
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 2, FEBRUARY 2013 789

Folded Substrate Integrated Waveguide Based
Composite Right/Left-Handed Transmission

Line and Its Application to Partial
-Plane Filters

Tao Yang, Member, IEEE, Pei-Ling Chi, Member, IEEE, Ruimin Xu, and Weigan Lin, Senior Member, IEEE

Abstract—Composite right/left-handed (CRLH) transmission
line structures based on the folded substrate integrated wave-
guide (FSIW) are presented and discussed in this paper. This
FSIW-based CRLH (FSIW-CRLH) transmission line exhibits
much lower cut-off frequencies as compared to the ordinary
FSIW of the same footprint, and furthermore, it requires only
one-half width of the conventional substrate integrated wave-
guide (SIW) based CRLH (SIW-CRLH) transmission lines while
possessing the same dispersion characteristics. In addition, the
proposed structure offers the advantage of a high quality factor
for preventing the guided-wave circuits from radiation as suffered
in the previous open CRLH transmission line structures when
operated in the fast-wave region. All of the aforementioned prop-
erties lend the proposed FSIW-based CRLH transmission lines
best suited to miniaturized and guided-wave microwave applica-
tions. In this paper, a comprehensive study on the FSIW-CRLH
transmission structures is conducted by means of its dispersion
relation and Bloch impedance. In addition, two partial -plane
filters are implemented here to demonstrate the capabilities of
miniaturization and high quality factor based on the proposed
FSIW-CRLH structures. The resultant filters are shown to have
about 80% size reduction as compared to the conventional FSIW
filters, and 59% size reduction as compared to the SIW-CRLH
filters. To the best of our knowledge, it is the first time that the par-
tial -plane filters are implemented utilizing both the dispersion
behavior of the CRLH transmission structures and the structural
benefits of the FSIW configuration.

Index Terms—Composite right/left-handed (CRLH) transmis-
sion line, folded substrate integrated waveguide (FSIW), partial
-plane filters.

I. INTRODUCTION

O VER the last decades, the left-handed (LH) meta-
materials, or more specifically, the composite

right/left-handed (CRLH) transmission line structures, have
attracted considerable attention in microwave engineering
communities due to their unique and advantageous features
[1]–[4]. A big variety of CRLH transmission line structures
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Fig. 1. Illustration of dispersion relation of the balanced CRLH transmission
line (data from [13]).

were proposed to demonstrate the left-handed characteristics
and applied for novel applications [5]–[12]. Fig. 1 illustrates
the typical dispersion diagram of the CRLH transmission line
that is under the balanced condition [13]. In this diagram, the
region between frequencies and lies in the fast-wave
region where radiation takes place and leaky-wave antennas
that support continuous beam scanning from the backward to
endfire direction can be realized [11]–[14]. However, when the
guided-wave circuits are built with these open CRLH structures,
such as the microstrip lines [5], [15]–[17] and the substrate inte-
grated waveguide (SIW) structures [18], the fast-wave radiation
phenomenon will add extra loss and introduce unwanted noise
to the nearby system components, thus deteriorating overall
performance. On the other hand, in the current closed types of
CRLH transmission lines [7], [8], transmission energy is fully
constrained in the waveguide so that radiation mechanism can
be prohibited. This CRLH waveguide-type transmission lines
are, however, very bulky for guided-wave applications.
The new type of waveguide structures, the folded substrate in-

tegrated waveguide (FSIW) [19], [20], provides a good solution
to realize compact and artificial CRLH transmission lines that
are best suited for the guided-wave applications with the need of
a higher quality factor and better system electromagnetic com-
patibility (EMC). Fig. 2 shows the configuration of the FSIW
along with its unfolded counterpart SIW. In addition to pos-
sessing high power handling capacity and integrability with the
planar circuits as the SIW, the FSIW has only one-half width of
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Fig. 2. Configurations of the SIW and FSIW. (a) SIW. (b) FSIW.

the unfolded size while maintaining the same dispersion charac-
teristics [20]. Moreover, compared to SIW-based CRLH trans-
mission structures, the closed configuration of the FSIW-CRLH
transmission lines shows superiority in radiation loss suppres-
sion that is critical for guided-wave applications.
Similar to the FSIW structures, the partial -plane filters

were originally proposed in [21], [22] using the folded rect-
angular waveguides with only one-half width of the conven-
tional -plane filters. The partial -plane filters implemented
using the FSIW structures [23], [24] are able to show further
height reduction. However, in both cases, less improvement is
made in length reduction. In [13], a FSIW-based CRLH struc-
ture was proposed for antenna applications and flexible polar-
ization ability was demonstrated using the same structure. How-
ever, the high quality factor of the FSIW-based CRLH structure,
which is best applied for guided-wave implementation, limits
the radiation efficiency of the leaky-wave antenna and results in
low antenna gains in [13]. In addition, the full characterization
and general design concept of the FSIW-based CRLH transmis-
sion line was not investigated and developed in [13].
In this paper, the FSIW structure is adapted to CRLH guided-

wave applications. A comprehensive characterization for the
FSIW-based CRLH transmission line is performed and a gener-
alized parameter-extraction process is proposed to complete the
design procedure. It can be shown that the FSIW-CRLH struc-
ture is able to extend its passband much lower than the cutoff
frequency of the ordinary FSIW structure, showing the poten-
tial for miniaturization. Meanwhile, the proposed FSIW-CRLH
is a closed structure that avoids radiation loss and suppresses
noise coupling in the systems. To demonstrate the advantages
in terms of compactness and high quality factor, the proposed
FSIW-CRLH unit cell is used for the partial -plane filter res-
onators that resonate at negative order modes, and two types of
partial -plane filters were constructed. Both the theoretic anal-
ysis and experimental results are given. The resultant -plane
filters exhibit significant length reductions and the overall foot-
print size is about 80% reduced as compared to the conventional
FSIW partial -plane filters. To the best of our knowledge, it
is the first time that the partial -plane filters are implemented
utilizing both the dispersion behavior of the CRLH transmission
structures and the structural benefits of the FSIW configuration.

II. CLOSED CRLH TRANSMISSION-LINE STRUCTURE
BASED ON THE FSIW

Fig. 3 illustrates the proposed CRLH transmission line unit
cell based on the FSIW. The interdigital fingers are etched in
the middle metal plane of the FSIW. The middle metal plane is

Fig. 3. (a) 3-D view of the unit cell for the proposed CRLH transmission line
based on the FSIW. (b) Top view of the middle metal layer in the unit cell.
(c) Equivalent circuit model for the unit cell.

connected through the metallic vias to the top and bottom metal
planes, which are not shown here for better clarity of the inte-
rior details. Fig. 3(a) and (b) shows the 3-D view of the unit
cell for the CRLH transmission line based on the FSIW and
the top view of the middle metal plane in the unit cell, respec-
tively. This proposed structure can be modeled using a sym-
metric CRLH equivalent circuit given in Fig. 3(c). The slots be-
tween the interdigital fingers in the middle metal plane give rise
to the left-handed capacitance while the distributed induc-
tance of the interdigital fingers contributes to the right-handed
inductance . The left-handed inductance comes from
the metallic vias that connect the three metal planes in the FSIW,
and the right-handed capacitance results from the capaci-
tance between the middle metal layer and the top/bottom metal
planes of the FSIW. In this equivalent circuit, the left-handed ca-
pacitance can be easily changed by varying the width and length
of the slots while the flexible shunt inductance can be ob-
tained by choosing different waveguide widths and the substrate
thickness.
Based on the equivalent circuit model in Fig. 3(c), the disper-

sion relation can be obtained by using the following (4):

(1)

where is the propagation constant, is the length of the unit
cell, the and represent the shunt and series resonant
frequencies, respectively, and are given as follows:

(2)

and are given as follows:

(3)

To obtain the dispersion relation of the proposed structure, the
periodic boundary condition is applied to the proposed unit cell,
and the unit cell is simulated in the EM simulator, the Ansoft
HFSS 12. The structural parameters of the unit cell are shown in
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Fig. 4. Dispersion relation and Bloch impedance of the proposed unit cell.

TABLE I
PHYSICAL DIMENSIONS OF THE SIMULATED UNIT CELL. UNIT: MILLIMETERS

Table I. Here, two layers of the Rogers 5880 substrates with the
dielectric constant of 2.2 and thickness of 0.508 mm are used for
simulation, and a thin film with a dielectric constant of 4.4 and
a thickness of 0.07 mm is used between the two substrates for
modeling the bonding film to assemble the two substrates. The
calculated dispersion diagram is shown in Fig. 4. From the dis-
persion curve, the left-handed property is observed from 3.6 to
5.15 GHz where the phase velocity is anti-parallel to the group
velocity. From 5.15 to 6.2 GHz, the right-handed phenomenon
takes place where the phase velocity is parallel to the group ve-
locity. In addition, the Bloch impedance that is used to charac-
terize the impedance of the proposed unit cell in a periodic trans-
mission structure was calculated by using the method given in
[25]. Fig. 4 includes the real part of the Bloch impedance for the
proposed unit cell. Negative Bloch impedance appears from 3.6
to 5.15 GHz, indicating a negatively traveling waves (or back-
ward traveling wave), while the positive Bloch impedance from
5.15 to 6.2 GHz represents a positively traveling wave (or for-
ward traveling wave). It is found that the magnitude of the Bloch
impedance in the left-handed or right-handed region is close to
50 , which ensures good impedance matching for the entire
passband.
Based on the proposed unit cell, a FSIW-CRLH transmission

line can be constructed by cascading several such cells. Fig. 5
shows the FSIW-CRLH transmission line with five aforemen-
tioned unit cells. To feed the transmission line, striplines are
used at the two ends. The simulated reflection and transmission
coefficients of this transmission line are shown in Fig. 6. As
observed, in the passband that covers both the left-handed
and right-handed regions, the reflection coefficient is below
10 dB, enabling the closed transmission line structure to be

well applied to the guided-wave applications. For comparison
purpose, a conventional FSIW as shown in Fig. 2(b) was
simulated using the same waveguide parameters as those of the
proposed FSIW-based CRLH transmission line. Fig. 7 shows
the calculated -parameters of the conventional FSIW. It is
clear that the cutoff frequency of the proposed FSIW-CRLH

Fig. 5. Structure of the proposed CRLH transmission line based on the FSIW.

Fig. 6. Simulated -parameters for the proposed CRLH transmission line
based on the FSIW structure.

Fig. 7. Simulated -parameters for the conventional FSIW with the same size
of the proposed FSIW-CRLH transmission line.

transmission structure is much reduced from around 7.5 to
3.6 GHz that corresponds to the lower passband edge of the
CRLH transmission line. The downward shift of the operating
passband indicates the potential of the proposed structure for
size reduction.
It should be noted that the proposed FSIW-based CRLH

transmission line here is a closed structure. It is able to suppress
the radiation loss in the fast-wave region that exists in an open
CRLH transmission line such as [5] and [18], and is therefore
best suited for implementing microwave systems that require
high quality factor and high electromagnetic compatibility
(EMC).

III. RESONATOR DESIGN BASED ON THE

FSIW-CRLH UNIT CELL

The unit cell of the proposed FSIW-CRLH transmission line
in Fig. 3 can be used to build the resonator in filter designs.
Considering the equivalent circuit which is open-ended at its
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TABLE II
PHYSICAL DIMENSIONS OF THE RESONATOR AND EXTRACTED VALUES OF THE LUMPED ELEMENTS

Fig. 8. Extracted dispersion diagram based on the EM simulation and the re-
spective equivalent circuit.

two sides in Fig. 3(c), the input admittance looking into
one side can be expressed as follows:

(4)

The resonant frequencies of this unit cell can be obtained by
solving the equation of the , and can be calculated as
follows:

(5)

(6)

where and are the three positive roots for
and represent the three fundamental resonant frequencies of the
open-ended unit cell. From (2) and (5), it can be found that one
of the resonant frequencies, , occurs at the shunt resonant fre-
quency of the unit cell and corresponds to the frequency where

in the dispersion diagram. On the other hand, let us as-
sign and substitute it into the dispersion equation in
(1), the following equation can be obtained:

(7)

It is found that the roots of (7) are exactly the same as (6). This
implies that the other two resonant frequencies of the proposed
resonator, and , occur at the cut-off frequencies of the unit

cell [4], and correspond to the frequencies where and
in the dispersion diagram, respectively. Both the reso-

nances at and will behave as a half-wave resonator, but
with different electrical wavelengths of and , respectively.
Generally, the resonance at with is termed as ze-
roth order resonance, while the resonances at with
and with are termed as order resonance and

order resonance, respectively.
For better investigating the resonant properties of the pro-

posed resonator, a parameter-extraction process is used here
to obtain the lumped-element values of the equivalent circuit.
Firstly, a periodic boundary condition is applied at both termi-
nals of the proposed unit cell in Fig. 3(a) to get the dispersion
relation from the EM simulation. Then, the order resonant
frequency can be read from the dispersion diagram at the
frequency where . The shunt resonant frequency
and the series resonant frequency can be directly read from
the dispersion diagram at the two edges of the stopband where

, and it will be shown later how to distinguish these two
band-edge frequencies. Theoretically, the order resonant
frequency can be also read from the dispersion diagram at
the frequency where . However, the order reso-
nance may be sometimes higher than the higher spurious reso-
nance modes, such as the self-resonance of the interdigital fin-
gers, thus, it may be difficult to be identified from the dispersion
diagram. Instead, the can be calculated by

(8)

After the and are obtained, the can be then
calculated as

(9)

Then, the left-handed inductance can be obtained from
(10)

(10)

where is the input admittance at an arbitrary frequency .
To obtain , a short section of microstrip line is tapped to one
open side of the proposed resonator as an input port and simu-
lated in the EM simulator (Ansoft HFSS). By de-embedding the
phase reference plane and subtracting the phase shift introduced
by the feeding microstrip line, the input admittance are cal-
culated. By checking the input admittance at and , the

can be identified with . After is identified,
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can be obtained from (10). Consequently, the values of the rest
lumped elements in the equivalent circuit can be calculated as

(11)

To give an example, Table II gives the dimensions of the
proposed resonator and the extracted values for the lumped
elements in the equivalent circuit. Fig. 8 shows the calculated
dispersion curves based on the EM simulation and the extracted
lumped-element values in the equivalent circuit. Excellent
agreement is observed. This result validates the feasibility
of the analysis approach and the equivalent circuit model of
the proposed resonators. The 1st order resonance occurs at
5.3 GHz, while the zeroth order resonance and 1st order
resonance take place at 7.1 and 10.39 GHz, respectively.
Since the 1st order resonance with an electrical length of
has much lower resonant frequency than the conventional

half-wave resonance with an electrical length of , it will have
much smaller size and large potential of miniaturization capa-
bility in microwave applications. In the following sections, the
1st order resonance of the proposed CRLH unit cell in the

FSIW structure will be used for resonators in miniaturized par-
tial -plane filters to demonstrate the guided-wave application
of the proposed FSIW-CRLH structure. Two types of partial
-plane filters are proposed in the following section.

IV. PARTIAL -PLANE FILTER DESIGNS

A. Fourth-Order Bandpass Filter With H-Plane Slots

Fig. 9 gives the first type of bandpass filters based on the
proposed FSIW-CRLH transmission line structure. It consists
of four CRLH unit cells shown in Fig. 3 and are indicated as
Res. 1, Res. 2, Res. 3, and Res. 4 in Fig. 9(b). Each unit cell
acts as a resonator and is designed to resonate at the order
mode. The resonant frequency can be roughly decided from
its dispersion diagram at the frequency where . An
-plane slot is introduced between two adjacent resonators for

interstage coupling. These -plane slots will behave as reac-
tive coupling components, and have a -type equivalent cir-
cuit shown in Fig. 10(a) [26]. The amount of coupling between
two adjacent resonators or the reactance values in the equiv-
alent circuit of Fig. 10(a) can be adjusted by controlling the
width ( and ) and length ( and of the -plane slots.
Two tapped microstrip lines are placed beside Res. 1 and Res. 4
as the input/output ports, respectively. The amount of coupling
between the input/output and the tapped resonators can be ad-
justed by changing the position of the tapped input/output lines.
For the implementation convenience for the microstrip feeding
lines, the top substrate is made to be shorter than the bottom sub-
strate. The schematic diagram of the proposed filter is shown in
Fig. 10(b), where the is the external quality factor of the Res.
1 and Res. 4 for input/output coupling, and the , and

are the interstage coupling between adjacent resonators.
For a symmetric structure, is equal to .
The center frequency of the filter is designed at 5.3 GHz. A

Chebyshev low-pass prototypewith a ripple level of 0.04 dB and
a fractional bandwidth of 6% is used for the filter design, and the
design process follows the direct-coupling method from [27].

Fig. 9. Structure of the first type of the partial -plane filters based on the
proposed FSIW-CRLH structure. (a) 3-D view. (b) Top view of the middle metal
layer.

Fig. 10. (a) Equivalent circuit for the -plane slot. (b) Schematic diagram for
the partial -plane filter.

Firstly, the length of the interdigital finger in each resonator is
adjusted to get the resonant frequency at 5.3 GHz. The dimen-
sions of the resonators is the same as those shown in Table II,
and the dispersion relation extracted from the commercial EM
simulator for the resonators is shown in Fig. 8. In the dispersion
diagram, the resonance at 5.3 GHz approximately corresponds
to the lower cutoff frequency where . The second and
third fundamental resonances occur at 7.1 and 10.4 GHz, re-
spectively. These two resonances will appear as the spurious
passbands for the designed filter.
After the resonant frequency of each resonator is fixed, the

interstage coupling coefficients and external quality factor are
then extracted [27]. Thus, an initial filter is synthesized, and
the optimization is then applied to the initial filter to get final
performance. The required interstage coupling matrix and
external quality factor according to the low-pass prototype
is given in (12)

(12)
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Fig. 11. Extracted interstage coupling coefficients between adjacent resonators
and the external quality factor for the input/output coupling.

Fig. 11 gives the extracted interstage coupling coefficients be-
tween adjacent resonators and the external quality factor for the
input/output coupling with respect to the corresponding phys-
ical dimensions. The physical dimensions for the required cou-
pling coefficients and in (12) can be directly read from this
figure.
The filter was fabricated on the Rogers 5880 substrate with

the dielectric constant of 2.2 and loss tangent of 0.0009. Since
two layers of such substrate with a thickness of 0.508 mm are
stacked for the proposed FSIW-CRLH structure, a middle di-
electric layer with the thickness of 0.07 mm, the dielectric con-
stant of 4.4 and the dielectric loss tangent of 0.02 is used to
model the bonding film between the two substrates, as shown in
Fig. 9(a). The fabricated filter wasmeasuredwith a network ana-
lyzer and a short-open-load-through (SOLT) calibration method
is applied to eliminate the uncertainty errors from the network
analyzer. Fig. 12 shows the simulation and measurement results
for the first filter. As observed, good filter performance is ob-
tained and the measured results agree well with the simulated
results. The center frequency is around 5.3 GHz and the 3-dB
fractional bandwidth is about 6.2%. The reflection coefficient is
less than 15 dB in the passband. The passband insertion loss
for the simulation is around 3.5 dB, whereas the insertion loss
for the measurement is around 4.3 dB. The discrepancy between
simulation and measurement may be ascribed to the deviation
of the dielectric loss tangent of the substrate and bonding film.
In addition, the losses from the SMA connectors and soldering,
which are not included in the simulation, will also contribute to
this discrepancy.
The high insertion losses obtained in both the simulation and

the measurement are mainly due to the loss from the bonding
film that has a high dielectric loss tangent on the order of
0.02. Due to the limited fabrication facility, the only available
bonding film has high dielectric loss tangent. However, the pro-
posed filter prototype with decent performance can be obtained
when resorting to the Rogers 3001 bonding film with a much
smaller loss tangent of 0.003 as reported in [28]. Fig. 13 shows
the simulated of the filter in the passband using bonding
films with the dielectric loss tangents of 0.02 and 0.003. As
observed, the insertion loss in the passband can be reduced by

Fig. 12. Simulated and measured results of the bandpass filter with -plane
slots.

Fig. 13. Simulated in the passband by using the bonding films with the
dielectric loss tangents of 0.02 and 0.003.

Fig. 14. Measured wide-band responses of the first type of the partial -plane
filters.

about 2 dB if the bonding film with the dielectric loss tangent of
0.003 is used. The unloaded quality factor of the proposed
resonator can be extracted based on the insertion loss in the
passband of the filter [27]. The extracted results show that the
will increase from 73 to 176 if the dielectric loss tangent of

the bonding film decreases from 0.02 to 0.003.
The measured wide-band performance of the proposed filter

is shown in Fig. 14. As expected, the second spurious passband
occurs around 7.1 GHz, resulting from the zeroth order reso-
nance of the resonator and the third spurious passband resulted
from the 1st order resonance occurs at around 10.4 GHz. The
size of the filter is about 26 7.9 mm , not
including the input and output feeding lines.
To give an idea on the capability of the proposed filter for

achieving size reduction and a high quality factor, Table III
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Fig. 15. Simulated filter sensitivity to the physical dimensions. (a) Simulated versus the variation of , (b) simulated versus the variation of ;
and (c) simulated versus the variation of . Note that the values for these three parameters in fabrication were chosen as mm, mm,
and mm.

TABLE III
COMPARISON WITH OTHER WORKS

gives the comparison among the proposed work, the conven-
tional partial -plane SIW filters, the SIW-CRLH filters, the
FSIW cavity filter, and the half-wavelength stepped-impedance-
resonator (SIR) filter. From this table, it is clear that the pro-
posed FSIW-CRLH partial -plane filter has been size-reduced

more than 80% as compared to the conventional partial -plane
SIW filters [24], and more than 59% as compared to the conven-
tional SIW-CRLH filter [18], the FSIW cavity filter [29], and
the half-wavelength SIR filter [30]. Moreover, even with a very
lossy bonding film with the dielectric loss tangent of 0.02, the
unloaded quality factor of the proposed resonator is comparable
to those of the conventional SIW-CRLH filters. If the dielectric
loss tangent of the bonding film decreases to 0.003, which is
available in the industry, the unloaded quality factor of the pro-
posed resonator will be much higher than the conventional SIW-
CRLH resonators [18], the FSIW cavity resonator [29], and
the half-wavelength SIR [30]. The high unloaded quality factor
of the proposed resonator is benefited from the compact res-
onator size that introduces less dielectric and conductor losses.
Meanwhile, the suppression of the fast-wave radiation loss con-
tributes to a much higher unloaded quality factor as compared
to the previous open SIW-CRLH resonators.
Due to the restriction of the fabrication technique, the manu-

facturing tolerances may influence the performance of the filter.
To investigate the filter sensitivity to fabrication tolerances, the
parameter studies were carried out in the EM simulator (An-
soft HFSS). The width (wf) of interdigital fingers, the slot size
(ws) between the interdigital fingers and the thickness of
the bonding film are chosen as the variables and a 10% variation
for each parameter was applied. Fig. 15 presents the simulated
performance of the filter versus the variations of these physical
dimensions. Only the simulated reflection coefficients
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Fig. 16. Second type of the partial -plane filters with the -plane septa. (a)
3-D view. (b) Top view of the middle metal plate. (c) Equivalent circuit for the
-plane septa.

of the filter are shown here for clarity. As can be observed, the
in the passband is below dB within the 10% variation

for each parameter sweep. A frequency shift that is less than 1%
of the center frequency is observed for the variation ofws and
while a bandwidth reduction of less than 0.7% of the center fre-
quency occurs versus the variation ofwf. The filter performance
shows well acceptable deterioration due to the parameter varia-
tions and is therefore concluded insusceptible to the fabrication
tolerances.

B. Fourth-Order Bandpass Filter With -Plane Septa

Fig. 16(a) gives the second type of the bandpass filter based
on the proposed FSIW-CRLH structure. It also consists of four
CRLH unit cells from Fig. 3 which are indicated as Res. 1, Res.
2, Res. 3, and Res. 4 in Fig. 16(b), respectively. Different from
the filter in Fig. 9, an -plane septum is introduced for inter-
stage coupling between adjacent resonators. The -plane septa
can be modeled as a T-type network shown in Fig. 16(c) [26].
The values of the reactance in the equivalent circuit can be ad-
justed by varying the length of the septa, which is equal to the
gap width (wg) of the FSIW in Fig. 3(b), and the width of septa.
Two tapped microstrip lines are used as the input/output ports.
The top substrate is made to be shorter than the bottom substrate
for the access of the microstrip feeding lines.
Different from the resonators with the open-ended boundary

condition in Fig. 9(b), the -plane septum in Fig. 16(b) im-
poses a low-impedance boundary condition to the resonators at
the place where it locates, and this is similar to the rectangular

Fig. 17. (a) Resonator with two open ends. (b) Resonator with one -plane
septum and one open end. (c) Resonator with two -plane septa.

Fig. 18. (a) Equivalent circuit for the Res. 1 and Res. 4. (b) CRLH quarter-wave
resonator. (c) Equivalent circuit for Res. 2 and Res. 3. (d) Zeroth order resonator.

waveguide case in [21]. The imposed boundary condition will
change the resonant frequencies of the original resonators. Con-
sidering only the direction of wave propagation in the filter, the
Res. 1 and Res. 4 are open-ended at the sides where the input and
output line are placed, and have a low-impedance end at the side
where the -plane septum is inserted, as shown in Fig. 17(b).
Based on these boundary conditions, the equivalent circuit for
these two resonators can be equivalent to the circuit shown in
Fig. 18(a) where the equivalent inductance represents the
contribution from the -plane septum. This inductance will
make the first fundamental resonant frequency become higher
than the frequency where in the previous dispersion
diagram. In the extreme case, the equivalent circuit in Fig. 18(a)
will become as the circuit in Fig. 18(b) when the inductance
is very small and can be neglected as a short circuit. In this case,
the resulted resonator will become as the CRLH quarter-wave
resonator with an electric length of as elaborated in our
previous studies [31] and [32]. Similarly, the Res. 2 and Res.
3 with two -plane septa on either side as shown in Fig. 17(c)
can be equivalent to the circuit shown in Fig. 18(c) with the side
inductances and . Therefore, the first fundamental reso-
nant frequency of the Res. 2 and Res. 3 here will be much higher
than the frequency where in the dispersion diagram,
and in the extreme case when the and are small enough,
the equivalent circuit will become as the circuit in Fig. 18(d),
which has a zeroth order resonance at the series resonant fre-
quency of (2) [4].
To give a better understanding on the resonances of the pro-

posed resonators, Table IV illustrates the first two fundamental
resonant frequencies of the three different resonators shown
in Fig. 17. All of the resonators have the same physical di-
mensions as given in Table II except the septa. The widths of
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TABLE IV
FIRST TWO FUNDAMENTAL RESONANT FREQUENCIES OF THE RESONATORS IN FIG. 17

TABLE V
PHYSICAL DIMENSIONS OF RESONATORS IN THE SECOND TYPE OF THE PARTIAL -PLANE FILTERS. UNIT: MIMMILETERS

the septa in the resonators of Fig. 17(b) and (c) are chosen as
mm. From Table IV, it can be clearly ob-

served that the resonant frequencies of the proposed resonator
increases as the -plane septa are added. Thus, the resonators
in the filter of Fig. 16 need to be designed separately to resonate
at the same frequency. This process can be done by adjusting
the length of the interdigital fingers in the resonators.
The center frequency for the filter in Fig. 16 is also designed at

5.3 GHz. The physical dimensions of the resonators are shown
in Table V. A Chebyshev low-pass prototype with a ripple level
of 0.04 dB and a fractional bandwidth of 10% is used for this
filter design, and the direct-coupling method in [27] is also ap-
plied for the design procedure. The filter schematic diagram can
be also referred to Fig. 10(b). The interstage coupling can be
adjusted by the width of the -plane septa while the external
quality factor can be tuned by changing the tapped position. The
calculated interstage couplingmatrix and the external quality
factor according to the low-pass prototype is given in (13)

(13)

Fig. 19 shows the extracted interstage coupling coefficients
and the external quality factor with respect to the corresponding
physical dimensions. As previously mentioned, the interstage
coupling between resonators depends on the value of the reac-
tance coming from the septa. When the widths ( and )
of the septa are small, the equivalent reactance of these septa is
inductive and will decrease as their widths become larger. The
resulted inductive coupling will be monotonically decreased as

and become larger, given the length (wg) of the septa is
fixed. However, when and increase to a certain value,
the reactance will not be dominated again by the inductive ef-
fect of the septum due to the distribution effect and may become
capacitive, and the resulted coupling may begin to increase due
to the capacitive effect of the septa. Thus, a minimum coupling
value between resonators 1 and 2 is observed at mm
in Fig. 19. This limited value of coupling could be decreased by
decreasing the length (wg) of the septum. After the interstage
coupling coefficients and the external quality factor being ex-
tracted, the physical dimension for the required coupling coef-
ficients and in (13) can be directly read from Fig. 19.

Fig. 19. Extracted interstage coupling coefficients and external quality factor
for input/output coupling. Here, is the coupling between Res. 1 and Res.
2, is the coupling between Res. 2 and Res. 3, and the length (wg) of the
septum is fixed to be 1 mm for calculation.

The filter was fabricated using the same substrate and the
same bonding film as in the previous case of the filter with the
-plane slots. Fig. 20 shows the simulated and measured filter

performances. As observed, good agreement between the simu-
lation and measurement is observed. The center frequency is at
5.3 GHz and the 3 dB fractional bandwidth is about 10%. The
reflection coefficients are less than dB in the passband for
both the simulation and measurement. The minimum insertion
loss for simulation is about 2.2 dB while it is about 2.7 dB in
the measurement. The discrepancy between the simulation and
measurement is due to the deviations of the dielectric loss tan-
gents of the substrate and the bonding film, and the connector
loss that is not included in the simulation. Again, the high inser-
tion losses obtained in both the simulation and measurement are
due to the high loss factor of the bonding film between the top
and bottom substrates. It is found that the insertion loss will be
improved by nearly 1.2 dB if the bonding film with a dielectric
loss tangent of 0.003 is used. Fig. 21 gives the wide-band re-
sponse of the measured . The first two spurious passbands
are observed at around 7 and 8 GHz. These two spurious pass-
bands correspond to the second resonant frequencies of the Res.
1 (or Res. 4) and Res. 2 (or Res. 3), respectively. Another two
higher spurious passbands are observed around 9 and 10 GHz,
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Fig. 20. Simulated and measured results of the second type of the partial
-plane filters with -plane septa.

Fig. 21. Measured wide-band responses of the second type of the partial
-plane filters.

respectively. These two passbandsmay result from the third fun-
damental resonances of the two types of resonators in the filter.
The size of this filter is about 28.8 7.6 mm

, which is slightly longer than the first type of the
partial -plane filter due to the size increase of the resonators
with the -plane septa. However, the overall footprint size
of the second type of the partial -plane filters is still much
smaller than the conventional FSIW partial -plane filters in
[23] and [24] and conventional SIW-CRLH filters in [18].

V. CONCLUSION

In this paper, a CRLH transmission structure based on the
FSIW is presented and discussed. The proposed FSIW-CRLH
structure exhibits much lower cut-off frequency as compared
to the conventional FSIW structures, offering the advantage of
miniaturization. Furthermore, benefited from its closed struc-
tural feature, the proposed FSIW-based CRLH transmission
structure is able to suppress the fast-wave radiation that exists
in the previously open CRLH transmission lines, resulting in
the proposed structure with a higher quality factor and better
electromagnetic compatibility from the system design point
of view. Two types of the partial -plane filters based on the
proposed FSIW-CRLH resonators were realized to support our
idea. Both the theoretic and experimental results are given,
and agree well with each other. The resultant filters have
demonstrated more than 80% size reduction as compared to
the conventional FSIW partial -plane filters, and more than

one-half size reduction to the conventional SIW-CRLH filters.
The proposed resonators are expected to have much higher
unloaded quality factor than both the conventional FSIW
resonators and SIW-CRLH resonators when less lossy bonding
films are used.
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