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Compact Quarter Mode and Eighth Mode Substrate Integrated
Waveguide Bandpass Filters with Frequency-Dependent Coupling
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Abstract—This paper presents two size-miniaturized quarter mode (QM) and eighth mode (EM)
substrate integrated waveguide (SIW) bandpass filters (BPFs), which are embedded with a novel
frequency-dependent coupling (FDC) structure. The proposed FDC is implemented as a composition
of balanced folding lines and inductive iris. One additional transmission zero (TZ) introduced by FDC
between two cavities leads to higher frequency selectivity and better out-of-band rejection. Higher order
modes suppression appears by combining the loaded open stubs on feeder lines with FDC technique,
achieving a wide stopband. Meanwhile, the circuit dimension is further reduced by symmetrically cutting
SIW. To validate the novel approach, the frequency-dependent coupling matrix (CM) is implemented
to determine characteristics of the proposed structure in theory. QM- and EM-SIW BPFs loaded with
FDC have been designed, fabricated, and measured. Experimental results illustrate the characteristics
of miniaturization and good performance. All results are in good agreement.

1. INTRODUCTION

With increasing demands for modern communication systems, miniaturization and high selectivity
microwave bandpass filters (BPFs) have become urgently demanded. Substrate integrated waveguide
(SIW) circuits [1–9] have attracted wide attention due to various advantages and characteristics, such as
easy fabrication, high power handling capability, low insertion loss (IL), and easy integration with other
circuits. However, conventional SIW filters still have relatively large circuit sizes. Recently, half-mode
(HM) [1], quarter-mode (QM) [2], and eighth-mode (EM) [3] SIW have been proposed, which decrease
the dimension to 50%, 25%, and 12.5%, respectively, while maintaining the performance unchanged.
To obtain high selectivity, FDC techniques [4–13] introduce additional finite transmission zeros without
changing the topology and filter size. For SIW, due to its excellent coplanar properties, both constant
and frequency-dependent couplings can be performed on it with positive effects. From the multimode
property of microwave resonant cavities, undesired parasitic coupling may occur, which degrades the
stopband performance of the SIW filter severely, and ineffective resonance occurs near the passband [13].
Due to the harmonic effects caused by the FDC structure in EMSIW, coupling occurs among TE102,
TE201, and TE202 higher order modes [14]. A pair of open circuit stubs, loading on the feeder side, are
used to suppress spurious higher-order modes [15].

In this paper, a coupling matrix (CM) synthesis procedure [9–12] is implemented to design second
order filters: QMSIW and EMSIW. The detailed parameters of discontinuous structures containing
FDC [4–8] are theoretically synthesized and simulated. As expected, one transmission zero is generated
at the frequency point, where electric coupling cancels out with magnetic coupling for the designed
BPFs by frequency dependent coupling between cavities. Sharp passband skirts for two filters are up to
72 dB and 56 dB, respectively. Slicing technology makes it possible to achieve miniaturization on a single
layer substrate without degrading the performance of the filters, while the circuit sizes are reduced up
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to 75% and further to 87.5%. In the meantime, it provides high-order mode (TE102, TE201, and TE202)
suppression based on FDC technique and open circuit stub, which is considered as a band-stop filter at
the points of higher mode resonance. The almost 20 dB stopband suppression is achieved over 8.09 GHz.
The designed procedure, simulated and measured results are discussed in the following sections.

2. ANALYSIS OF FDC STRUCTURE

The proposed FDC structure is composed of two balanced folding lines which are etched on the top
layer of the circuit, as shown in Fig. 1. It is placed in the middle of the inductive iris between two
cavities. Two open ends with the maximum electric fringe field density produce electric coupling, while
the inductive iris mainly dominates the magnetic coupling. Hence, mixed coupling occurs. When the
SIW resonant cavity operates TE101 mode, the field distribution in the resonant cavity is symmetric.
Based on this property, the SIW resonant cavity is cut in the way shown in Fig. 2, and filter design can
thus be miniaturized by cutting the SIW cavity. All parameters are simulated and designed on HFSS
using Rogers RT/Duroid 5880 dielectric substrate with εr = 0.2, h = 0.508 mm.
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Figure 1. FDC structure between two cavities.

Based on FDC structure, two SIW bandpass filters are designed, as shown in Fig. 3. To explain the
design more precisely, the normalized impedance characteristics K/Z0 and coupling coefficient kij are
derived with respect to different parameters, as illustrated in Fig. 4–Fig. 7. The normalized impedance
inverter K/Z0 from Eq. (1) will vanish at a particular frequency point to assess the position of TZ.
By adjusting the length of LS or the width of the inductive iris g0, the electrical or magnetic coupling
changes accordingly. It is apparent that mixed coupling can be dominated as positive or negative with
different physical dimensions. As shown in Fig. 4 and Fig. 5, the position of TZ shifts towards lower
frequency with LS and g0 increasing. When WS is increased, the slope of the curve decreases, and
the position of TZ shifts towards higher frequency. From Eq. (2), the coupling coefficient ki,j against
relevant variables at the central frequency can be extracted as shown in Fig. 6 and Fig. 7. It is clear
that as the ratio of L5 and L6 varies, the coupling coefficient changes slowly while keeping the slope
almost invariant. However, the detailed analysis of above parameters cannot be applied to determine
the accurate dimensions, LS ,WS and g0, and some further adjustments may still be required.

jK/Z0 = Z21/Z0 (1)

ki,j = ±f2
1 − f2

2

f2
1 + f2

2

(2)

where K is the impedance inverter; Z0 is the characteristic impedance of SIW; Z21 is the open circuit
transfer impedance; f1 and f2 are two split resonance frequencies; ki,j is the coupling coefficient.
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Figure 2. Electric field distributions of SIW, HMSIW, QMSIW and EMSIW.
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Figure 3. Layout of proposed SIW filters. (a) Filter IQMSIW. (b) Filter IIEMSIW.

3. FILTERS DESIGN AND EXPERIMENTAL VALIDATION

To demonstrate the performance of the proposed FDC structure, QM and EM cavities are used to design
SIW BPFs. Coupling matrix (CM) synthesis procedure in [4–12] serves as a theoretical guide to the
filters design, where TZ is generated at upper stopband. Besides, broad stopband technique in [13–15]
has been implemented to suppress higher parasitic modes for filter II (QMSIW). It is then noticed that
these two methods offer higher selectivity.

3.1. Filter I (QMSIW)

For demonstration, filter I with central frequency (CF) of 8 GHz and bandwidth (BW) of 1.8 GHz is
constituted of two quarter mode cavities. Fig. 3(a) shows its top view configuration, and the FDC
structure etched between two cavities produces one finite TZ on the upper stopband at 12 GHz.
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Figure 4. Normalized impedance characteristics (K/Z0) with different parameters for Filter I.
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Figure 5. Normalized impedance characteristics (K/Z0) with different parameters for Filter II.

The CM in Eq. (3) is obtained according to the steps of synthesis and optimization in [9–12], where
ω denotes the normalized angular frequency. All parameters have been determined and optimized from
Fig. 4 and Fig. 6. The final dimensions are as follows: LS = 1, WS = 0.3, L1 = 9.1, L2 = 7.61, L3 = 0.8,
L4 = 0.8, L5 = 2.5, L6 = 0.4, W0 = 1.52, W1 = 0.2, g0 = 0.3, g1 = 0.2 (unit: mm). Comparison between
the measured and simulated scattering parameters of the fabricated Filter I is presented in Fig. 8. Filter I
has a compact size of 19.82 × 20.1 mm2 (0.43 × 0.44 λ2

g), and relevant schematic image of circuit is also
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Figure 6. Variation of coupling coefficients with LS for relevant variables. (a) Parameter WS . (b)
Parameter L5/L6. Filter I.
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Figure 7. Variation of coupling coefficients with LS for relevant variables. (a) Parameter WS . (b)
Parameter L5/L6. Filter II.
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Figure 8. S parameter comparison of CM, simulation and measurement for Filter I.

inserted in Fig. 8. The measured insertion loss (IL) is, in the worst case, equal to 1.59-dB, with CF
and BW of 7.95 GHz and 1.7 GHz, respectively. The filter in-band return loss (RL) is below 13.18 dB
which is mainly caused by inaccurate fabrication, and extra loss comes from SMA connectors. As can
be seen, the measured TZ at 11.91 GHz providing a higher selectivity is nearly as designed.⎡

⎢⎢⎣
0 −1.6382 0 0

−1.6382 −0.5794 −2.8316+0.1987ω 0
0 −2.8316+0.1987ω −0.5794 1.6382
0 0 1.6382 0

⎤
⎥⎥⎦ (3)

3.2. Filter II (EMSIW)

As another example, a second-order at the center frequency of 3.4 GHz multi-mode filter with 500 MHz
bandwidth by bisecting the QMSIW cavity along magnetic walls is designed and fabricated based on
the previous methods, as shown in Fig. 3(b). One finite TZ of 6.4 GHz is located on the upper stopband.
The introduction of electrical and magnetic coupling can counteract one of the TE102 (TE102) or TE202

modes [13]. However, it still cannot suppress these two higher-order modes simultaneously, as illustrated
in Fig. 8. To enhance the selectivity and out-of-band rejection characteristics, a pair of open circuit
stubs which can be regarded as quarter-wavelength resonators are incorporated into the feed structure
to suppress the effects of higher-order modes. As can be seen from Fig. 9, the loading stubs effectively
suppress higher-modes, bringing S21 down to around −40 dB. The TE mode resonant frequency is
determined by:

fTEm0n =
c

2
√

μrεr

√(
m

aeff

)2

+
(

n

leff

)2

(4)

aeff = a − d2

0.95p
(5)

leff = l − d2

0.95p
(6)
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where c is the velocity of light in vacuum; εr and μr are the relative permittivity and permeability of
the substrate; m and n represent the mode in dices of x- and z-axes; a and l represent the width and
length of the cavity with the same length equal to 123.8 mm. The metallized via holes were made with
a diameter of d = 0.6 mm and a center-to-center pitch of p = 0.95 mm. From Eq. (4), the calculated
resonant frequencies are 6.079 GHz (TE102 or TE201), 7.689 GHz (TE202), and 3.845 GHz (TE101), which
are consistent with the simulation results shown in Fig. 9. The final dimensions were adjusted to match
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Figure 9. Comparison between filter II with/without open circuit stub.
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Figure 10. S parameter comparison of CM, simulation and measurement for Filter II.
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the characteristic obtained from the coupling matrix in Eq. (7) as follows: LS = 1, WS = 0.4, L1 = 19,
L2 = 18.9, L3 = 0.85, L4 = 1.9, L5 = 2.8, L6 = 1, W0 = 1.8, W1 = 0.2, g0 = 2.05, g1 = 0.3, Lb = 5.5,
Wb = 1 (unit: mm). The final S parameter comparisons of CM, simulation, and measurement are
depicted in Fig. 10, and the whole filter size is 43.8 × 29mm2 (0.23 × 0.15λ2

g). The measured IL equals
1.69-dB in the worst case with CF and BW of 3.31 GHz and 440 MHz, respectively. The RL is 11.18-dB
larger than the simulated one at the upper stopband. It is interesting to observe that the location of
the measured transmission zero at 6.23 GHz is completely coincident with that of the simulated one.
The stopband is significantly extended to 8.09 GHz (2.44f0) with a suppression level larger than 20 dB,
which indicates higher selectivity.⎡

⎢⎢⎣
0 −1.2215 0 0

−1.2215 −0.1492 −1.6568+0.0826ω 0
0 −1.6568+0.0826ω −0.1492 1.2215
0 0 1.2215 0

⎤
⎥⎥⎦ (7)

4. CONCLUSION

In this paper, a novel structure constituting of balanced folding lines and inductive iris has been
presented to realize a mixed electric and magnetic coupling. An additional controllable TZ appears,
thereby resulting in a sharp passband skirt. Representative design examples of QMSIW and EMSIW
filters are designed, fabricated, and measured to illustrate the characteristics of FDC structure. In
the meantime, a pair of stubs were loaded on the EMSIW feed lines to suppress higher-order modes,
contributing to a wide stopband. Both filters have the advantages of compact circuit size and high
selectivity.
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