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In this article, a simple approach for achievement of flexible coupling is presented based on the half-mode substrate-integrated
waveguide (HMSIW). Since both electric and magnetic fields vary along the magnetic wall of the HMSIW, there exists mixed
coupling between two adjacent HMSIWs. In this context, only by adjusting the width of the coupling slot at specific regions,
both coupling property and strength can be conveniently controlled. Besides, as the coupling slot possesses the merits of
simple structure and high flexibility, it is also expected to achieve desired couplings between multimode resonators. For
demonstration, three cross-coupled bandpass filters (BPFs) with different kinds of frequency responses are constructed based
on the typical cascaded trisection coupling topology by mixing one SIW and two HMSIWs, including two single-band and one
dual-band designs. All measured results are highly consistent with the simulated ones, validating that the HMSIW not only has
the inherent advantage of smaller size than the conventional SIW counterparts but also possesses unique feature in providing
flexible coupling without extra circuit.

1. Introduction

The substrate-integrated waveguide (SIW) technology is
attractive in the filter design due to its distinctive merits of
low loss, high-quality factor, nice power handling capability,
and easy integration. To satisfy the rapid development of
modern communication systems, higher requirements have
been put forward on the bandpass filters (BPFs) based on
different forms of SIWs.

On one hand, with the demand for better anti-
interference from adjacent frequency bands, filters with high
frequency selectivity and stopband rejection are needed. In
this context, the cross-coupled topology which is convenient
to generate finite transmission zeros (TZs) has become
attractive. As known, both positive and negative couplings
are always required in the cross-coupled filters. Nevertheless,
owing to the electric wall condition around the SIW, the
positive coupling can be directly achieved with the inductive
window whereas the realization of the negative coupling is

comparatively difficult. To break the limitation of the electric
wall condition, the most straightforward way is employing
the stacked structure and then establishing coupling by etch-
ing slot in the common ground of adjacent SIWs [1]. How-
ever, the multilayered configuration is needed which will
inevitably increase the fabrication complexity and error.
Besides, in [2], although the SIWs are constructed in the
same layer, an embedded short-ended strip line is adopted,
and thus, the two-layer printed circuit board (PCB) process
is also needed. To obtain negative coupling with the tradi-
tional single-layer PCB technique, a lot of coupling struc-
tures are put forward, such as coplanar lines [3], [4],
interdigital slot-line (ISL) [5], shorted coplanar waveguide
(CPW) [6], coupled stepped-impedance grounded CPWs
(SIGCPWs) [7], H-shaped slot [8] or ring gap [9, 10] with
shorted posts, a balanced microstrip line with a pair of
plated through-holes [11, 12], and interdigital-like capacitive
coupling structure [13]. However, these coupling structures
are functioned together with the postwall iris which will
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complicate the coupling structure. Moreover, most of them
are focused on the coupling between single-mode SIWs.

On the other hand, dual-band BPFs are in high demand
[14, 15]. To form one more operating passband, more reso-
nances are necessary, and thus, a few effective methods have
been put forward. The first one is introducing another group
of resonators for another passband. Although this method is
easy to be realized, the overall size of the circuit will be
multiplied. The second one is combining other types of
resonators with the SIW cavities, such as the back-to-back
E-shaped DGS [16], E-shaped slotlines [17], CSRRs [18],
and meander-line and composite right-/left-handed (CRLH)
resonators [19]. Besides, in [20], a stepped-impedance reso-
nator (SIR) BPF is designed and combined with the air-filled
SIW BPF with circular cavities to obtain dual-band opera-
tion. Nevertheless, these additional resonators or circuits will
increase the complexity of the entire filter and even affect the
resonant property of the original SIWs. Under this circum-
stance, the multiple-mode SIW, which can provide more
resonances without additional circuit, seems an attractive
candidate. In [21–23], several resonant modes in a single
cavity are exploited to realize dual passbands. However, per-
turbation elements are required to reallocate the resonances,
and the attainable coupling structure is thus limited. Besides,
dual-mode SIWs are widely used. In [4, 24, 25], the domi-
nant and higher order modes in each SIW cavity are used
to form dual passbands, but they are constructed based on
the simplest cascaded topology. In [12, 26], although the
cross-coupled structure is constructed, only two SIWs are
working with two resonant modes. Moreover, to enhance
the adjustability of the coupling structures, multilayered
configurations are always adopted for dual-mode SIW filters
[26, 27]. Consequently, it is still a challenge to design a pla-
nar cross-coupled dual-band BPF with simple structure and
compact size.

In this article, the half-mode SIW (HMSIW) is studied
and then applied for BPF designs. It is well known that both
the width and area of the HMSIW are reduced by nearly half
compared with the SIW [28, 29]. In fact, apart from the
advantage in size, by fully utilizing the specific field distribu-
tions along the magnetic wall of the HMSIW, the coupling
between two adjacent HMSIWs can be flexibly controlled
without additional circuits. For demonstration, three cross-
coupled filters are constructed, simulated, fabricated, and
measured. The remainder of this article is organized as fol-
lows. In Section 2, resonant properties of the SIW and
HMSIW are comprehensively investigated. In Section 3,
two single-band filters are proposed based on two HMSIWs
and one SIW. In Section 4, one dual-band BPF is con-
structed based on dual-mode resonators. In Section 5, com-
parative study with other reported SIW BPFs is presented.
Finally, Section 6 draws a conclusion.

2. SIW and HMSIW

At the beginning, the fundamental resonators of SIW and
HMSIW for construction of BPFs are fully investigated.
Figure 1 depicts the configurations of the SIW and HMSIW,
where the whole represents the top view of the SIW, while

the grey half denotes the HMSIW. According to the cavity
model theory, the electric and magnetic (EM) fields inside
the rectangular SIW can be expressed in terms of TEm0n
[30], and the resonant frequency of TEm0n mode can be cal-
culated by

f TEm0n
=

c
2 μrεr

m
a

2
+

n
b

2
, 1

where c is the light velocity in vacuum, μr and εr are the rel-
ative permeability and permittivity, and m and n are the
mode indices along the width and length, respectively.

Since the HMSIW is half a bisection of the SIW and
equipped with one magnetic wall as shown in Figure 1, it
can keep half of the even modes in the SIW. Herein, the first
two even modes of the SIW, i.e., TE101 and TE102, are stud-
ied. Figure 2 displays the computed electric and magnetic
field distributions of these two modes, and the left or right
half exactly represents the corresponding modes in the
HMSIW which are denoted as half-TE101 and half-TE102,
respectively. As seen, both electric and magnetic fields vary
along the magnetic wall of the HMSIW, and their field
intensity ranges from 0 to maximum. In this context, since
the coupling between the slot-coupled resonators is depen-
dent on the slot width and the field along coupled edges, it
can be expected to control the coupling between two adja-
cent HMSIWs only by reshaping the coupling slot.

3. Single-Band BPFs

In order to validate that the HMSIW has the potential to
provide controllable electric and magnetic couplings, two
single-band BPFs based on the typical cascaded trisection
coupling topology shown in Figure 3 are constructed by vir-
tue of two HMSIWs and one SIW in this section. Herein,
both filters are working at the same frequency under the res-
onance of the fundamental mode of the HMSIW and SIW,
while their TZs are located in the lower and upper stop-
bands, respectively. Specifically, the prescribed specifications
are set as the center frequency of 5000MHz, a bandwidth of
400MHz, and an in-band return loss of 20 dB. Meanwhile,
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Figure 1: Configurations of SIW and HMSIW.
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two TZs are separately located at 4500 or 5500MHz, respec-
tively. The substrate Rogers RO4003 with a permittivity of
εr = 3 55 and a thickness of h = 0 508mm is employed in
all the presented designs. Besides, the full-wave electromag-
netic (EM) simulator ANSYS HFSS is employed during the
design procedure, and the fabricated circuits are measured
by using the Agilent N5230A vector network analyzer.

3.1. One TZ in the Upper Stopband. The first demo is the fil-
ter with one TZ in the upper stopband. The targeted design
parameters can be derived using the filtering network opti-
mization synthesis procedure provided by CST Filter Design
3D as follows: f01 = f03 = 4977MHz, f02 = 5091MHz, M12
=M23 = 0 076, M13 = 0 037, and QS1 =QL3 = 10 661. It can
be seen that all the coupling coefficients are positive, which
should be realized with the magnetic couplings. Accordingly,
the filter is constructed as detailed in Figure 4. As depicted,
two HMSIWs correspond to R1 and R3, respectively, while
the SIW for R2. The metallic pins surrounding the cavities
are with the radius of 0.6mm and a spacing of 0.2mm.
Then, the coupling between the SIW and HMSIWs is real-
ized with the conventional coupling window, while that
between two HMSIWs is even slot. Besides, two 50Ω micro-
strip feeding lines with the strip width of ws = 1 15mm are
connected and inserted into R1 and R3 along their midlines.

Next, the physical dimensions of the filter are found out
based on the determined configuration and design parame-
ters. The initial sizes of the SIW and HMSIW, which operate
with TE101 and half-TE101, respectively, can be calculated
from (1) as l1 = l2 =w2 = 22 1mm and w1 = 23 2mm. Then,
a full-wave EM simulation is carried out to extract the pre-
scribed coupling coefficients and quality factor by using the
following formulas [31]:

Mij = ±
f 2j − f 2i
f 2j + f 2i

,

Qe =
ω0

Δω±90°
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Figure 2: Computed field distributions of resonant modes in the SIW/HMSIW cavity: (a) electric and (b) magnetic fields of TE101/half-
TE101; (c) electric and (d) magnetic fields of TE102/half-TE102.
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In this filter, the coupling between R1/R3 and R2
(M12/M32) is adjusted simultaneously by changing the cou-
pling window’s width lc and that between R1 and R3 (M13)
is determined from the slot width d. Figure 5 plots the
extracted coupling coefficients versus relevant geometrical
dimensions. As depicted, with the increase of lc,M12/M32 gets
improved monotonically. Besides, owing to the specific field
distribution along the coupling edges of the HMSIWs, M13
does not vary monotonically but firstly rises up and then falls
down with d. Accordingly, to meet the design parameters, the
initial dimensions in coupling structures are estimated as lc
= 10 1mm and d = 0 33mm. The extracted quality factor Qe
is determined from the slot length li and slot width wi of the
inserted feeding line. From the extracted curves in Figure 6,
it can be observed that Qe decreases against both wi and li.
To ease the design, wi is directly fixed as 2.5mm, and then, li
can be evaluated as 4.52mm.

Based on the initial dimensions, a fine tuning is
employed on the entire filter to optimize the filter perfor-
mance. The final dimensions of the filter are listed in
Figure 4. The designed filter is finally fabricated and mea-
sured. Figure 7 shows the photography of the fabricated fil-
ter, and Figure 8 depicts the simulated and measured

frequency responses. The measured results are in high accor-
dance with the simulated ones, demonstrating a 3 dB frac-
tional bandwidth of 14.48% with the center frequency of
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Figure 5: Extracted coupling coefficients for the single-band BPF with one TZ in the upper stopband: (a)M12/M32 versus lc; (b)M13 versus d.
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Figure 6: Extracted quality factor Qe for the single-band BPF with one TZ in the upper stopband: (a) wi; (b) li.

Figure 7: Photography of the fabricated single-band BPF with one
TZ in the upper stopband.
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4.9GHz. The minimum insertion loss within the passband is
1.22 dB, and the TZ appears at 5.49GHz.

3.2. One TZ in the Lower Stopband. The second demo is the
filter with one TZ in the lower stopband. The targeted design
parameters are found as follows: f1 = f3 = 5021MHz, f2 =
4920MHz, M12 =M23 = 0 077, M13 = −0 033, and QS1 =
QL3 = 10 664. Notably, the coupling coefficient M13 is trans-
formed to be negative in this case. Given this, the coupling
structure between R1 and R3, i.e., two HMSIWs, must be
properly modified. As displayed in Figures 2(a) and 2(b),
the electric field of half-TE101 along the magnetic wall is
the strongest at the middle and gradually gets reduced
towards both sides while the magnetic field performs the
reverse trend. Given this, the coupling slot between R1 and
R3 is no longer even but narrowed in the middle region
and widened at both sides as shown in Figure 9, so as to

enhance the electric coupling while reduce the magnetic
ones. In addition, as the slot at two sides is very wide, two
symmetrical slots are etched in the SIW to ensure the similar
field at two sides of the coupling window between the
HMSIWs and SIW. The width of the slots in the SIW is d1
, which is same as that of the coupling slot in two sides
between HMSIWs. Besides, the distance between the slots
is determined from the relative sizes of the HMSIW and
SIW as well as the slot length between HMSIW with ld′ =
w2/w1 ⋅ ld .

Similarly, the dimensions of the filter are then investi-
gated. Firstly, the dimensions of the resonators are calculated
from (1) as l2 =w2 = l1 = 22 9mm and w1 = 22 0mm.
Besides, as the same feeding structure and coupling window
of the first design example are adopted and the correspond-
ing targeted coupling coefficients and quality factor are
approximately equal, the same initial dimensions are
roughly evaluated herein. Afterwards, the coupling slot is
studied. According to the above analysis, the slot width in
the middle should be much smaller than that in two sides
to provide relatively stronger electric coupling. Given this,
to reduce variables in the coupling slot, d1 is readily fixed
as 2.5mm and then d2 and ld are investigated as plotted in
Figure 10. As depicted, the coupling strength ∣M13 ∣ gets
enhanced with narrower slot width d2 when the length ld
is fixed. Besides, it firstly gets improved and then reduced
as the length ld increases, and it always eventually reaches
maximum around 9mm, indicating that the rate of change
in magnetic coupling becomes higher than that of the elec-
tric ones when ld exceeds 9mm. As such, the initial dimen-
sions of the coupling slot are figured out as ld = 8 6mm,
d1 = 2 5mm, and d2 = 0 2mm.

After fine tuning, the final dimensions are all obtained as
tabulated in Figure 9. The photography of the fabricated cir-
cuit is shown in Figure 11, while the simulated and mea-
sured results of the filter are provided in Figure 12. The
simulated and measured results are in good agreement,
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0 2 4 6 8 10 12 14 16
–0.06

–0.05

–0.04

–0.03

–0.02

–0.01

0.00

M
13

ld (mm)

d2 = 0.1 mm
d2 = 0.2 mm
d2 = 0.3 mm

Figure 10: Extracted coupling coefficient of M13 versus the slot
length ld with the width d2 as a parameter for the single-band
BPF with one TZ in the lower stopband.

lc

w2

l1

R1 R3 ld

Value
(mm)

l1/l2/w2 22.2

w1 16.8

lc 11.64

ld 9

d1

d2

li 4.5

wi 2.5

ws 1.15

l2

R2 l′d

w1/2
wi

ws

li d2
d1

w1

Parameters

2.5

0.2

Figure 9: Configuration of the single-band BPF with one TZ in the
lower stopband.

5International Journal of RF and Microwave Computer-Aided Engineering



0

4.0 4.5 5.0 5.5 6.0
–50

–40

–30

–20

–10

M
ag

ni
tu

de
 (d

B)

Frequency (GHz)

Ideal |S11|
Ideal |S21|
Sim. |S11|

Sim. |S21|
Mea. |S11|
Mea. |S21|

Figure 12: Ideal, simulated, and measured results of the single-
band BPF with one TZ in the lower stopband.

Figure 11: Photography of the fabricated single-band BPF with one
TZ in the lower stopband.
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and the measured center frequency, 3 dB fractional band-
width, and minimum insertion loss are 5.06GHz, 12.65%,
and 1.92 dB, respectively. Additionally, the TZ appears at
4.45GHz.

Figure 13 displays the electric field distributions of the
two single-band BPFs at their respective center frequencies,
and their distinctive features well verify that resonant modes
of TE101 and half-TE101 are indeed effectively excited in
these two designs.

4. Dual-Band BPF

Apart from providing different coupling property and
strength under the same resonant modes for design of
single-band BPFs with different performances, the proposed
coupling scheme can also be further applied to realize proper

couplings between dual-mode HMSIWs. For demonstration,
a dual-band BPF is presented based on the first two resonant
modes of TE101 and TE102 in the SIW together with their
corresponding modes of half-TE101 and half-TE102 in the
HMSIW. The prescribed specifications are the center fre-
quencies of 5000 and 8000MHz with the bandwidths of
530 and 1200MHz for the first and second passbands,
respectively. Besides, three TZs are placed at 3450, 4350,
and 5550MHz around the first passband, while three are
8900, 9200, and 9700MHz around the second one. The so-
obtained coupling topology is shown in Figure 14, where
the superscript I and II denote the first and second resonant
modes in each resonator, which dominate the first and sec-
ond passbands, respectively. Besides, apart from the same
cascaded trisection coupling structure of the single-band
designs, extra cross coupling paths of source to load, source
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to resonator 3, and load to resonator 1 are introduced to
generate more TZs for better out-of-band performances.
Correspondingly, the design parameters can be obtained as
follows: f01

I = f03
I = 4987MHz, f02

I = 5035MHz, M12
I =

M23
I = 0 111, M13

I = 0 006, QS1
I =QL3

I = 7 797, QS3
I =QL1

I

= 326 435, and MSL
I = 0 0051 and f01

II = f03
II = 8610MHz,

f02
II = 8635MHz, M12

II =M23
II = 0 066, M13

II = −0 065,
QS1

II =QL3
II = 3 401, QS3

II =QL1
II = 28 935, and MSL

II = −
0 096.

Based on the coupling topology and design parameters,
the dual-band BPF is constructed as shown in Figure 15.
As seen, the coupling between adjacent SIW (R2) and
HMSIWs (R1 and R3) is implemented by the coupling win-
dow just like the above two single-band designs. The design
curve of M12

I/M23
I is the same as that for the single-band

designs in Figure 5(a), and that of M12
II/M23

II is given in
Figure 16. Accordingly, the coupling width lc can be roughly
estimated as 11mm. Then, the coupling slot is studied.
Herein, the coupling property between two HMSIWs is
inverse in two passbands, that is, positive for the first pass-
band and negative for the second one, so the shape of the
coupling slot should be adjusted based on the field distribu-
tions of both resonant modes. As depicted in Figure 2, the
electric field of half-TE101 along the magnetic wall is maxi-
mum at the middle while that of half-TE102 is in the upper
and bottom one quarter. Accordingly, with the analysis of
the coupled half-TE101-mode HMSIWs in the above section,
the width of the coupling slot around its upper and bottom
one quarter is set to be narrower. Figure 17 shows the
extracted coupling coefficients of M13

I and M13
II versus all

dimensions in the coupling slot, and it can be easily found
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that M13
II is much more sensitive to the dimensional varia-

tions. As depicted in Figure 17(a), as the width of the narrow
part of the coupling slot d1 decreases, the coupling coeffi-
cient of half-TE101 is enhanced and keeps positive, while that
of half-TE102 is reduced from positive to negative.
Figures 17(b) and 17(c) study the other two dimensions of
d2 and ld of the coupling slot with d1 as a parameter. As
seen, M13

I gets improved with the increase of both d2 and
ld . Meanwhile, M13

II decreases against d2, and it firstly
declines and then rises against ld . Moreover, when d1 is
reduced to a certain value, M13

II is switched between the
positive and negative couplings. At last, the feeding structure
is investigated. As shown in Figure 15, the feeding lines are
shifted to the coupling slot between R1 and R3 to establish

the cross couplings among R1, R3, input, and output ports.
In this context, couplings of M13 and MSL together with
quality factors of QS1/QL3 and QL1/QS3 depend on both feed-
ing structures and coupling slot, and thus, the relative
dimensions are directly obtained from the frequency
responses as shown in Figures 18 and 19. As seen, the cou-
pling slot and feeding structure codetermine both in-band
and out-of-band performances, and they have a greater
impact on the frequency responses of the second passband
as expected.

After optimization, the final dimensions are achieved as
given in Figure 15. Figure 20 shows the simulated electric
field distributions in this filter in both passbands. As
observed, the first resonant modes of TE101 and half-TE101
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Figure 19: Frequency responses of the dual-band BPF varying with the dimension in the feeding lines: (a) li; (b) ls; (c) wi.
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of the SIW and HMSIW form the first passband, while TE102
and half-TE102 contribute to the second passband. Figure 21
displays the photography of the fabricated circuit, while
Figure 22 shows the simulated and measured results. The
measured results indicate that the center frequencies of two
working bands are 5.02 and 7.85GHz with 3 dB fractional
bandwidths of 15.84% and 20.64%, respectively. The mini-
mum insertion losses within these two passbands are 1.34
and 1.47 dB. Six TZs located at 3.48, 4.26, 5.67, 8.77, 8.91,
and 9.50GHz result in a nice stopband performance. Herein,
it should be mentioned that owing to the utilization of the
higher order mode for the upper passband, the circuit size
of the dual-band filter is 0 719λg × 1 542λg, which is slight
larger than that of the single-band ones, which are 0 703λg
× 1 338λg and 0 735λg × 1 262λg. Moreover, the footprint

of the SIWs is not enlarged, and the increasement on the
overall size is resulted from the feeding lines.

5. Discussion

To highlight the advantages of the proposed design scheme,
comprehensive comparison with other reported SIW filters
is presented in Table 1. As seen, the proposed coupling
scheme has the unique ability to provide the mixed coupling
without extra circuit, while those in other designs are real-
ized by virtue of additional coupling structures [7, 13] or
other types of resonators [6]. Besides, even if there is no
need of negative coupling, extra circuits are also required.
In [32], a microstrip line section is used to connect the
two doublets. In [21], a segment of CPW is required to
connect the two cavities to serve a cascading function as
nonresonant nodes (NRNs). Apart from the structural
advantage, compared with the above-mentioned filters,
the proposed filters can achieve much wider bandwidth
with smaller size and lower profile. Compared with the
designs in [22], our proposed ones provide significantly
wider bandwidth based on the simple single-layer configu-
ration. Compared to the design in [33], both size and pro-
file are highly reduced in our proposed filters and the
bandwidth is also much wider. As for the designs in
[19], two different types of microstrip line resonators are
introduced at the cost of the increased design complexity.
In summary, the proposed filters have attained attractive
advantages in both configuration and performances.

6. Conclusion

In this article, a simple approach for achievement of flexible
coupling is firstly presented based on the HMSIWs. Attrib-
uting to the specific field distributions along the magnetic
wall of the HMSIW, the coupling between two HMSIW
can be flexibly and conveniently controlled only by modify-
ing the shape of the coupling slot. On this basis, three band-
pass filters with different kinds of frequency responses are

Figure 21: Photography of the fabricated dual-band BPF.
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constructed, simulated, and fabricated. All measured results
are in high agreement with their corresponding simulated
ones, thereby validating the effectiveness of the proposed
coupling scheme. Moreover, the proposed filters have the
attractive features of simple configuration and compact size.
Moreover, there is no doubt that the coupling scheme is also
applicable for realization of other coupling topologies, which
indicates that the proposed design method applies for vari-
ous practical applications. Consequently, it can be reason-
ably concluded that the proposed design method is a
feasible and promising candidate in advanced SIW filter
designs.
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