, respectively and the simulated insertion
losses at the two bands for diplexer Type Il are approxi-
mately 1.7dB and 2.1 dB, respectively. The simulated
return losses at the lower and higher channels of the pro-
posed diplexer (Type I) are better than 16 dB and for the

proposed diplexer (Type II) arre better than 17 dB. The
simulated out-of-band rejection of each channel filter is
better than 23 dB for both diplexers. It can be seen that low
in-band insertion loss, high isolation, and high stopband
rejection with high selectivity are obtained.

By resizing the dimension of the OCSRRs in the
SIW-OCSRR filters and consequently, by changing the
center frequency of the channel filters, the two passbands
could be very close to each other or away. In order to get
a low in-band reflection, we can tune the inset length /4,
slot width /4, and the distance between the feeding and
resonators (/, and I3).

The obtained design dimensions of the proposed
diplexer (Type I), which are shown in Fig. 8(a), and the
dimensions of the proposed diplexer (Type II), which are
shown in Fig. 8(b) are exhibited in Tab.1 and Tab. 2,
respectively. The overall dimensions of the diplexer Type I
is less than 0.15 Ay x 0.14 %o (11.4 mm x 10.2 mm) and the
total sizes of the diplexer Type II is less than
0.22%x0.132% (14.2 mm x 8.5 mm) where 2, is the free
space wavelength of the first channel center frequency.

Wi=102mm | W,=92mm | W;=1mm | /;,=3.2 mm
LL=1mm L=1mm hi=34mm | =07 mm
p=15mm d=08mm | ¢c=03mm | s=0.2 mm

Tab. 1. Dimensions of the proposed diplexer (Type I).

W,=85mm | Wo=78mm | Ws=1mm | [;=3.8mm
L=1mm L=08mm | ;=34 mm | h,=0.8 mm
p=15mm | d=08mm | c=04mm | s=0.2mm

Tab. 2. Dimensions of the proposed diplexer (Type II).

4. Fabrication and Measurements

In order to confirm the simulated results in the previ-
ous section, two designed diplexers are fabricated and
measured. The two samples are implemented on a Rogers
RO4003C substrate with a thickness of 0.508 mm and
relative dielectric constant of 3.55. Figure 10 shows the
measured frequency responses of the proposed diplexers
which are measured by the employment of a network ana-
lyzer Rohde & Schwarz, zvk. These results contain the
measured reflection and transmission coefficients (|S],
|S21] and |S3;]), as well as the isolation (|S3;|) for the both
diplexers which are measured. It is obvious that the meas-
ured results are in a good agreement with the simulation
ones. As shown in Fig. 10, the measured insertion losses at
4.33 GHz and 5.99 GHz for diplexer Type I are approxi-
mately 1.6 dB and 3.2 dB, respectively and the measured
insertion losses at 4.78 GHz and 5.77 GHz for diplexer
Type II are approximately 1.8 dB and 2.3 dB, respectively.

The measured return losses in the passbands are
achieved less than 22 dB and 15 dB at lower (4.33 GHz)
and higher (5.99 GHz) bands of the Type I diplexer, re-
spectively, and less than 20 dB and 14 dB at lower
(4.78 GHz) and higher (5.77 GHz) bands for the Type II
diplexer, respectively. Similarly, the measured out-of-band
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Fig. 10. Measured frequency responses and isolation of the
proposed SIW diplexers: (a) Type I, (b) Type II.

rejection of each channel filter is better than 23 dB for
Type I diplexer and better than 22 dB for Type II diplexer.
Some minor differences between simulation and measure-
ment results may be caused by the extra loss from the SMA
connectors, by the limited accuracy of fabrication and
measurement. The simulated channel return losses at Port 2
and Port 3 are also plotted in Fig. 11. As shown in these
figures, the simulated return losses in both channels for
both diplexers are better than 18.2 dB. Here both proposed
diplexers work in C-band based on two different channel
filters. However, by changing the center frequency of the
channel filters which is discussed above, the proposed
diplexers can operate in different band like S-band and C-
band or C-band and X-band. Generally, the wave propaga-
tion at these frequencies for the SIW structure loaded by
OCSRRs still keeps the manner of TE;;, mode. These parti-
cles at the cutoff frequency of the SIW structure are not
resonant and do not affect the initial propagation of the
SIW structures [14].

Figure 12 shows the group delay for both channels of
the Type I and Type II diplexers, respectively, which are
flat. In the passband, the group delay from input port 1 to
output port 2 with the center frequency 4.33 GHz is less
than 1.65 ns and the group delay from input port 1 to out-
put port 3 with the center frequency 5.99 GHz is less than
1.5 ns for Type I diplexer. In the passband, the group delay
from input port 1 to output port 2 with the center frequency
4.78 GHz is less than 2.1 ns and the group delay from input
port 1 to output port 3 with the center frequency 5.77 GHz
is less than 2.1 ns for Type II diplexer.

15,1 & 1S, (dB)

IS,,| &1S,,| (dB)

Fig. 11. Simulated channel filter return losses for ports 2 and 3:
(a) Type I, (b) Type IL.

Group Delay (ns)

Group Delay (ns)

|
LT 1
4 4.5 5 5.5 6 6.5 7
Freq (GHz)

(b)
Fig. 12. (a) Simulated group delays of the Type I at two
passbands (maximum group delay variation 0.5 ns).

(b) Simulated group delays of the Type Il at two
passbands (maximum group delay variation 0.8 ns).

The photograph of the fabricated diplexers are shown
in Fig. 13 which demonstrates that the proposed diplexers
have very compact size compared with similar diplexers
and miniaturization is achieved. Finally, a performance
comparison between the proposed diplexers with other
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(b)
Fig. 13. Photograph of the fabricated diplexers:
(a) Type L, (b) Type 1L

reported diplexers which include some miniaturized de-
signs using the microstrip and SIW diplexers are summa-
rizes in Tab. 3. It can be found that the proposed diplexers
in this paper have good performances in terms of losses,
rejection, isolation, especially size reduction and channel
return losses at Port 2 and Port 3.

Generally, the proposed diplexers have many
advantages in terms of low insertion loss, high quality
factor, easy integration, good passbands performance and
most importantly, compact size.

5. Conclusion

Two miniaturized SIW diplexers based on the theory
of evanescent mode propagation have been designed, fab-
ricated and measured. The proposed SIW diplexers have
been realized by cascading two compact SIW-OCSRR
filters with different sizes. The OCSRRs behave as an
electric dipole and according to the theory of evanescent
mode could be used to obtain a forward passband below
the waveguide cutoff frequency of the SIW structure. The
electrical size of the OCSRRs is larger than that of the
CSRRs, therefore this particle is a good candidate to min-
iaturize the SIW structure. The OCSRRs which have been
used in these cases are aligned with face-to-face (Type I)
and side-by-side reverse (Type II) orientations. The de-
signed diplexers have advantages like high selectivity, low
loss and low cost. High isolation between channels is pre-
sented as well. Return losses have been achieved less than
22 dB and 15dB at the lower (4.33 GHz) and higher
(5.99 GHz) bands of the Type I diplexer, respectively, and
less than 20 dB and 14 dB at the lower (4.78 GHz) and
higher (5.77 GHz) bands of the Type II diplexer, respec-
tively. The total size of the proposed Type I is less than
0.152%x 0.14 4y and the proposed Type II is less than
0.22 A9 x 0.13 & which illustrate the ability of the OCSRR
unit cells on the size reduction.

Insertion Loss Suppression Size Isolation
Reference number (ISz1] or [Sz1]) (IS21] or [Ss1]) Gaxhoxho) (Su)
Channel 1 Channel 2 Channel 1 Channel 2
[6] (part]) 2.7dB 2.8 dB 40 dB @ 1.5 GHz 48 dB @ 2.0 GHz 0.17x0.272x0.003 42 dB
[6] (part2) 2.8 dB 3.2dB 38dB @ 1.5GHz | 39dB @ 1.76 GHz | 0.187x0.30x0.003 30 dB
[7] 1.6 dB 2.3dB 43 dB @ 4.66 GHz | 28 dB @ 5.80 GHz | 0.27x0.217x0.008 32 dB
[8] 1.6 dB 2.1 dB 42dB@9.5GHz | 37dB @ 10.5 GHz | 2.04x0.65%0.053 35 dB
[9] 2.2 dB 2.4 dB 22dB @ 7.75 GHz | 22 dB @ 8.25 GHz 1.44x0.98x0.022 —
[10] (Diplexer 1) 1.92 dB 2.14 dB 33 dB @ 7.4 GHz 42 dB @ 8.2 GHz 3.06x1.38x0.019 —
[10] (Diplexer 2) 1.83 dB 2.13dB 34 dB @ 7.4 GHz 43 dB @ 8.2 GHz 2.96x1.38x0.019 —
This work (Type I) 1.6 dB 3.2dB 24 dB @ 4.33 GHz | 23 dB @ 5.99 GHz | 0.15x0.14x0.007 30 dB
This work (Type 1I) 1.8 dB 2.3dB 22dB @ 4.78 GHz | 52dB @ 5.77 GHz | 0.22x0.13x0.007 26 dB

Tab. 3. Comparison between the proposed diplexers and the references. A is the free space wavelength of the first channel center frequency.
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