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A Novel Miniature Single-Layer Eighth-Mode SIW
Filter With Improved Out-of-Band Rejection

Lei Li, Zengqgiang Wu, Ke Yang™, Xianjun Lai, and Zhenya Lei

Abstract— An ultraminiature two-pole bandpass filter based
on the eighth-mode substrate integrated waveguide is proposed
in this letter. The combination of a coplanar waveguide and
circular-ring miniaturized element as a new feeding method is
used to improve the out-of-band rejection by introducing two
transmission zeros. The measured insertion loss and return loss of
the filter operated at 690 MHz are 1.25 dB and better than 20 dB,
respectively. The out-of-band rejection is better than 30 dB up
to 3 GHz. The equivalent circuit, simulation, and measured
results are consistent with one another. The overall size of the
filter is 35 mm x 35 mm, which is equivalent to 0.081¢ x 0.081.
A miniaturization factor of 98.8% is achieved.

Index Terms— Circular-ring miniaturized element (CRME),
eighth-mode substrate integrated waveguide (EMSIW), transmis-
sion zeros.

I. INTRODUCTION

NDER the high integration of wireless communica-
tion systems, the design of a low-loss bandpass filter
constructed using compact resonators becomes increasingly
important. The substrate integrated waveguide (SIW) has been
widely used in wireless communication systems because of its
good performance [1]. Much work has been done in the area
of SIW filter miniaturization. In [2], a half-mode SIW and
quarter-mode SIW (QMSIW) resonators, which were made
by cutting the equivalent magnetic wall of SIW resonators,
were used. In [3]-[5], a forward-wave passband that propa-
gated below the characteristic cutoff frequency of the SIW
structure was produced using the defected ground structure
(DGS), ring gaps, and complementary split-ring resonators.
In [6], the miniaturization factor was increased by using the
metamaterial (composite right/left-handed transmission line)
to inspire the lower order resonances (e.g., first mode). In [7],
QMSIW resonator loaded ramp-shaped slots (e.g., interdigital
capacitors) on the top metal layer of the cavity and an addi-
tional middle metal layer were used to reduce the size of the
resonator. Among these structures, the largest miniaturization
factor of QMSIW was nearly 75%. Other methods may have
problems, such as a complex design of geometric dimensions
and difficulties achieving a multilayer structure.
In this letter, based on previous works, the miniature
eighth-mode SIW (EMSIW) resonator loaded circular-ring
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(a)

Fig. 1.  (a) Comparison of the initial SIW and SIW with the CRME.
(b) Electric field distribution of the resonator with a new feeding structure.
(c) Electric field distribution of the resonator fed by the coplanar waveguide.

miniaturized-element (CRME) structure on top of a metal layer
is presented. With the equivalent circuit model of the resonator
and filter, this structure is used to design a two-pole bandpass
filter operating at a center frequency of 690 MHz with an area
of 0.0819 x 0.08/9 and a fractional bandwidth of 10.2% on a
single layer. Furthermore, a new feed method that combines a
coplanar waveguide and CRME can improve the out-of-band
rejection.

II. RESONATOR DESIGN

A two-pole bandpass filter, which operates at 690 MHz, is
implemented by combining two identical EMSIW resonators.
In [7], the miniaturization factor is calculated as follows:

Asiw,fo —A

Miniaturization = ¢ x 100% (D)

Asiw, fo
where Agiw, f, is the area of the full-mode SIW resonator
and A, is the area of the resonator after reduction at an
identical frequency. The EMSIW is obtained by separating
the full-mode SIW from its three fictitious magnetic walls.
Thus, the miniaturization factor of the EMSIW resonator is
approximately 87.5%.

To reduce the effect of the grating lobes, the CRME
structure is introduced in [8] and applied to the filter design
in this letter because of its axis symmetric geometry feature.
In this letter, the CRME on the top metal layer of the
filter is described by parallel inductance and capacitance,
which inspires the first-negative-order bandpass response [5].
According to formulation (1), the size of the resonator-loaded
CRME is reduced by 91% compared to the initial SIW
resonator that operates at the identical frequency. Application
of the CRME leads to negative resonance, which significantly
reduces the resonance frequency at the same size. Fig. 1(a)
shows a comparison of two resonators. The resonance peaks
on |S71| are shown in Fig. 2(a); the horizontal axis represents
the resonance frequency normalized to the TMpjo resonance
frequency of the original resonator.
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Fig. 2. (a) Resonance peaks of the resonator with the CRME. (b) Relationship
between the coupling coefficient and distance d.

Fig. 3. Equivalent circuit of the resonator.
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Fig. 4. (a) Top view of the filter. (b) Bottom view of the filter.

TABLE I
FINAL DIMENSIONS (mm) OF THE FILTER

R1 35 L 37 Dl 0.3 d 1.4
D2 | 146 | L, 1.8 | W, 1 R2 0.3
R3 1025 | H 2

The equivalent circuit model of the resonator is shown
in Fig. 3, which is cut along the fan-shaped frame in the
right side in Fig. 1(b), where L and C are the inductance and
capacitance, respectively. The unloaded quality factor can be
used to study the loss mechanism of the presented resonator;
a Q, value of 90 is achieved for the EMSIW resonator.
0, degradation is caused by leakage loss from the open wall
and the top CRME slot of the cavity.

III. FILTER DESIGN

This letter aims to design a filter that operates at 690 MHz,
with a bandwidth of 10%, insertion loss |Sz(| of 1.5 dB,
and return loss |S71| of better than 20 dB in the passband.
Fig. 4(a) and (b) shows the top and bottom views of the filter,
respectively. It is built on the substrate Rogers RT/Duroid
5880 with a relative dielectric constant of &, = 2.2, thickness
of 2 mm, and dielectric loss tangent of 0.0009. The parameters
are shown in Table I.

In this letter, as shown in Fig. 1(b), a new feed method
that consists of a coplanar waveguide and a CRME structure

IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS

Fig. 5. Equivalent circuit of the filter. (L1 = L6 = 4.49 nH; C1 = C6 =
6.53 pF; L2 = L5 =1.50 nH; C2 = C5 =34.61 pF; L3 = L4 = 11.71 nH;
C3 =C4=11.41 pF; and n = 1.05).
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Fig. 6. Topology of the filter.
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Fig. 7. Effect of the number of turns on the out-of-band rejection.

is introduced. As illustrated in Fig. 5, the new feed structure,
which consists of a ground capacitance, two paralleled capaci-
tors, and one inductor, can affect the distribution of the electric
field [8]. Using the new feed structure, the miniaturization
factor is increased and good impedance matching is obtained
in comparison with the coplanar waveguide in Fig. 1(c).

The filter consists of two identical EMSIW resonators;
the topology is shown in Fig. 6. The coupling coefficient
is affected by the distance d between the two resonators,
whereas the length of the feed port affects Q.. According
to formulations (2) and (3), the coupling coefficients ki»
and Q. of the filter synthesized by Chebyshev topology are
0.23 and 4.31, respectively, which play a key role in the
design and optimization of the filter [9], where FBW is the
filter bandwidth. We adjust the distance between two cavity
resonators with weakly coupled input—output ports to obtain
the expected k1> using formulation (4)

FBW
Ki» = 2)
/8182
8081
= . 3
Qe FBW (3)

Q. can be optimized by changing the length of the copla-
nar waveguide L, according to formulation (5). Fig. 2(b)
shows the relationship between the coupling coefficient and
distance d. We conclude that the coupling coefficient is close
to the ideal value of 0.23 when d is 1.4 mm

-1
kip= 2L -2 4
12 R “)
_Jo
Qc = Af +90 ©)

where f; and f> are two split resonance frequencies of the
resonators with the weakly coupled input—output ports [10].
The CRME is used to increase the surface inductance and
capacitance of the resonator here. The out-of-band rejection
performance is affected by the number of turns of the CRME.
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Fig. 8. Equivalent circuit, simulation, and measured wideband results of the
filter.
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Fig. 9. Equivalent circuit, simulation, and measured results of the filter.

[The number of turns is shown in Fig. 1(b).] An exces-
sive number of turns can degrade the out-of-band rejection,
whereas too few turns cannot match the desired capacitance
and inductance. The effect of the number of turns on the
out-of-band rejection is shown in Fig. 7. According to the
design requirements, the out-of-band rejection is good when
the number of turns is 3 according to the simulation.

The equivalent circuit of the filter is shown in Fig. 5.
The two-pole passband filter is completed by two EMSIW
resonators with the feed structure. The two resonators are sym-
metrical. The inductance and capacitance values at symmetri-
cal positions are equal. For example, for the equivalent circuit
of the left resonator; the feed port is equal to surface induc-
tance L1 and capacitance C1 when ground capacitance C2 is
introduced. With surface inductance L3 and capacitance C3 to
represent the CRME, the shunt center via of the resonator is
equal to ground inductance L2. The two resonators are coupled
through a shunt center via. The filter operates at 690 MHz,
the coupling coefficient is 0.23, and the quality factor is 4.31.
According to the design requirements, we adjust the resonator
size and CRME parameters to change the values of L3 and C3
to ensure a single resonator operating frequency of 690 MHz.
Then, we obtain suitable coupling coefficient by changing
the distance between two resonators while weakly feeding
them. Two controllable transmission zeros are introduced by
the feed structure and CRME structure. As shown in Fig. 7,
the first transmission zero at the lower frequency is controlled
by the turns of the CRME. The second transmission zero at
the higher frequency is controlled by parallel inductor L1 and
capacitor C1 in Fig. 5. Then, the appropriate quality factor can
be obtained by adjusting the length of the feeding port L.

IV. SIMULATION AND MEASURED RESULTS

The filter fabricated is shown in Fig. 8, which includes
the top view and bottom view. The overall size of the filter,
which operates at 690 MHz, is 35 mm x 35 mm, which
is equal to 0.084p x 0.081¢p; the bandwidth is 10.2%. The
measured insertion loss and return loss are 1.25 and >20 dB,
respectively. The result of the equivalent circuit, simulation,

TABLE 11
COMPARISON OF RELATED WORKS IN THE LITERATURE

F(GHz) Band Qu Layer | IL Size
(%) (dB)
[5] 6.11 6.55 / 1 1.59 | ~0.23%9%x0.46X¢
[6] 0.690 5.9 186 2 2.1 ~0.052%0.09%¢
[11] 11 8 / 2 3.2 ~1.0041%0.238%g
[12] 12 8.23 / 1 1.22 | ~1.069%%0.468%o
us 0.690 10.2 90 1 1.25 | ~0.08X0x0.08%¢

and measured results are consistent in Fig. 9. Fig. 8 shows
the measured out-of-band rejection of >30 dB up to 3 GHz.
Table II compares the work of this letter with the related
work. Compared with other works, the filter of this letter has
a small insertion loss and a better miniaturization coefficient
on a single layer.

V. CONCLUSION

A two-pole bandpass filter based on the EMSIW is pre-
sented in this letter. By applying an EMSIW resonator loaded
with a CRME, the size of the resonator is reduced by 98.8%.
The new feeding method and CRME structure are used to
improve the out-of-band rejection by introducing two transmis-
sion zeros. Therefore, the miniature single-layer eighth-mode
SIW filter satisfies the design requirements. Further research
based on this theory will continue.
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