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Abstract—A novel quarter-mode substrate integrated waveguide
(QMSIW) resonator with back-to-back triangular complementary
split-ring resonators (CSRRs) etched on the waveguide surface is
proposed in this paper. The proposed CSRR structures allow the
implementation of a forward-wave passband propagating with high
selectivity below the characteristic cutoff frequency of the conventional
QMSIW. Utilizing the property of flexible open structure on QMSIWSs’
two sides, a cascaded quadruplet (CQ) bandpass filter (BPF) using
the proposed QMSIW resonator and proximity coupling structure is
presented. Compared with some other reported BPFs with SIW
technique, the presented BPF using the novel QMSIW resonator has
great improvements on size reduction and selectivity, simultaneously,
with simple geometry. At the center frequency of 3.7 GHz, the designed
BPF filter achieves a wideband with a fractional bandwidth up to
24.3% and a high selectivity with a shape factor of 1.23. The compact
dimension of this filter is as small as 0.36\; x 0.36)4, where A, is
the guide wavelength at the center frequency. The proposed filter is
simulated, fabricated and tested. The measured results are in good
agreement with the simulation.
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1. INTRODUCTION

The emerging substrate integrated waveguide (SIW) technique has
been proven to be effective in the integration of planar and nonplanar
circuits by using easy and low-cost standard PCB or LTCC fabrication
process [1,2]. Then, the traditional non-planar hollow rectangular
waveguide can effectively be synthesized into planar substrate with
metalized slots or trenches or even arrays of metallic via posts.
Compared with other planar components using microstrip or co-planar
waveguide (CPW) schemes, SIW components have shown excellent
performances such as high Q-factor and low insertion loss [3-8],
however, which always have much larger size than their microstrip
or CPW counterparts.

Because the field distribution in the SIW cavity is symmetrical,
recently, the concept ‘half mode substrate integrated waveguide
(HMSIW)’ [9-12] and ‘quarter-mode substrate integrated waveguide
(QMSIW)’ [13,14] have attracted much interest in the design of
bandpass filter. Compared with SIW, HMSIW has nearly 50%
reduction and QMSIW has nearly 75% reduction in size, respectively.
The @ value of QMSIW structure is usually lower than their
conventional SIW and HMSIW counterparts since the two open edges
are not perfect magnetic walls and some amount of radiation may
happen [13]. However, the QMSIW can obtain a much stronger
coupling coefficient between two neighbor sections with proper coupling
means. In [15], the QMSIW cavity and a novel negative coupling
structure have been used to enhance the selectivity of cross-coupled
BPF with a quasi-elliptic response.

It has been demonstrated that complementary split ring
resonators (CSRRs) etched on the ground plane or on the conductor
strip of planar transmission media (microstrip or CPW) provide a
negative effective permittivity to the structure, and signal propagation
is precluded (stopband behavior) in the vicinity of their resonant
frequency [16].  This property has been applied to the design
of bandstop, bandpass, and ultra-wide bandpass filters for high
performance. The CSRRs etched on the top plane of the SIW for
transmission zero control was first proposed by Zhang etal. in [17]
and then re-clarified in [18]. It was further extensively studied by
Dong etal. in [19]. CSRR is also used to the design of HMSIW
bandpass filter [20] with sharp rejection skirt and SIW diplexer [21].
In [22], the coupling effect between CSRR and SIW cavity is used to
reduce the resonance frequency of a conventional SIW cavity.

With the rapid growth of the miniaturized portable communica-
tion terminal, compact BPF with high performance has been great in
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demand. When high selectivity and/or other requirements cannot be
met by the filters with a single pair of transmission zeros, cross-coupling
topologies are widely used to introduce additional transmission zeros
for BPF applications [23-26]. The cascaded quadruplet (CQ) filter
consists of cascaded sections of four resonators, each with one cross
coupling. The cross coupling can be arranged in such a way that a
pair of attenuation poles are introduced at the finite frequencies to im-
prove the selectivity [27]. As compared with other types of filters that
involve more than one pair of transmission zeros, the significant ad-
vantage of CQ filters lies in their simpler tunability, because the effect
of each cross coupling is independent.

In this paper, a novel QMSIW resonator with back-to-back
triangular CSRRs etched on the waveguide surface is proposed. Based
on the coupling matrix synthesis method for microwave filters, utilizing
the characteristic of flexible open structure on QMSIWS’ two sides, a
CQ BPF using the proposed QMSIW resonator and proximity coupling
structure is presented.

2. TRIANGULAR CSRR-QMSIW RESONATOR

2.1. Structures

The geometric structure of the proposed QMSIW resonator is shown
in Figure 1. Two crossed linear arrays of metallized vias are used to
form the electric sidewalls of the waveguide. A pair of back-to-back
triangle CSRRs are adopted and etched on the metal cover of the

Figure 1. Triangular CSRR-QMSIW cell.
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waveguide. The ground remains as a solid ground in the design, which
is not depicted in Figure 1. The 50 ) microstrip feed-line used here is
for the purpose of measurement. The substrate of Taconic TLT with
a thickness of 1 mm and a relative permittivity of 2.55 is used in all of
our designs. And the simulation is done on the full-wave EM-Simulator
(HFSS). The metalized vias have a diameter of 0.6 mm and a center
to center spacing of 1 mm. The surface current of the triangle CSRR
loaded QMSIW has to detour around the CSRR, which stretches the
effective current path. Figure 2 shows the surface current distribution
of a QMSIW (a) and the proposed CSRR loaded QMSIW (b).

®
(a) (b)

Figure 2. Surface current distribution. (a) Conventional QMSIW,
(b) the proposed CSRR loaded QMSIW.

2.2. Parameters Analyze

A parametric study of the proposed resonator about f, g, w and
t is shown in Figures 3-6, respectively. The initial values of the
triangular CSRR-QMSIW cell are as follows: ¢ = 0.3 mm, d = 0.6 mm,
m = 1.bmm, p = Ilmm, [ = 7Tmm. As depicted in Figure 3, when
g = 0.3mm, w = 3.1mm, ¢t = 4.05mm is fixed and the split width f
increases from 0.2 to 1 mm, the resonant frequency changes from 4 to
4.3 GHz. Figure 4 shows the effect of the slot width g on resonator.
When f =0.2mm, w = 3.1mm and ¢ = 4.05 mm is fixed, the shorter
the slot length is, the lower the resonator frequency is. As shown in
Figure 5, when f = 0.2mm, g = 0.3 mm, ¢ = 4.05 mm is fixed and the
split position w changes from 2.5 to 4.5 mm, the resonant frequency
changes from a high frequency to a low one, but at the same time, the
insert loss will increase. Thus w is decided to be 3.1 mm finally for
reasonable compromise. In Figure 6, when ¢ = 0.3 mm, w = 3.1 mm
and f = 0.2mm is fixed and feed-line offset ¢ is small, the feeding
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Figure 3. Simulated S9; of CSRR-QMSIW resonator with f =

0.2mm, f =0.6mm, f =1mm.
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Figure 4. Simulated S3; of CSRR-QMSIW resonator with g =
0.3mm, g = 0.7mm, g = 1.1 mm.

is closed to the edge of the CSRR-QMSIW and the current can not
effectively propagate because of the metallized vias. As t gets bigger,
the resonant frequencies become higher and the insert loss increases.
By properly adjusting the parameters of the slots, a lower resonant
frequency is achieved without altering the overall size of the resonator.

With this carefully designed CSRR, the resonant frequency of
the proposed CSRR-QMSIW is significantly reduced as we can see in
Figure 7. The conventional QMSIW resonator has a resonant frequency
at 8.2 GHz, and the proposed CSRR-QMSIW has a resonant frequency
at 4GHz. Although there is a third harmonic frequency at about
11.4 GHz for CSRR-QMSIW resonator, it can be easily restrained
by the stacking effect of the upcoming cascaded structure. The
proposed CSRR structure allows the implementation of a forward-wave
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Figure 5. Simulated S3; of CSRR-QMSIW resonator with w =
2.5mm, w = 3.5mm, w = 4.5 mm.
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Figure 6. Simulated Ss; of CSRR-QMSIW resonator with ¢ = 1 mm,
t=2mm, t =3mm, { =4mm, ¢t = 5mm.

passband propagating with high selectivity below the characteristic
cutoff frequency of the conventional QMSIW. This novel structure
provides an excellent strategy for designing compact low frequency
filter.

The lumped-element equivalent-circuit model (see Figure 8) has
been derived to demonstrate the transmission characteristics. Material
losses are neglected in the model. As seen in Figure 8, the QMSIW
can be considered as an ordinary two-wire transmission line (formed
by the metal surface and the ground) loaded with infinite number of
short-circuited stubs (formed by via-walls). Viewed from the center of
the waveguide, the short-circuited stub (via-walls) appears as inductive
after a piece of transmission line and it is modeled as L;. The CSRR
is modeled by means of the shunt-connected resonant tank formed by
the capacitance C, and the inductance L,. Due to the non-zero m
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Figure 7. Full-wave simulated S2; of conventional QMSIW and the
proposed CSRR-QMSIW.
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Figure 8. Equivalent lumped circuit of the proposed CSRR-QMSIW
resonator.

for wideband performance and the slightly asymmetrical configuration
between the two open sides, the inductive connection between the
waveguide transmission line and the back-to-back triangle CSRRs is
represented by L., Lg, respectively; The capacitive coupling, which is
realized by the slot coupling between the waveguide transmission line
and CSRRs, is denoted by C. Cj, respectively.

To demonstrate the validity of the equivalent lumped circuit
model, the comparison between the CSRR-QMSIW resonant cell
simulated by HFSS and the equivalent circuit model simulated by
Advanced Design System (ADS) is shown in Figure 9. As can be
seen, the equivalent circuit model simulation agrees well with the
full-wave HFSS simulation, with the equivalent network parameters
L. =042nH, C, = 3.8pF, L. = 8.37nH, C. = 1.0pF, L, = 1.0nH,
Cs =0.48pF, Ly = 10nH.
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Figure 9. Transmission responses by equivalent circuit model and
full-wave simulation.

3. FILTER ANALYSIS AND DESIGN

3.1. The Configuration of the Proposed Filter

Figure 10 illustrates geometry and coupling structures of the proposed
CQ filter, where each node represents a resonator, the full lines
indicate the direct couplings, and the broken line denotes the proximity
couplings. The filter design methodology starts from the design
parameters, including the coupling coefficient and external quality
factor, which can be determined in terms of the circuit elements of a
low-pass prototype filter [27]. Based on the proposed design strategy,
this section designs a fourth-order BPF with a center frequency of
3.7 GHz, fractional bandwidth of 24%, return loss of —20dB, and two
transmission zeros allocated at 3 GHz and 4.4 GHz (transmission zeros
at +51.43), respectively. The design parameters associated with the
specifications may be expressed as [27]:

~Q,FBW + /(Q.FBW)2 + 4
wo 5 (1)

Wagl =
Q. FBW + /(2 FBW)? + 4
Wa2 = Wo 9 (2)
FBW
Miiy1 = My 1p—iy1=——, for i=1tom—-1 (3)
V9igi+1
FBW - J,
Mpymi1 = — (4)
Im

FBW is the fractional bandwidth, g; the lowpass prototype
parameter, and w,1 and wys are the locations of two finite frequency
attenuation poles of the bandpass filter. =+, are the transmission
zeros of the normalized complex plane. The corresponding coupling
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matrix [M] and the required external quality factor Q). of this filter are
given as follows [27]:

0 019 0 0
019 0 053 0
M=1"%" 05 0 019 (5)

0 0 019 O
Qei = Qeo =4.01 (6)

It is a CQ filter with four CSRR loaded QMSIWs. The center
frequency of the filter is determined by the resonant frequency of the
constitutional resonators, while the bandwidth is mainly affected by
the coupling strength.

3.2. Proximity Coupling

Figure 10 shows the designed coupling topology of the proposed
cascaded bandpass filter. Two 50 {2 microstrip lines are employed as the
I/O feed-lines. M;; is the coupling coefficient between the resonators 4
and j, and Q.; and @), are the external quality factors in association
with the input and output couplings, respectively. To determine
the internal coupling coefficient, the pair of cascaded resonators is
required to be excited with a high external @ factor in order to clearly

Direct Coupling
Proximity Coupling

Figure 10. The proposed CQ filter and its general coupling structure.
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observe the two resonance frequencies. Here we choose the eigenmode
simulation to obtain the resonance frequencies.

Two types of coupling structures are shown in Figures 11 and
12, respectively. For the coupling configuration shown in Figure 11,
two eigen modes around 3.7 GHz, also known as even and odd modes,
are observed. The coupling coefficient, which is calculated by the
formula [17-19]:

-1
M = 7
i+ 13 "
where f; and fy denote the resonance frequencies of the low and high
modes respectively and can be adjusted by changing the distance
s. Likewise, the vector electric field distribution, the resonance
frequencies and the another coupling coefficient versus the distance
h between resonators are shown in Figure 12.
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Figure 11. Vector electric field distribution, resonance frequencies of
the two excited modes and the calculated coupling coefficient versus
the distance s.

Since the resonant frequency of the odd mode is lower than that
of the even mode, the coupling is electric in nature. Aperture coupled
SIW resonators implement magnetic coupling easily, but have difficulty
implementing electric coupling [27]. Here, with the proposed proximity
coupling structure, electric coupling is readily realized, which facilitates
the design of cascaded SIW filters. A 50 (2 feed-line was directly tapped
onto the input/output QMSIW cavities. Because of the open structure
on QMSIWSs’ two sides, the radiation may happen and the feeding
position has a significant impact on the external quality factor Q.
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Figure 12. Vector electric field distribution, resonance frequencies of
the two excited modes and the calculated coupling coefficient versus
the distance h.

From the discussion of Figure 6 in Parameters Analyze, a proper
external quality factor Q. is achieved by adjusting the taper position ¢.

3.3. Filter Parameters

The design parameters above are used to estimate the initial sizes of the
entire filter. Through the use of design curves, as shown in Figures 11—
12, a fine-tuning procedure is used to optimize the entire filter. Table 1
gives dimensions after optimization.

Table 1. Dimensions of the proposed CQ bandpass filter.

Symbol Value (mm) | Symbol Value (mm)
t 4.05 c 0.3
S 0.2 g 0.3
h 0.25 f 0.2
d 0.6 m 1.5
P 1 l 7
w 3.1 k 1.5
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4. MEASURED RESULTS AND DISCUSSION

To demonstrate the validity of the design strategies, one prototype
of the proposed filter is fabricated by a double layer printed circuit
board (PCB) process on a 1 mm thick Taconic TLT substrate with the
permittivity of 2.55 and loss tangent of 0.0006. The size of the filter
is 20.2 x 20.2 mm excluding the feed-line. A photograph of the filter is
shown in Figure 13.

Figure 13. Photograph of fabricated BPF.

S-Parameters (dB)

1 2 3 4 5 6 7 8 9
Frequency (GHz)

Figure 14. Measured and simulated results of the proposed BPF.

Figure 14 shows the measured results from 1 to 9 GHz compared
with the simulated results by HFSS. The measured insertion loss is
approximately 1.8dB at 3.7 GHz and the return loss is better than
10dB from 3.4 to 4.2GHz. The 3dB bandwidth is 0.9 GHz and
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Table 2. Comparison with the referenced filters.

fo Size Shape Factor Applied
Rel 1 Gz (A2) FBWI ™ 90/3aB) Structures
[11] 58 | 080 |14% 15 HMSIW
[13]-1 | 585 | 0.31 | 14% 2.03 QMSIW
[13]-2 55 | 029 |26% 2.16 QMSIW
141 | 205 | 249 |3.41% 2.0 QMSIW
142 | 205 | 1.68 |3.90% 15 QMSIW
[15] 557 | 025 |7.44% 2.38 QMSIW
17] 815 | 0.55 | 23% 1.79 SIW,CSRR
[20] 3.52 0.176 [6.25% 1.36 SIW,CSRR
[22]-1 5.03 0.71 |6.36% 2.97 SIW,CSRR
2212 | 503 | 0.88 |6.36% 1.56 SIW,CSRR
Proposed| 3.7 0.13 [24.3% 1.23 QMSIW,CSRR

Notes: FBW = f:}%, Shape Factor (20/3dB) = 7%%\7\,2:;;.

the 20dB bandwidth is 1.11 GHz. The filter has a shape factor of
1.11/0.9 = 1.23. The filter has a fractional bandwidth of 24.3%.
The transmission zero point, at approximately 4.4 GHz, considerably
improves the selectivity of the upper stop band. The increased insert
loss may be resulted by the limited fabrication accuracy of vias,
shrinking the effective size of the cavity.

Table 2 shows the performance comparison of the proposed filter
with the other reported SIW BPFs. Compared with the recently
reported BPFs using SIW technique in [11,13-15,17,20,22], the
proposed filter has a more compact size, much wider FBW and much
sharper frequency selectivity. Type 2 in [13] has a FBW up to 26%,
but its frequency selectivity is poor.

5. CONCLUSION

A novel QMSIW resonator with back-to-back triangular CSRRs etched
on the waveguide surface is proposed in this paper. Compared with
conventional QMSIW resonator, the proposed CSRR loaded QMSIW
resonator achieves a 51% reduction in size. Utilizing the characteristic
of flexible open structure on QMSIWSs’ two sides, a CQ BPF using
the proposed QMSIW resonator and proximity coupling structure is
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presented. Compared with some previously reported BPF's using SIW
technique, the presented BPF using the novel QMSIW resonator has
great improvements on size reduction and selectivity, simultaneously,
with simple geometry. At the center frequency of 3.7 GHz, the designed
BPF filter achieves a wideband with a fractional bandwidth up to
24.3% and a high selectivity with a shape factor of 1.23 at 20/3dB.
The compact dimension of this filter is as small as 0.36\y x 0.36A,,
where )4 is the guide wavelength at the center frequency.
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