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Abstract — Based on the full-mode capacitively loaded substrate integrated waveguide (SIW) resonator and the
miniaturized shielded half-mode capacitively  loaded SIW (S-HMCSIW) cavities,  a  novel  compact  high-performance
filter  is  proposed.  The  footprint  of  the  half-mode  SIW (HMSIW)  is  further  reduced  due  to  the  application  of  the
capacitive-loading  technique.  By applying  cross  coupling,  the  proposed  SIW filter’s  transmission  zero  enhances  the
stopband  rejection  and  shows  excellent  selectivity.  For  the  bandpass  filter,  the  measured  |S21|  and  |S11|  are  better
than 1.09 dB and −14 dB, respectively. And a 3-dB fractional bandwidth (FBW) of 9.14–10.76 GHz (FBW=16.2%)
is also observed. The filter achieves a wide stopband with a −20 dB out-of-band rejection up to 2.69 f0 (f0 = 10 GHz),
with a size of 0.39λg × 0.51λg only. Good agreement between measurement and simulation is obtained.
Keywords — Bandpass filter, Capacitively loaded, Compact filter, Shielded cavity, Substrate integrated waveg-
uide (SIW).
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 I. Introduction
X-band  bandpass  filter  is  a  crucial  component  for

the RF  front-end.  It  can  filter  the  out-of-band  interfer-
ence  and  noise  to  satisfy  the  communication  protocols’
signal-to-noise  ratio  specification  for  RF  systems,  which
is critical for space research and broadcast satellites. Ad-
ditionally, the substrate integrated waveguide (SIW), as
a unique waveguide structure, provides the benefits from
both  the  waveguide  and  microstrip  lines,  including
greater quality factor, larger power capacity, lower radia-
tion loss, and easier integration with planar circuits. SIW
is utilized in a variety of applications. However, the con-
ventional  SIW  shows  the  drawbacks  of  large  size  and
close  higher-order  mode  effect.  Consequently,  there  is  a
significant  need  or  tendency  toward  the  development  of
X-band SIW filters with a compact size, broad stopband,
and low loss.

Numerous miniaturization strategies for the SIW fil-
ters  have  been  proposed  [1]–[15]. The  size  can  be  de-
creased  effectively  by  introducing  multiple  modes  on  a
single  resonant  unit  [1]–[5].  It  is  a  common  practice  to

move the low frequency modes to higher order modes to
create  a  multi-pole  or  a  multi-passband  response.  How-
ever, this methodology is typically accompanied with the
drawbacks of poor band rejection and a complicated design.
A  partial  mode  cavity  can  be  constructed  by  bisecting
the SIW cavity longitudinally, which can at least cut the
cavity’s size in half [6], [8]. Despite the merit of great size
reduction,  the  increase  of  radiation  losses  restricts  their
application.  Moreover,  etching  a  particular  structure
onto the surface  of  the SIW cavity to  reduce its  cut-off
frequency  [9],  [10],  such  as  a  defected  ground  structure
(DGS) or  the  suggested  complementary  split-ring  res-
onators  (CSRRs),  are  additional  methods  for  achieving
downsizing. However, those approaches have a high inser-
tion loss due to the high radiation loss. Another strategy
for  SIW  miniaturization  utilizes  ridged  half-mode  SIW
(RHMSIW) technology. By combining the half-mode format
with continuous capacitive loading along the open side of
the waveguide, it enables substantial miniaturizations of
at  least  75%  while  limiting  the  radiation  losses  at  the
cutoff  [11],  [12].  The multi-layered construction of  SIW,
which minimizes the lateral dimensions by stacking cavi- 
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ties  vertically  [13]–[15], is  an  additional  effective  minia-
turization  technique.  However,  both  above  techniques
provide  additional  design  challenges  and  are  difficult  to
integrate with the flat circuit architectures.

To  obtain  bandpass  filters  with  a  wide  stopband
based  on  the  SIW  structure,  numerous  methods  have
been  proposed  [16]–[25].  A  cascaded  low-pass  filter  can
successfully suppress the spurious modes of the SIW filter
[16],  but at the cost of  increasing the size of  the circuit
and the  insertion  loss.  Selecting  the  appropriate  excita-
tion ports for SIW cavities is another useful method [17].
In [18],  [19],  a  hybrid structure was created by merging
the  microstrip  resonators  and  SIW  cavities  to  realize  a
compact  bandpass  filter  (BPF)  with  high  selectivity.
Recently,  microstrip  or  substrate  integrated  defected
ground structure  (SIDGS)-based  BPFs  with  wide  stop-
band  have  been  demonstrated  [20]–[25].  However,  these
techniques are frequently associated with decreased flexi-
bility or increased insertion loss.

In  this  work,  by  combining  the  shielded  half-mode
capacitively loaded SIW (S-HMCSIW) resonator and the
full-mode  capacitively  loaded  SIW  resonator,  a  X-band
compact wideband bandpass filter with a wide stopband
is  developed.  The experimental  results  indicate  that  the
stopband can be effectively extended to 2.69f0.

 II. Analysis of S-HMCSIW Resonator
A standard square SIW cavity resonator is shown in

Figure 1(a), and a capacitively loaded cavity made of the
same material is illustrated in Figure 1(b) with an identi-
cal resonant frequency. They are operated in TE101 mode
and the evanescent-mode, respectively.  The resonator in
Figure  1(b)  utilizes  two  layers  of  closely  assembled
RT/Duroid 5880 material  substrates  with thicknesses  of
10  and  20  mils,  respectively.  Unlike  the  conventional
square  cavity,  the  capacitively  loaded  SIW resonator  in

Figure 1(b) is embedded with a circular metal patch and
has  a  ring  of  metalized  through-holes  connected  to  the
metal patch on one side and ground on the other.

The equation (1) illustrates how the size and operat-
ing mode of  the square  SIW cavity resonator  determine
the resonance frequency [22].
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In the above equation,  and  denote the perme-
ability and  permittivity  of  this  dielectric  substrate,  re-
spectively.  is  the  light  velocity  in  vacuum,  indi-
cates  the  effective  waveguide  length  of  the  SIW  square
cavity. As shown in Figures 1(c) and (d), equivalent cir-
cuits are used to demonstrate the miniaturization princi-
ple  of  the  capacitively  loaded  SIW  cavity  resonator  in
the following sections.

Innovatively, the SIW cavity resonator is equivalent
to  a  capacitor  and  an  inductor  connected  in  parallel  to
ground, as shown by Figure 1(c), then the resonant fre-
quency of this resonant unit is
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C1where the value of capacitance  can be obtained by us-
ing the calculation of flat capacitance:
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where  denotes the substrate thickness of the SIW cavi-
ty,  and  represents  the  squared-off  area  of  the  upper
and lower  metal  layers  of  the  SIW  cavity.  For  conve-
nience, define  for the square regular SIW cavity.
Letting  equal  gives
 

L1 =
µrhl

2
eff

2c2π2l
(4)

Cf1

Cf2

Lpost

C ′
1

Cf1 Cf2

where l denotes actual physical length of the convention-
al  SIW cavity. Figure  1(d)  shows  the  equivalent  circuit
of the capacitively loaded SIW resonator, where  and

 denote the flat capacitance between the patch sheet
and the top copper layer of the cavity,  indicates the
equivalent  inductance  between  the  metal  sheet  and
ground,  is  the  rest  capacitance  of  the  cavity.  Then
the value of  and  can be driven as
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where,  and  represent the height of  the upper and
down substrate, respectively.  can be denoted as
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Figure 1  (a) The  conventional  square  SIW  resonator;  (b)  The  ca-
pacitively loaded SIW resonator; (c) The equivalent circuit for the
conventional  square  SIW resonator;  (d)  The equivalent  circuit  for
the proposed capacitively loaded SIW resonator.
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nwhere,  denotes the quantity of the metalized through-
holes  connecting  the  metal  sheet  to  the  ground.  Hence,
the capacitively loaded SIW resonator will resonate when
the  imaginary  part  of  the  input  admittance  in Figure
1(d) equals 0, as
 

1
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= 0 (8)

In Figure 2,  three forms of  resonators based on the
capacitively loaded SIW cavity are presented. Type II is
based on Type I, which splits along the strongest part of
its electric  field  and  reduces  its  size  by  half,  but  is  ac-
companied by a larger radiation loss. Type III is built on
Type  II,  which  adds  an  electric  wall  along  its  strongest
electric field.  This  reduces  the  radiation  loss  and  im-
proves the quality factor.
 

Type I Type II Type III

Slot
(c)(b)(a)

 

Figure 2  Three forms of resonators based on the capacitively load-
ed SIW cavity. (a) Type I: The capacitively loaded SIW resonator;
(b) Type II is based on Type I: The half mode capacitively loaded
SIW (HMCSIW) resonator;  (c)  Type  III  is  built  on  Type  II:  The
shielded HMCSIW (S-HMCSIW) resonator.
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To  show  the  characteristics  of  the  three  resonant
units more intuitively, we compare them in terms of the
unloaded  quality  factor  ( )  and  miniaturization  factor
(MF),  where,  referring  to  [22],  the  MF  of  a  particular
resonator can be calculated as
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In  the  above  equation,  denotes  the  area  of
the  conventional  SIW  cavity  and  is  the  area  of  the
miniaturized resonate  unit.  According to  the  analysis  of
the equivalent circuit, it is known that the resonant fre-
quency of the capacitively loaded SIW resonant unit will
be affected when changing the size of the circular metal
and  the  parameters  of  the  metallized  through-holes.
Therefore, the  performance  of  the  three  types  of  res-
onators  is  analyzed  by  keeping  the  same  dimensions  in
the  paper.  As  shown  in Table  1,  the  comparison  about
unloaded  quality  factor  ( )  and  MF  (miniaturization
factor)  between  three  types  of  resonators  is  displayed.
The  of the Type I resonator is much higher than the
other two resonators, but only a small MF of 66.98% was
achieved. Although slightly increased in size compared to
Type II, Type III has a higher  and is the most desir-
able candidate for building filters when compared to the

other two resonators, which will result in low loss filters.

 III. Design Theory

 1. Configuration of the proposed filter
Based on the proposed S-HMCSIW resonator, a com-

pact filter is developed and implemented. The third-order
filter  worked in  X-band is  obtained by two S-HMCSIW
resonators and a full  mode capacitively loaded SIW res-
onator. Figure  3(a)  depicts  the  structure  in  perspective,
which is composed of two substrate layers and three cop-
per  layers.  The  adjacent  metalized  via-holes  penetrate
two substrate layers to generate the enclosed cavities. In
addition,  the  third  copper  layer  serves  as  the  design’s
ground.

The  topology  scheme was  displayed  in Figure  3(b),
where the Resonator I (R1) and Resonator III (R3) rep-
resent the S-HMCSIW resonators and Resonator II (R2)
indicates the  full  mode  capacitively  loaded  SIW  res-
onator. The dominant coupling of this design is the mag-
netic  coupling  because  it  couples  the  signal  at  the
strongest  magnetic  field  of  the  S-HMSIW  resonators.
Furthermore, the filter introduces cross-coupling to gen-
erate transmission zero, which enhances the roll-off slope
of the passband and improves the out-band suppression.
It is worth noting that the size of the coupling window is
a key factor in controlling the coupling and the position
of transmission zero.
 2. Design process and analysis

From the analysis in Section II, the relationship be-
tween the resonant frequency and the capacitively load-
ed  SIW  resonator’s dimensional  parameters  can  be  ob-
tained.

N+2
N=3

Then, from the design point of view, the center fre-
quency  of  the  third-order  filter  is  set  at  10  GHz and  is
accompanied by a 20 dB return loss with a bandwidth of
16.2%.  Therefore,  the  coupling  matrix  of  order
( ) can be derived as
  

0 1.082 0 0 0
1.082 0.032 1.024 0.127 0
0 1.024 −0.124 1.024 0
0 0.127 1.024 0.032 1.082
0 0 0 1.082 0

 (10)

QeAccording to the matrix (10),  the quality factor 
is [22]
 

Qe =
ω0 · τS11 (ω0)

4
(11)

 

Table 1  Characteristic of the resonators

Resonator Qu MF (miniaturization factor)

Type I 434 66.98%

Type II 403 83.49%

Type III 422 80.56%
 

  458 Chinese Journal of Electronics, vol. 33, no. 2



τS11 (ω0)
ω0 Qe

wg Qe Qe

kij
c1 l2 k12 k23

c1
k12 k23

l2
l2

where,  denotes  the  group delay at  the  angular
frequency .  The  curves  for  the  designed  filter  can
be seen in Figure 4. For a given microstrip-to-CPW tran-
sition, the position of the feeding line (Δd) and the size
of the slot gap ( ) influence the . The  increases by
enlarging the slot gap or keeping the feed line away from
the strongest part of the electric field. As shown in Fig-
ure 4(b), the coupling coefficients  can be adjusted by
tunning  the  value  of  and . For  and ,  the
length of the coupling window is the most influential fac-
tor.  When the  coupling  window length  increase, cou-
pling  (  & ) between  adjacent  resonators  will  de-
crease. And the slot width  is the key parameter affect-
ing the cross-coupling coefficient. When the slot width 
between the coupling windows is increased, the magnetic
cross-coupling  would  become  stronger,  accompanied  by
the generation of the transmission zero.

f0 fTZ

Figure  5 illustrates  this  design  principle  from  the
field  perspective.  As  shown  in Figure  5(a),  at  different
phase  of  the  center  frequency,  resonance  occurs  in  two
types of resonators. From the perspective of the magnet-
ic field displayed in Figure 5(b), it is evident that all the
structure’s  resonant  units  are  coupled  magnetically  at
the  fundamental  frequency .  At  (14.36  GHz),  the
main  coupling  and  cross-coupling  signals  cancel  at  the
location of the full mode capacitively loaded SIW reson-
ator, where the transmission zero (TZ) was generated.
 3. Wide stopband response

This  design  employs  S-HCMSIW resonator  and full
mode capacitively loaded SIW resonator. Both resonators
are  loaded  with  different  amounts  of  inductance  and
capacitance,  which  results  in  a  different  distribution  of
modes with  respect  to  frequency.  To  further  compre-
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Figure 3  Configuration of the proposed structure. (a) Perspective view; (b) Its coupling schematic topology; and Its upper (c) and lower (d)
PCB layers (each includes the up and down circuit metal layers).
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hend the impact of the resonators on the response of this
filter, we studied the mode versus frequency distribution
for  both  resonators  and  plotted  the  results  in Figure  6,
where fR1&R3,n and fR2,n indicate the mode of S-HCMSIW
resonator and the full mode capacitively loaded SIW res-
onator, respectively. It is worth noting that when n is 0,
it  means  that  its  fundamental  mode.  The  higher  modes
of the two resonators do not occur at the same frequen-
cy, except for the fundamental mode, which results in a
wide stopband  response  on  the  right  side  of  the  pass-
band, as depicted in the figure. And the full mode capac-
itively loaded SIW resonator investigated resulting in an
even wider  stopband  compared  to  the  S-HMCSIW  res-
onators for it loaded with larger inductor.
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Figure 6  Higher order modes frequency distribution of the R1 & R3
(S-HCMSIW  resonator),  R2  (full  mode  capacitively  loaded  SIW
resonator).

 IV. Fabrication and Measurement
The  design  is  implemented  with  the  parameters

shown  in Table  2, and  the  measured  results  are  com-
pared with the  simulation results  to  validate  the  earlier
study. This filter utilizes the RT/Duroid 5880 (dielectric
constant of 2.2) as the substrate material and copper as
the  metal  material. Figure  7(a)  displays  a  comparison
graph of the simulated, test results and the coupling ma-
trix synthesized  response.  The  group  delay  for  the  pro-
posed filter was shown in Figure 7(b). As shown by Fig-
ure 7(c), the structure’s two layers are manufactured in-
dependently and connected by nylon screws.
 

Table 2  Design geometrical parameters (Units: mm)

w1 l1 c1 c2 l2 m wg

5.6 8.57 2.5 2.13 4.82 0.31 0.2

d1 d2 d3 d f ∆d –

1.4 0.94 2.55 0.2 0.77 2.2 –
 
 
 

155 10 2015 25
75

60

45

30

15

0

|S
21

| &
 |S

11
| (

dB
)

Frequency (GHz)

 Measured
 Simulated
 Coupling matrix

|S11|

|S21|

(a)

8.5 9.0 9.5 10.0 10.5 11.0 11.5
0

0.25

0.50

0.75

1.00

G
ro

up
 d

el
ay

 (n
s)

Frequency (GHz)

(b)

 Simulated
 Measured

(c)
Top & bottom PCB layer Assembled filter

 

Figure 7  (a) Simulated, measured and coupling matrix fitted wide-
band |S21| and |S11| for the proposed filter; (b)The group delay for
the proposed filter; (c) The photo of the manufactured filter.
 

The slight discrepancy is mainly caused by the man-
ufacturing tolerance. The center frequency of the filter is
10 GHz with the lowest in-band loss being 1.09 dB, and
its relative bandwidth (FBW) is 16.2%.

This design’s superiority is demonstrated in Table 3
by comparing it with other designs on a variety of attri-
butes.  Due  to  their  exposed  radiation  surface,  HMSIW-
based  filters  in  [8]  and  [14]  have  a  substantial  insertion
loss. The microstrip BPF with in-line topology has been
studied in [26].  It has a rather substantial  insertion loss
and an unsatisfactory stopband rejection. The filters de-
scribed in [27] and [28] were designed for signal transmis-
sion by cascading or stacking in the plane of the cavities.
Their size is large with poor stopband rejection.

 V. Conclusion
By shielding the half-mode capacitively-loaded cavity

resonator, a new type of resonator is proposed in this ar-
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Figure 5  (a) and (b): Electric field distributions of the proposed fil-
ter at  for different phases; (c) and (d): Magnetic field distribu-
tions of the proposed filter at  and .
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ticle. This S-HCMSIW resonator is promising for applica-
tion in wireless systems due to its high Q and miniatur-
ization  characteristics.  Later,  we  designed  a  third-order
filter  by  combining  two  S-HMCSIW  resonators  with  a
full mode capacitively loaded resonator. By incorporating
a  TZ,  the  structure  improves  the  roll-off  characteristics
of the passband. Meanwhile, the stopband is widened by
the resonator forms of different sizes. The proposed tech-
nique  can  be  extended  to  develop  other  X-band passive
and  active  microwave/millimeter-wave  components  with
desired superior characteristics.
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