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Abstract — A compact dual-band quasi-elliptic filter with high selectivity is developed and investigated in this communication. It
employs two hybrid-structure substrate integrated waveguide (SIW) triplets, which show completely inverse transfer responses un-
der the same conditions of inductive cross coupling. The first meander-line-based triplet is able to produce a transmission zero (TZ)
above the passband. Whereas the second SIW triplet,which is composed by a composite right/left-handed (CRLH) resonator, cre-
ates a TZ below the passband. By utilizing these features, a dual-band quasi-elliptic filter based on SIW dual-mode resonances (TE
and TE,,), whose operating frequencies are allocated at 8 GHz and 10 GHz, is designed for demonstration. The design process,
principles, and experiments are carefully described in this communication. The measured and simulated results are in good agree-
ment, indicating excellent electrical performance with low loss, compact device size and high selectivity. The most notable point is
that a dual-band quasi-elliptic filter on SIW platforms is obtained with all inductive couplings for the first time, which shows a
unique benefit in eliminating negative-coupling structures while permitting miniaturization for SIW dual-band filter design.
Keywords — Dual-band quasi-elliptic filter, High selectivity, Compact size, Meander-line and CRLH resonators, Substrate inte-
grated waveguide.
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pling structures, such as S-shaped slots [17], [18], interdigi-
tal-like formats [19], and grounded coplanar waveguide
(GCPW) lines [20], are generally required to create TZs on
both sides of passbands. However, this increases structural
complexity and introduces some radiation loss. To elimi-
nate negative-coupling structures, it has been proposed to
etch microstrip resonators with electric mutual couplings

I. Introduction

To access multiple services and channels with a single mul-
timode terminal, dual-band filters have drawn tremendous
attention for communication systems. The typical method
of implementing dual-band responses is to use parallel inde-
pendent single-band filters [1]-[7]. Utilizing dual-mode res-

onances [8]-[12] has recently become another popular de-
sign technique for dual-band filters, especially for those on
substrate integrated waveguide (SIW) platforms [13]-[19],
which can be operated at high frequency with fair quality
factors. For example, by using dual-mode resonances of the
TE,o; and TE,, (or TE;(,/TE3;;) modes, dual-band SIW
filters were obtained in [13]-[16]. However, their selectivi-
ty suffers because of a lack of transmission zeros (TZs). To
achieve highly selective dual-band filters, negative-cou-

between the SIW cavities [21]. This transforms the cross
coupling from electric to magnetic, thereby permitting the
use of simple SIW inductive coupling windows.

Another technique for eliminating negative-coupling
structures was proposed in our previous publication [22]; it
utilizes two types of SIW triplets loaded by meander-line
resonators and composite right/left-handed (CRLH), as pre-
sented in Figures 1(a) and (b), respectively. Two single-
band quasi-elliptic filters with all inductive couplings are
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then originally achieved through series and parallel combi-
nations of these two SIW triplets.

(b)

Figure 1 (a) Meander-line-based and (b) CRLH-based SIW triplets.

The purpose of this communication is to spearhead
such applications for the design of SIW dual-band filters
with quasi-elliptic responses. First, SIW dual-mode reso-
nances, namely, the TE,;; and TE,;; modes, are used to
create the two passbands. To develop different triplets for
these two SIW modes, the procedures of setting up the me-
ander-line and CRLH resonators are illustrated sequentially,
including the numbers and arrangements of these res-
onators. A prototype filter, whose center frequencies are al-
located at 8 GHz and 10 GHz, is implemented for valida-
tion. The measured results indicate that the proposed filter
has the advantages of low loss, compact size and high se-
lectivity with a TZ created at both sides of each passband.
This technique is highly valuable to engineers in applica-
tions of dual-band quasi-elliptic filters with all inductive
couplings.

II. Meander-Line- and CRLH-Based SIW Triplets

Although the two novel SIW triplets were investigated in
our previous publication [22], we would like to provide a
very brief introduction to them for the convenience of the
reader. As presented in Figures 1(a) and (b), these SIW
triplets are constructed by etching a meander-line resonator
and a CRLH resonator in their centers, respectively. Two
pairs of metallic via arrays are placed around the two mi-
crostrip resonators to adjust the couplings between them
and the SIW cavities. Note that an inductive cross coupling
is introduced by symmetric coupling windows constructed
between the SIW cavities.

The coupling topologies of these two SIW triplets are
depicted in Figure 2. The SIW cavities and the meander-
line resonator are considered traditional resonant nodes,
whose phase shifts are +90° below and —90° above their
resonances, whereas the CRLH resonator shows complete-
ly inverse phase shifts of —90° and +90° around its reso-
nance. Notably, all the couplings are inductive between any
two resonant nodes in the two topologies.

Traditional CRLH
— Inductive coupling ‘ @

resonant node resonant node

+/-90°

+/—90°

+/-90°

+/-90°

(2)

Figure 2 (a) Coupling topology of the meander-line-based SIW triplet.
(b) Coupling topology of the CRLH-based SIW triplet.

To investigate the transfer features of the SIW triplets,
they are represented by their equivalent network circuits in
Figure 3. For the meander-line SIW triplet, all resonators
can be considered as shunt LC resonant pairs. For the
CRLH-SIW triplet, however, the CRLH resonator is equiv-
alent to a m-type LC resonant circuit because of the domi-
nant series capacitance among the electrodes. To maintain
the same input admittance and resonant frequency as the
shunt LC pairs, the series capacitance herein is set as a fre-
quency-dependent parameter, as shown in Figure 3(b). For
both circuits, the couplings between any two resonators are
inductive, which can be realized by J inverters with a phase
shift of —90°.
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Figure 3 (a) Network circuit of the meander-line-formed SIW triplet;
(b) Network circuit of the CRLH-formed SIW triplet.

The S,, parameters can be obtained by extracting the
odd and even components of the circuits in Figure 3. If we
let S,; equal zero, the positions of the TZs can be calculat-
ed through the derivatives shown in (1) and (2):

wflLC—l _ sz 1
w, L B 2J1;
% = _w_fz . J_;ZZ 2)
w,L w(z) Jis

where w.; and w,, correspond to the TZs created by the
first and second circuits, respectively; w, is the resonant
frequency of the shunt LC pairs. Since the cross couplings
are inductive, i.e., J;3 > 0, the above equations can further
yield

3

W, > 1/ VLCZO.)O
Wy < 1/ VLC:(IJO

This indicates that a TZ is created above the passband
for the first circuit, whereas it is located below the pass-
band for the second circuit. This is verified in Figures 4 and
5, which depict the EM- and circuit-simulated S-parame-
ters, demonstrating consistency with the above theoretical
results.

IIL. Filter Design and Analysis

To obtain a dual-band response, the rectangular SIW cavi-
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Figure 4 EM- and circuit-simulated S-parameters of the meander-line-
based SIW triplet. Syn., synthesized; Simu., simulated.
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Figure 5 EM- and circuit-simulated S-parameters of the CRLH-based
SIW triplet.

ties discussed in [21] are used for demonstration, and their
TE,(; and TE,j; modes are utilized to create two passbands
operating at 8 GHz and 10 GHz in the X-band. A related
discussion on the control of resonant frequencies and exter-
nal quality factors was provided in [21]. Therefore, in this
work, we mainly show how to achieve quasi-elliptic re-
sponses on the basis of such rectangular SIW cavities. For
this purpose, one fundamental concern is how to incorpo-
rate the meander-line and CRLH resonators to constitute
proper SIW triplets for the TE,y; and TE,,; modes, includ-
ing the numbers and placements of these resonators.

1. Place a TZ at the lateral sides of the two passbands

For a dual-band quasi-elliptic filter, a TZ appears at each
side of the passband. To illustrate the design procedure, the
first step is to allocate a TZ below the first passband and
above the second passband. To achieve this goal, a poten-
tial strategy is to create a CRLH-based triplet for the TE;q;
mode and a meander-line-based triplet for the TE,;; mode,
as presented in Figure 6. To achieve this coupling topology
on SIW platforms, Figures 7(a) and (b) show the positions
on an SIW cavity that are suitable for coupling the TE;(,;
mode and TE,;; mode, respectively. Theoretically, the
CRLH resonator can be placed anywhere along the edge of
the SIW cavity. Since the TE,;; mode has the weakest mag-
netic field distribution at the center of the cavity edge, the
meander-line resonator must be placed on one of the two
sides of the SIW edge except for the center. On this basis,
Figure 8 depicts six placements for these two resonators be-
tween the SIW cavities.

1st passband (TE,,,)

2nd passband (TE,,,)
CRLH resonant node

Figure 6 Coupling topology combining a CRLH-based triplet for the
TE,(; mode and a meander-line-based triplet for the TE,;; mode.

@ [ (b)

Figure 7 (a) Positions where the CRLH resonator can be placed to couple
the TE;y; mode; (b) Positions where the meander-line resonator can be
placed to couple the TE,q;; mode.

1) Cases A and B: The meander-line resonator is
placed on the upper side of the SIW cavity, with the CRLH
resonator located in two different positions.

2) Cases A’ and B': The meander-line resonator is
placed on the lower side of the SIW cavity, with the CRLH
resonator located in two different positions.

3) Cases C and C': Both the meander-line and CRLH
resonators are placed on the upper side of the SIW cavity,
but their positions are switched.

An inductive window is introduced to produce cross
coupling in all these cases. As shown, they are all able to
create a CRLH-based triplet for the TE;j; mode and a me-
ander-line-based triplet for the TE,y; mode, thus generating
a TZ below the first passband and above the second pass-
band. However, thus far, no TZs have been observed be-
tween the passbands.

2. Allocate TZs between the two passbands

To create a TZ between the passbands, a promising solu-
tion is to introduce one more trisection topology. This can
be achieved by adding either a meander-line resonator for
the TE;j; mode or a CRLH resonator for the TE,,; mode,
thus generating a TZ above the first passband or below the
second passband. For validation, Figure 9 shows the planar
configuration of the proposed filter utilizing the former
means (note that other arrangements may also work), in
which a larger meander-line resonator is added to couple
the TE;j; mode. This design results in a 4-pole response for
the first passband, whereas a 3-pole response for the sec-
ond passband remains.

The coupling schematic topology of the proposed fil-
ter is depicted in Figure 10. The first passband is a trans-
verse topology consisting of meander-line-based and
CRLH-based triplets, which is able to create a TZ above
and below the passband. The second passband is originally
produced by the meander-line-based triplet, but the TE,g,;
mode is able to bypass the TE,y; mode through the CRLH
resonator, as indicated in [23], which is capacitively domi-
nant when the frequency is beyond the first passband.
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Figure 8 Six different placements of the CRLH and meander-line resonators.
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Figure 9 Layout of the proposed dual-band quasi-elliptic filter and the
magnified meander-line and CRLH resonators. (Initial dimensions in mm:
=294, w=141, [+5 =26, wy =24, w,, =157, Ad) =9.3, Ad, =4,
Ady =10, w, =2.1,dx=6.9,d =0.6, p< 1, [} =3.588, [, =23.845, I3 =
17.185, Agy =23, Ago =3.3, Ags =2, w, =0.2, g =0.2).

Therefore, an electric bypass coupling can be considered
between the source/load and the TE,;; mode, which conse-
quently creates another triplet, as shown in Figure 10. Ac-
cording to [24], the trisection loops of TE,;; modes, which
carry magnetic and electric cross coupling, can also pro-
duce a TZ above and below the second passband. There-
fore, a dual-band quasi-elliptic response can be achieved
based on the proposed filter configuration.

3. Synthesis and design
For synthesis purposes, the proposed dual-band filter is de-

(S Source @ Load

— Ist passband (TE,,,)

— 2nd passband (TE,,,)
@ CRLH resonant node

@ SIW and meander-line resonant node

Figure 10 Coupling topology of the proposed dual-band filter.

signed with a quasi-elliptic response, whose return loss is
allotted as 20 dB for both passbands. Two passbands are
centered at 8§ GHz and 10 GHz (f,/f; = 1.25) in the X-
band, with corresponding equal-ripple bandwidths of 0.48
GHz (4, = 6%) and 0.38 GHz (4, = 3.8%), respectively.
The finite TZs are placed at 7.52 GHz and 8.64 GHz for the
first passband, and at 9.2 GHz and 10.8 GHz for the second
passband. The normalized coupling-matrix parameters can
be synthesized as

0 =157, Kk, = k., = 0.666, k', = k., = 0.580, k', = 0.086

0"=225, k% =k = 1.017, K, = 0.066, K, =k"!

-0.0225

The coupling coefficients can be tuned by the parame-
ters Ady, Ad,, Ads, Ag,, Ag,, and Ags in practical filter con-
figurations. Figure 11 shows the synthesized S-parameters,
which produce a 4-pole response for the first passband and
a 3-pole response for the second passband, exhibiting high



A Compact Dual-Band Quasi-Elliptic Filter Employing Meander-Line- and CRLH-Based SIW Triplets -5

selectivity with a TZ located on each side of the two pass-
bands.

S-parameter (dB)

6 7 8 9 10 11 12
Frequency (GHz)

Figure 11 Synthesized S-parameters centered at 8 GHz and 10 GHz.

IV. Fabrication, Measurement, and Discussion

For validation purposes, the filter was manufactured on a
Rogers RT/Duriod 5880 substrate with ¢, = 2.2, thickness
h =508 um, and tan 0 = 0.0009. Figure 12 (a) shows a pho-
tograph of the fabricated prototype, which has a compact
circuit size of 31.44 x 29.4 mm? (1.144, x 1.064,). Fig-
ures 12(b) and (c) show the electric field distributions at the
two center frequencies. The TE;j; mode is coupled to the
CRLH and large meander-line resonators, whereas the TE,(,
mode transmits through the small meander-line resonator.

M

(b) (©

Figure 12 (a) Photograph of the fabricated filter; (b) Electric field distri-
butions of the 1st passband at 8 GHz and (c) the 2nd passband at 10 GHz.
Max., maximum; Min., minimum.

The fabricated circuit was tested with TRL calibration,
and its measured and simulated S-parameters are depicted
in Figure 13; they are in fairly good agreement. The mea-
sured center frequencies are located at 7.97 GHz and 9.95
GHz, respectively, which are slightly lower than the simu-
lated frequencies of 8 GHz and 10 GHz. The measured
3-dB bandwidth of the first passband is 708 MHz, rather

Table 1 Comparison of state-of-the-art filters

enlarged compared to the simulation of 610 MHz. In con-
trast, for the second passband, the measured 3-dB band-
width is 590 MHz, which is almost identical to the simulat-
ed 580 MHz bandwidth. Additionally, the measured mini-
mum insertion losses (ILs) for the two passbands are 1.36
dB and 1.15 dB, which are extremely close to the simulat-
ed data of 1.24 dB and 1.12 dB, respectively. The in-band
return losses are better than 12.1 dB and 18.1 dB. A TZ is
generated at each side of the passband, resulting in sharp
roll-off for both passbands. Note that the 5 TZ at 12 GHz
is actually produced by bypass coupling effects, in which
the TE;5; mode is weakly bypass coupled with the TE,,
mode. The mechanism of bypass coupling can be found in
[23]. Overall, the filter presents good electrical perfor-
mance with quasi-elliptic responses for both passbands,
which show low losses and high selectivity with a TZ creat-
ed at both sides of each passband.
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Figure 13 Simulated and measured S-parameters of the proposed dual-
band filter. Mea., measured.

To the best of the authors’ knowledge, only a few du-
al-band SIW filters with quasi-elliptic responses have been
reported [17]-[21]. To reveal advancement of the proposed
filter, Table 1 presents a comparison of our work with these
state-of-the-art designs. Compared with the filters in
[17]-[20], the filter in this work has the advantage of elimi-
nating negative-coupling structures such as the S-shaped
slots in [17], the interdigital formats in [19] and the GCPW
lines in [20]. Although a negative-coupling structure is also

Response hlf _ 3-dB No.of | _ . . ] Neg.-coupling
Ref. Technology Layer type Order (GHz) k=flfi FBW (%) ILs (dB) TZs Rejection | Size (2, XA | grructures
[17]-II1 SIW Single 44 | 20021 105 |1751.67] 22112 | 5 | >30dB | 2.79x 1.47 S':‘;‘;ed
[19]-11 HMSIW | Single | o | 44 | SOBS | 17 |626/7.75|2.02/1.82| 4 | >20dB | 0.84x13] Inlfzﬁft‘;al
[20]-111 SIW Double| SMPHC 41217 142 |6.87/3.26(1.16/232| 5 | >22dB | 095x1.22 | GCPW lines
[21] |SIW & microstrip | Single 4/4 18.05/9.99| 124 | 9.1/62 |1.74/221| 4 |>40dB | 1.13x 1.02 N/A
This work | STW & microstrip | Single 43 |7.97/9.95| 1.25 [8.89/5.93(1.36/1.15| 5 | >30dB | 1.14x 1.06 N/A

Neg.-coupling, negative-coupling; N/A, not applicable.
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not employed in [21], the filter is realized based on the con-
ventional cross-coupled quadruplet. Whereas in this work,
the dual-band SIW filter is designed by combining two nov-
el meander-line and CRLH-based triplets, which results in
lower insertion losses, and more TZs are created with a
lower filter order. In summary, a dual-band quasi-elliptic
SIW filter is obtained with all inductive couplings for the
first time.

V. Conclusion

In this work, a novel dual-band quasi-elliptic SIW filter de-
sign technique is developed by utilizing meander-line and
CRLH-based trisections. Owing to their reversed zero-pole
responses, the design procedures, especially the allocation
of TZs, are well described in both theory and simulation.
The key feature of this technique is its ability to flexibly
generate and control TZs with all inductive couplings. With
this impressive performance, a dual-band filter centered at 8
GHz and 10 GHz is developed and fabricated for validation.
The simulated and measured present indicate outstanding
electrical performance of compact size and high selectivity,
suggesting that the proposed design technique can be con-
sidered an attractive way to implement quasi-elliptic dual-
band SIW filters without negative-coupling structures.
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