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ABSTRACT: In this research, a simple design with a compact size of a triple-band bandpass filter (BPF) based on SIW is proposed. The
proposed design consists of a main SIW cavity combined with two others-secondary SIW cavities. The three passbands of the proposed
BPF are formed based on the center frequencies (CFs) of the four modes given by the main SIW cavity and two transmission poles
(TP1 and TP2) achieved with the secondary SIW cavity. The SIW modes achieved with the main SIW cavity are TE101, TE201, and
TE301 addition to the suppressed mode, and those modes are realized by the perturbation of seven metallic vias. The coupling of the
TP1 with the suppressed mode realizes the first passband of the filter proposed with a bandwidth of 0.53GHz. Vertical CPW slots are
etched at the main SIW cavity for coupling TE101 and TE201 to form the second passband with a bandwidth of 1.3GHz. Horizontal CPW
slots are etched in the two rectangular secondary SIW cavities to join the TP2 with TE301 mode for realizing the third passband with a
bandwidth of 1.2GHz. Finally, an adjustable bandwidth filter with CFs of 6.9/10.1/13.3GHz, respectively, has been achieved. Also,
six transmission zeros (TZs) are achieved in the operation frequency range (6–16GHz), which improves the selectivity of the filter. The
proposed filter is modeled with an approximate equivalent circuit, and the prototype of the filter is fabricated and tested to demonstrate its
excellent performance. A good agreement was realized among simulation, equivalent circuit LC model, and measurement S-parameters,
which proves and validates the operation of the proposed triple-band BPF. The multiple advantages of the proposed filter, such as a
simple structure, compactness (1.29λg × 1.62λg), selectivity, and high performance, make it a promising candidate for multi-tasking
communication systems.

1. INTRODUCTION

The multiplicity of applications of wireless communication
systems requires various technologies, like conventional

rectangular waveguide and microstrip line for designing mi-
crowave and millimeter components such as couplers [1, 2],
antennas [3, 4], and filters [5, 6], due to its characteristic prop-
erties, like low cost, small size, for microstrip line, and high
Q-factor with fewer losses [7]. In contrast, these technologies
have integration flaws, which become very difficult with pla-
nar structures in electronic systems and more expensive in their
fabrication [8]. In the early 90’s, a new technique was proposed
which, instead of waveguide walls in the substrate, was based
on metallic vias [9]. This technology was named substrate in-
tegrated waveguide (SIW), which takes the same previous ad-
vantages; in addition to that, it can be easily integrated with
other planar circuits [10] with high power handling capacity. A
SIW structure is formed by two opposite side rows of metalized
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vias going through a dielectric substrate, confined between two
conductor planes. This structure can be used for many design
components of the microwave and millimeter systems, such as
filters. A filter is an important element in many radio frequency
(RF), microwave, andmillimeter wave systems, which removes
some unwanted frequency bands or combines different frequen-
cies [11]. It can be designed by lumped elements, like a ca-
pacitor and an inductor or by distributed elements, as planar
and nonplanar waveguides, such as microstrip line, rectangular
waveguide, and SIW.
With the huge emergence of new communication systems,

the RF band became more overcrowded. This leads to the
loss of the desired signal due to the interference with other
communication system signals. To solve this problem, a filter
with multiple passbands and rejected upper and lower bands is
the key. Many techniques have been proposed for designing
this kind of component. The most popular techniques are the
combination of different frequencies of single-bandpass filters
in one response [12]. The merging of complementary split-
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ring resonators (CSRRs) on the SIW cavity ceiling appeared
as miniaturized multi-passband filters [13, 14]. However, the
realized passbands are implemented in lower microwave band
frequencies (typically lower than 10GHz) due to the radiation
characteristics of the distorted structure CSRR. Recently, triple-
band bandpass filters operated in the higher frequency realized
with rectangular cavities and perturbed SIW modes have been
reported [15–19]. The three passbands of this filter are achieved
based on the coupling between the resonant frequencies of the
combined SIW cavities [15]. However, the non-flexible tun-
ing of the center frequencies of passbands and a shortage of
transmission zeros (TZs) in the stopbands can be observed due
to the use of only two modes. The coupling of the TE101 and
TE201modes of the SIW cavity with a split-type dual-band sym-
metrical frequency response results in triple passbands at CFs,
11.578GHz, 12.468GHz, and 14.985GHz, respectively, and
five TZs in the rejection bands [16]. Despite the efficient per-
formance, this technique is facing the difficulty of controlling
and coupling mode excitation, which requires the careful de-
sign of perturbation structures. Two triple-band BPFs are de-
signed in [17] with the third and fourth orders based on triple
resonant modes in each filter response. The mutual coupling of
the modes is achieved due to the perturbation vias situated in
the center of the SIW cavities. Nevertheless, the precise con-
trol coupling of each mode is still difficult with the complex-
ity of the structure, which affects the insertion loss of the three
bands, in addition to the large size of the component. A triple
band filter designed in a single SIW cavity with a whole size
of 1.44λg × 1.44λg was reported in [18]. The three bands are
adjustable by six modes that are perturbed with vias centered
in the square cavity. However, the non-independent control of
the passbands was realized due to the restriction of the struc-
ture. In addition, the attenuation in the vicinity of the passbands
instead of TZs may be owing to the position of the feed line
ports in the single cavity. Another triple-band filter was pre-
sented in [19] based on the perturbation of four modes, TE101,
TE102, TE201, and TE202, in a single cavity with two pairs of
CSRRs etched on the top layer. The first passband is struc-
tured by the perturbation of the TE101 and TE201 modes. The
second passband of the same filter is realized with the reso-
nant frequency of the CSRR operated between the frequencies
of the TE102 and TE201 modes, while the third one is formed
depending on the commutation of the TE102 mode toward the
TE202 mode. This interlocking of the modes makes the con-
trol of bandwidth and CFs more complex and creates unwanted
couplings at the CSRR level units, which increases the inser-
tion losses. Moreover, most of the above filters lack simplicity
in their design or the partnership of the cavity mode coupling
between their passbands. For that reason, we built the idea of
a designed triple-band BPF based on independent passbands in
terms of the excitation modes.
In this paper, a triple-band BPF with a simple design and

compact size is reported. The proposed filter structure is based
on two secondary SIW cavities stacked vertically with a main
SIW cavity. The main one provides three modes: TE101, TE201,
and TE301, in addition to the suppressed mode and two TZs.
This was done by placing its seven perturbation vias in the cen-
ter of the main SIW cavity.

On the other hand, the secondary cavity delivers two trans-
mission poles (TP1 and TP2) and TZs. Notably, the coupling
of the transmission poles with the SIW cavity modes to con-
stitute the passband is used for the first time in this paper.
Each passband of the proposed filter is constituted of separate
modes, which allows more flexibility in CFs tuning with ad-
justable bandwidth passbands. A three bandwidth passband fil-
ter is achieved with center frequencies of 6.9GHz, 10.1GHz,
and 13.3GHz, respectively. The 1st passband is formed by the
coupling of the suppressed mode (TE120) and TP1. The 2nd
passband is realized with the coupling of the TE101 and TE201
modes, while the 3rd one was achieved with the coupling of
the TE301 mode with TP2. Vertical CPW slots are etched onto
the main SIW cavity for coupling the TE101 and TE201 modes,
which realize the 2nd passband, wherein the horizontal CPW
slots are embedded in the two secondary SIW cavities for con-
trolling the 3rd passband of the proposed filter. Six TZs are
realized in the out-band of the proposed triple-band BPF for
increasing the selectivity of the filter response.
This article is organized as follows. Section 2 provides de-

tailed descriptions of the proposed main SIW cavity and its
modes, as well as a brief overview and analysis of the pro-
posed secondary SIW cavity. Furthermore, the final design of
the proposed SIW triple-band bandpass filter is presented. In
Section 3, the modeling (LCmodel) of the proposed filter using
an approximate equivalent circuit is established. In Section 4,
the results of manufacturing the proposed filter prototype are
analyzed and discussed. A comparison among the design per-
formance, measurements, and LC model of the proposed filter
is also reported. The last section provides the conclusion of this
investigation concerning the proposed filter and the assessment
of its performance within the context of the field.

2. PROPOSED DESIGN OF A SIW TRIPLE-BAND
BANDPASS FILTER

2.1. Design of the Proposed Main SIW Cavity
The backbone of the design structure of the triple-band BPF
proposed in this work is based on the main SIW cavity. The
latter consists of a rectangular SIW cavity containing seven per-
turbation metallic vias. The seven metallic vias are distributed
in the center of the structure and have the same diameter as the
side wall metallic vias, as shown in Figure 1. The main SIW
cavity dimensions are mentioned in Table 1. In addition, the
microstrip transition lines designed on the same substrate on

FIGURE 1. Structure of the proposed main SIW cavity.
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(a)

f   = 10.42 GHz f   = 12.04 GHz f   = 13.69 GHz
1 2 3

FIGURE 2. Main SIW cavity structure simulation results. (a) S-parameter results. (b) Electric current distribution at the three-mode SIWmain cavity.

TABLE 1. Dimensions of the proposed main SIW cavity.

Parameter W L P e d
Dimension (mm) 25 29 2 5.2 1

both sides are added to the SIW cavity structure. This struc-
tural composition enables electromagnetic waves to propagate
within the substrate with low losses radiation, provided that the
following ratio is satisfied:(

d

P

)
< 2.5 (1)

where d and P are the diameter and the distance between two
adjacent metallic vias, respectively.
The simulation results of the proposed design of the main

SIW cavity are illustrated in Figure 2. As shown in Figure 2(a),
three peaks of the S11 are shown in the center frequencies (CFs)
f1 = 10.42GHz, f2 = 12.04GHz, and f3 = 13.69GHz.
The return loss (RL) is better than 25 dB, and the insertion loss
(IL) is higher than 0.3 dB. The distributions of the current at the
mentioned three frequencies of the S11 peaks are shown in Fig-
ure 2(b). It is clear that f1 = 10.42GHz, f2 = 12.04GHz, and
f3 = 13.69GHz are the CFs of the TE101, TE201, and TE301
modes, respectively. The resonant frequency of the mode cav-
ity can be written as all well-known [19]:

fTEm0n
=

c

2π
√
µrεr

√(mπ

W

)2

+
(nπ
L

)2

(2)

where c, µr, and εr are the light velocity in a vacuum, relative
permeability, and relative permittivity, respectively, while m
and n are the indices of mode at two separate axes directions
in the cavity. Two transmission zeros (TZs) are generated at
the frequencies 14.6GHz and 14.8GHz, respectively, where the
first one emerged due to the bypass coupling resulting from the
obstacle metallic vias, and the second one is created owing to
the energy path between the input and output ports.
A suppression of the S21 was observed near the frequency

f0 = 7.6GHz due to the overall size of the seven metallic vias
in the main SIW cavity, which obstructs the distribution of the
energy towards the output port. The overall size restricted a
mode cavity for distributing at the frequency f0, which repre-
sents the CF of the suppressed mode in the proposed main SIW
cavity. So, the achievement of the transmission energy between
the two feed line ports of the proposed main SIW cavity and re-
alizing a response at a frequency f0 requires a decrease of the
length e. Figure 3 illustrates the influence of the dimension
e on the realization of the suppression mode. A strong sup-
pression of the reflection coefficient, S11, of less than 9 dB was
observed in Figure 3(a) when the dimension e is higher than
4.3mm. The low return loss S11 equal to 23 dB is found when
the dimension of the e is 3.2mm. To show the mode suppressed
in the proposed main SIW cavity by varying the dimension of
the e parameter, the results of both transmission and reflection
S-parameters are illustrated in Figure 3(b). As can be seen,
the desired mode is decayed, and no transmission of the en-
ergy is realized at high values of the dimension e. Also, the CF
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(a) (b)

(c)

FIGURE 3. Effect of the dimension e on the frequency f0 suppressed mode, (a) S11 and S21 coefficients. (b) Reflection coefficient level of the
suppressed mode. (c) Current distribution extracted at a frequency f0 (7.4GHz).

of the suppressed mode (f0) is tuned towards a frequency of
7.6GHz. While the opposite happens with a decreasing value
of the length e, the reflection coefficient reaches 23 dB at the
frequency f0 equal to 7.4GHz with a good insertion loss of
approximately 0.4 dB. A current distribution is extracted at the
peak of the S11 (the value of the e is equal to 3.2mm, and the f0
is 7.4GHz) and plotted in Figure 3(c). The distribution of that
current between the feed lines ports at f0 is caused by the small
overall size of the proposed seven metallic vias at the center of
the main SIW cavity, which marks the TE120 mode as identified
in [20], and f0 is determined as the center frequency of that SIW
mode in this work. The main purpose of displaying the TE120
mode study is to know the value of the e parameter for which
this mode was faded away or vice versa, before adding the sec-
ondary proposed SIW cavity. This is to know the behavior of
the secondary SIW cavity that must be coupled with the main
one, to form the SIW triple-band BPF proposed in this paper.

2.2. Proposed Design of Secondary SIW Cavity
The main idea of adding the secondary SIW cavity is to real-
ize a coupling between its transmission poles and the modes
provided by the proposed main SIW cavity. Consequently, to
achieve a response of a triple-band bandpass filter, each of its
bands contains two peaks of transmission, and the proposed
secondary SIW cavity should have at least two transmission
poles in its response. The structure design of the secondary
SIW cavity is observed in Figure 4(a). It includes horizontal
CPW slots on the side and six metallic via perturbations in the

middle cavity, which together affect the passband characteris-
tics of the filter. The two perturbation vias located on the side
and near the CPW slots are used to affect the bandwidth of this
filter. The width of the secondary SIW cavity mentioned in Fig-
ure 4(a) is equal to half of the width from the main SIW cavity
(W/2). When two wave ports are placed at the edge of this
secondary SIW cavity, the structure functions as a filter, which
have a response behavior defined in terms of incident and re-
flected waves at ports. It is designed with the same substrate
used in the design structure of the main SIW cavity, with εr
equal to 2.94 and a thickness of 0.76mm.
To demonstrate the coupling performance between the sec-

ondary SIW cavity and CPW slots, we study the evolution of
the unloaded quality factor (Qu) and resonance frequency (fr)
of the secondary SIW cavity with and without CPW slots. The
results are illustrated in Figure 4(b). As is well known, the un-
loaded quality factor (Qu) describes the energy storage capacity
of a cavity relative to the rate at which it loses energy. The Qu

is expressed by the following formula [7]:

Qu = 2πfr
E

Eloss
(3)

whereE is the total energy stored in the resonance cavity,Eloss

the total loss energy consumed by the resonance cavity, and fr
the resonance frequency of SIW cavity.
The evolution of the unloaded quality factor (Qu) and reso-

nance frequency (fr) with respect to the CPW length m is il-
lustrated in Figure 4(b).
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(a)

(b)

FIGURE 4. Structure of secondary SIW cavity with CPW slots, (a) design of secondary SIW cavity, (b) evolution of resonance frequency fr and
unload quality factor Qu as a function of CPW lengthm.

As shown in Figure 4(b), the Qu factor is very low, indicat-
ing significant energy leakage between the CPW slots and the
secondary SIW cavity, while the resonance frequency changes
slightly when m is less than 5mm. Both curves show a tran-
sitional jump around m equal to 5mm, indicating that energy
leakage is minimized and efficiently stored in the cavity and
that new transmission poles are created. The stability of the res-
onance frequency and the slight decrease in the unloaded qual-
ity factor indicate the optimal value ofm at which the external
load on the cavity is very small, which appears at m around
6mm.
In order to demonstrate the important role that CPW slots can

play in the performance of the secondary SIW cavity, we sim-
ulated the S-parameters of this cavity with and without CPW
slots. The secondary SIW cavity without CPW slots was mod-
eled with the lumped element LC circuit, as illustrated in Fig-
ure 5(a), and its comparison results of the |S11| and |S21| are
plotted in Figure 5(b). As can be seen, the |S11| and |S21| re-
sults of the equivalent LCmodel and simulation secondary cav-
ity without CPW slots have an identical center frequency pass-
band of 7.75GHz and insertion loss (IL) = 20 dB. The band-
width frequency of the LC model filter is 0.5GHz, higher than
the simulation filter, which is 0.3GHz.
The two TZs are observed in the simulation results created

by the perturbation vias placed at the center of the main SIW
cavity. Therefore, the equivalent circuit that provides transmis-
sion zero can be achieved from the parallel connection of the
capacitor (C) and inductor (L) [21] with a transmission zero
frequency (fz), as expressed in the following formula [21]:

fz =
1

2π
√
LC

(4)

The rejection band of both compared filters observed in Fig-
ure 5(b) has two TZs at the same position frequencies, 8.9GHz
and 9GHz, respectively, in which the |S21| of the LC model is
recorded at zero frequencies higher than that of the simulation
one, due to the radiation loss of the distribution element. So,
from this comparison, it can be found that the simulated and
equivalent circuit results of the S-parameters are almost per-
fectly consistent.

To achieve a response of the secondary SIW cavity that con-
tains two transmission poles (TZs), the CPW slots are etched in
the edge of the cavity, as shown in Figure 4(a). Therefore, these
CPW slots are modeled as (capacitive) effects (Cp), approxi-
mately calculated with the modified equation proposed in [22],
which is:

Cp ≈ 1

2πZ0fpn
(5)

where Z0 is the load impedance (50Ω), and fpn is the center
frequency of the TPn.
The addition of the CPW slots, shown in Figure 4(a), allows

providing a second transmission pole (TP2) to the response, as
observed in Figure 5(c). Thus, the center frequency fp1 of the
TP1 is 7.75GHz, and the center frequency fp2 of the TP2 is
equal to 7.82 according to the simulation results.
The approximate value of the Cp capacitor is calculated by

employing Equation (5), while two of the Cp capacitors are
added on the edges of the LC model illustrated in Figure 5(a),
to achieve the equivalent circuit of the secondary SIW cavity
with two transmission poles. The bandwidth passband has a
frequency of 0.33GHz, which can be adjusted by changing the
position of the metallic vias close to the CPW slots. The two
TPs (TP1 and TP2) of both distributed elements (design struc-
ture with substrate) and lumped elements (LC model) are ap-
proximately identical, as well as the CFs of the two TZs in the
rejection band.

2.3. Final Design of the Proposed SIW Triple-Band Bandpass
Filter
The operating response of the SIW triple-band BPF proposed
in this paper is dependent on the coupling of the CF modes pro-
vided by the main SIW cavity with the two transmission poles
of the secondary SIW cavity. The 1st bandwidth of the pro-
posed triple-band BPF is based on the coupling of TP1 of the
secondary SIW cavity with the TE120 mode. While the coupling
between the first and second modes of the main SIW cavity
makes it possible to obtain the second bandwidth of the pro-
posed triple-band BPF. The third bandwidth of the proposed
filter can be achieved by coupling the TE301 mode with the TP2.
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(a)

(b) (c)

FIGURE 5. Comparison performance of the proposed secondary SIW cavity, (a) LC model of secondary SIW cavity without CPW slots (single
TP), (b) comparison of |S11| and |S21| results of secondary SIW cavity without CPW slots (single TP), (c) comparison of |S11| and |S21| results of
secondary SIW cavity with CPW slots (two TPs).

FIGURE 6. The final design of the proposed SIW triple-band bandpass
filter with different H, X, and Z shapes.

The final design of the proposed SIW triple-band BPF is
shown in Figure 6. It was structured on the basis of a main
SIW cavity placed in the center, stacked with two other sec-
ondary SIW cavities. The connectivity of these secondary cav-
ities is achieved through a gap indicated by the symbol “a”, as
illustrated in Figure 6.
The performance of the proposed triple-band BPF with tun-

ing each bandwidth is shown in Figure 7. The 1st passband has
a narrow bandwidth compared to the other ones of the proposed

SIW triple-band BPF. It contains only one transmission peak in
its response, and its center frequency is 7.05GHz. The current
distribution of the 1st passband is depicted in Figure 8(a). As we
can see, the current distribution extracted in the 7.05GHz fre-
quency looks almost like TE120 mode (see Figure 3(c)), which
is why it is generated close to its center frequency f0. Although
the value of the e dimension equals to 5.2mm “TE120mode sup-
pressed” as we saw before in the main SIW cavity study. The
use of the vertical CPW slots and gap a distorted the distribution
of the current of the TE120 mode, as seen in Figure 8(a).
This distortion yields a nonuniform flow of energy in the

SIWmodes, whichmeans that the current extracted at 7.05GHz
is the CF of TP1 (fp1), provided by the secondary SIW cavities.
So, the tuning of the 1st passband depends on the control of the
amount of energy via the gap a. On the other hand, by adjusting
this parameter, it is possible to control the frequency of the other
two bandwidths (the second and third bandwidths) of the triple-
band BPF proposed. So, to achieve an independent tuning of
the 1st passband, three shapes (H, X, and Z) of the position per-
turbation metallic vias are used, as illustrated in Figure 6. The
triple SIW BPF structure with H shape exhibited the best re-
turn loss near 24 dB and insertion loss equal to 0.8 dB, as can
be seen in Figure 7(a). The response of the 1st passband of the
proposed triple BPF filter and the current distribution at their
center frequency (TP1) are presented in Figures 7(a) and 8(a).
The 2nd bandwidth of the proposed filter is formed by cou-

pling the CFs of TE101 and TE 201 as exhibited in Figure 7(b),
and the current extracted is shown in Figures 8(b) and (c). The
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(a) (b)

(c)

FIGURE 7. The |S11| and |S21| of proposed triple-band BPF, (a) tuning of the first passband, (b) tuning of the second passband, (c) tuning of the third
passband.

(a) (b) (c) (d)

(e)

FIGURE 8. Current distribution of the proposed SIW triple-band BPF, (a) electric field TP1 at 7.05GHz, (b) electric field mode 1 at f1 = 9.97GHz,
(c) electric field mode 2 at f2 = 10.42GHz, (d) electric field TP2 at 13.04GHz, (e) electric field mode 3 at f3 = 13.43GHz.

tuning of the second passband is based on the shifting of the f2
with the length of the vertical CPW slots (section O, Figure 6).
As we can see from Figure 7(b), the increase of the c value
leads to moving the f2 frequency towards the f1 of mode 1,

which means that a strong coupling between the two modes of
the main SIW cavity is achieved. A small effect occurs on the
first peak of the 3rd bandwidth due to the closeness of the length
CPWslots c on gap a. This peak represents the center frequency
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(a) (b)

FIGURE 9. Effect of dimension e on the 1st passband bandwidth of the proposed triple-band BPF, (a) variation of center frequency (f0) of TE120
mode as a function of e, (b) |S11| and |S21| of 1st passband bandwidth at different values of e.

(fp2) of TP2, which is demonstrated by the inconsistency of the
current depicted in Figure 8(d). A tuning of the third passband
is shown in Figure 7(c). The 3rd passband of the proposed triple-
band BPF was created depending on the coupling of the third
mode f3 (see Figure 8(e)) with the transmission pole TP2 (see
Figure 8(d)), where the stack of the two secondary cavities with
the main SIW cavity of the proposed filter shifted TP2 near the
frequency of 13.1GHz, and a new frequency f3 was created
near 13.6GHz, as displayed in Figure 7.
The extension of the bandwidth of the 3rd passband filter is

done by coupling the CF of the transmission pole TP2 (fp2)with
the f3 frequency (13.43GHz), which is created by the optimiza-
tion of the horizontal CPW slots lengthm (section S, Figure 6).
The control of the 3rd passband filter is done by moving the
frequency f3, as can be seen in Figure 7(c).
For enhancing the performance of the proposed triple-band

BPF, we optimized the three bandwidths of this component, de-
pending on the metallic vias perturbation and the CPW slots
used in the filter’s structure. The optimization of each pass-
band bandwidth of the triple-band BPF is presented in the next
section of this work.

2.3.1. Adjustment of the 1st Passband of the Triple-Band BPF

From the extracted S-parameter results of the proposed filter
presented in Figure 7, it can be seen that the 1st passband has a
narrow bandwidth (one transmission pole TP1). However, the
proposed triple-band BPF, which includes an H-shaped pattern,
has exhibited good performance in terms of the passband com-
pared to the other shape patterns. To extend the 1st bandwidth
passband of the proposed filter, a coupling between the CFs of
the TE120 mode and TP1 should be achieved. For this, the pa-
rameter e appearing in Figure 6 can be optimized, as previously
discussed in the first section. The obtained results are presented
in Figure 9.
Figure 9(a) presents the influence of the dimension e on the

center frequency f0 of the TE120 mode at the response of the
1st passband bandwidth triple-band BPF. The choice of the val-
ues of parameter e depends on the previous study of the TE120
mode in the first part. As we can observe from Figure 9(b),

the center frequency of TP1 is approximately the same as that
of the f0 at two values of the length e, which are 5.148mm
and 5.15mm, respectively. This indicates that there is a strong
coupling between TP1 of secondary SIW cavities and TE120
mode of the main SIW cavity. The strong coupling of TE120
with TP1 enabled a narrow passband with a 0.3GHz band-
width. The high control of f0 by changing the length e achieves
an adjustable bandwidth of the 1st passband of the proposed
filter. The values of e < 5.148mm shifted the f0 towards
low frequencies (f0 < fp1), and the values of e > 5.15mm
shifted the f0 towards high frequencies (f0 > fp1), as depicted
in Figure 9(b). The proposed triple BPF filter takes a broad
bandwidth of 1st passband with two values of the dimension e,
4.4mm and 5.2mm. The bandwidths of the 1st passband are
0.5GHz and 0.48GHz at the previous dimensions of the e, re-
spectively. Also, the RL is higher than 15 dB, and IL is greater
than 0.3 dB.

2.3.2. Adjustment of the 2nd Passband of the Triple-Band BPF

The 2nd passband bandwidth filter depends on the coupling be-
tween the CFs f1 and f2 of the main SIW cavity, whilst the
coupling of frequencies f1 and f2 is done by adding two sec-
ondary SIW cavities with a gap of a. The highlight of a pass-
band formed by modes is the flexibility in controlling the band-
width, which is due to the independent tuning of one of these
modes. The control of the second mode was done with the
length of the vertical CPW slots c depicted in Figure 6 (section
O). The influence of length c on the frequency f2 is illustrated
in Figure 10(a). As we can see, the variation in dimension c
leads to a variation in the f2 of mode 2 while the f1 of mode 1
remains approximately unchanged. In contrast, the increase in
length c is accompanied by a high coupling between the fre-
quencies f1 and f2 of the modes, and the bandwidth is 0.9GHz,
as seen in the S-parameter results in Figure 10(b). The IL of the
2nd passband is better than 0.3 dB, and RL is higher than 15 dB
with a value of c equal to 6.9mm. Tuning f2 to the frequency
10.5GHz extends the bandwidth of the 2nd passband, which in-
creases by 0.2GHz. Also, good return loss (higher than 10 dB)
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(a) (b)

FIGURE 10. Effect of dimension c on the 2nd passband of the proposed triple-band BPF, (a) variation of center frequencies modes f1 and f2 as a
function of c, (b) adjustable bandwidth S-parameters of the 2nd passband at various dimensions of c.

FIGURE 11. Effect of dimension m on the S-parameters 3rd passband
of the proposed triple-band BPF.

and insertion loss (0.3 dB) are obtained with c equal to 5.2mm
and f2 at 10.5GHz.

2.3.3. Adjustment of the 3rd Passband of the Triple-Band BPF

The addition of the two secondary SIW cavities to the main
SIW cavity for structuring the SIW triple-band BPF leads to the
formation of 3rd passband with two S11 peaks in the bandwidth,
whose positions are indicated at frequencies fp2 and f3. The
control of the bandwidth of the 3rd passband can be applied by
adjusting f3, which is achieved by varying the length of the
horizontal CPW slots (namedm) shown in Figure 6. The effect
of this parameter on the third passband of the triple-band BPF
is observed in Figure 11. The extension of the bandwidth is
more closely related to the inverse shifting of f3 with respect
to the frequency fp2, which is realized when m is 6.2, 6.4, and
6.6mm. A bandwidth of 1.2GHz of the 3rd passband and a
center frequency equal to 13.3GHz were observed by shifting
both f3 and TP2. This is caused by the change in dimension s
between the perturbation metallic vias of the secondary cavity,
which is equal to 12.3mm and the lengthm (m = 6mm).

FIGURE 12. Equivalent coupling topology of the proposed SIW triple-
band BPF.

(a) (b)

FIGURE 13. LCmodel resonator, (a) first branch (L1 andC1 connected
in series) and parallel connected with C2, (b) second branch (L3 and
C3 connected in series) and parallel connected with L2.

To illustrate the performance of operating modes and reso-
nant frequencies cavity of the three passbands of the proposed
filter, coupling topology is presented in Figure 12.
The mode resonator TE120 operates near the first resonance

frequency of the secondary SIW cavity at the CF of the 1st pass-
band by direct coupling through a window named a (as shown
in Figure 6). The cross coupling implemented by the CPW
slots (section O in Figure 6) allows operating the two modes
of the main SIW cavity (TE101 and TE201) at the CF of the 2nd
passband of the proposed filter, where the horizontal CPW slots
(section S in Figure 6) allow the TE301 to operate near the sec-
ond resonance frequency of the secondary SIW cavity by neg-
ative direction coupling at the CF of the 3rd passband of the
proposed filter.
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FIGURE 14. Approximate LC model circuit of the proposed SIW triple-band BPF.

3. APPROXIMATE EQUIVALENT CIRCUIT OF THE
PROPOSED TRIPLE-BAND BPF
Similar to the achievement of a triple-band BPF using dis-
tributed elements, we modeled the behavior of this proposed
filter by forming an equivalent circuit using lumped elements.
The transmitting poles and transmitting zeros of the LC circuit
filter are usually formed by a combination of an inductor (L)
and a capacitor (C) connected in parallel. The determination
of L and C values depends on the position of the resonance
frequency fr, which is expressed by:

fr =
1

2π
√
LC

(6)

As far as we know, the above LC resonator is more effective on
the narrow stopband (zeros) and also narrow passband (poles).
For that, we modeled each passband of the proposed filter with
two branches. The first branch combines an inductor (L1) and a
capacitor (C1) in series, in parallel with a capacitor (C2), while
the second branch contains a capacitor (C3) in series with an
inductor (L3). Both branches are connected in parallel with an
inductor (L2), as shown in Figure 13.
The resonance frequency in each case is represented by the

following formula:
For case (a)

fr1 =
1

2π
√

C1·C2
C1+C2 × L1

(7)

For case (b)

fr2 =
1

2π
√
C3 (L2 + L3)

(8)

Thereby to form an approximate LC model circuit exhibiting
the same behavior as the proposed triple-band BPF, a combina-
tion between theLC resonators, as shown in Figure 13, is struc-
tured. The coupling of these LC resonators is done by means

of a coupling capacitance (Cc) and a shunt inductance (Ls) be-
tween them, while Ls and Cc take small values depending on
the passband and bandwidth of the independent resonators of
the filter. The schematic of the approximate equivalent LC
model of the proposed triple-band BPF is illustrated in Fig-
ure 14.

4. RESULTS AND DISCUSSION

For highlighting the purpose of the above study, the triple-band
BPF proposed in this work was fabricated. The type of the
substrate employed to fabricate the proposed filter is RT/duroid
6002 with the following characteristics: relative dielectric con-
stant of 2.94 and thickness of 0.76mm. The final dimensions of
the filter areW = 15mm, L = 29mm, P = 2mm, a = 9mm,
c = 5.2mm, d = 1mm, m = 6mm, e = 4.4mm, and
s = 12.3mm.
A photograph of the fabricated triple-band BPF, with a com-

parison results of the simulated, equivalent circuit, and mea-
sured S parameters, is shown in Figure 15. According to Fig-
ure 15(b), themeasurements carried out on the first, second, and
third passbands exhibit center frequencies of 6.9/10.1/13.3GHz
with FBW 7.6%/12.2%/7.4%, respectively. The in-band re-
turn loss of each passband is better than 9 dB, while the max-
imum measurement insertion losses of the three bands are
0.8/0.9/2 dB, as shown in Figure 15(b). Identical measured and
simulated TZ frequencies are observed in the three passbands,
which indicates the high suppression of unwanted frequencies.
Also, an acceptable performance of triple-band BPF LC model
circuit is achieved compared with the fabricated and simula-
tion filter. It denotes a good analysis between the performance
of lumped and distributed elements. All these comparison re-
sults indicate the effective performance of the proposed filter
and its ability to work in the field of multi-application telecom-
munication systems.
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TABLE 2. Comparison between the performances of the proposed design and some triple-band BPF.

Ref.
No.
Layer

Type
Center

freq. [GHz]
3 dB

FBW [%]
IL
[dB]

No.
TZ

ADI
Size
(λ2

g)

LC Model
filter

[17], 2018 single SIW

13
14
15

2.8
2.5
2.2

1.71
1.8
2.29

3 No 3.38× 1.19 No

11
12
13

2.3
1.7
2

2.02
2.72
2.57

7 2.20× 2.20

[23], 2018 three
SIW
MSL

2.33
5.08
29.6

17.6
11.81
7.7

0.75
0.89
2.8

/ No 0.46× 0.21 No

[24], 2019 two SIW
6.5
7.35
8.15

2.31
2.04
2.45

1.74
1.82
1.96

6 No 1.91× 0.57 No

[25], 2021 single SIW

8.02
11.44
12.52

1.35
3.58
3.39

1.91
1.35
1.43

4

No

1.11× 1.11

No
7.7
11.0
12.1

4.63
3.40
3.14

1.98
2.01
2.15

/ 1.52× 1.52

[26], 2024 single SSPP
1.45
3.43
4.45

200
24.8
24.2

0.8 / No 0.47× 0.05 No

[27], 2025 single
SIW
SSPP

24.65
26.95
29.3

5.27
7.05
4.77

0.5
0.7
0.8

/ No 1.68 No

This work single SIW
6.9
10.1
13.3

7.6
12.2
7.4

0.8
0.9
2

6 Yes 1.29 × 1.62 Yes

Footnote: MSL: Microstrip line, SSPP: Spoof Surface Plasmon Polaritons, FBW: Fractional Bandwidth, IL: Insertion loss,
ADI: Adjustable bandwidth independently TZ: Transmission zero, λg: The guided wavelength, LC: Inductor capacitor.

(a) (b)

FIGURE 15. Proposed SIW triple-band BPF, (a) experimental photograph of the fabricated SIW filter, (b) comparison results of simulated, equivalent
circuit and measured S-parameters.
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A comparison between the performances of the proposed
triple-band BPF and those of the other previous filters presented
in the literature is conducted, as tabulated in Table 2. The pro-
posed filter has a good IL and excellent rejection stopbandswith
six TZs. In addition, the proposed triple-band BPF represents
a simple compact structure size with a flexible assignment of
bands, due to the perturbation cavities.

5. CONCLUSION
In this work, a new design structure of a triple-band BPF based
on one main and two secondaries planar SIW cavities was pro-
posed. The four modes of themain cavity realized by the seven-
perturbation metallic vias were considered as a backbone of the
three passbands of the proposed filter. The two secondary cavi-
ties were used to achieve flexibility and independent bandwidth
passbands of the proposed filter. The three-operation ranges
of the proposed triple-band BPF are [6.71GHz–7.24GHz],
[9.50GHz–10.8GHz], and [12.69GHz–13.89GHz] with good
IL (above 2 dB) and RL (less than 10 dB) in each passband. The
proposed SIW triple-band BPF was modeled with an LC circuit
model and validated by fabrication, and its performance was
measured and compared with the simulation results. A good
agreement among simulation, experiment, and the LC circuit
model results is obtained, due to the simple filter design and its
good performance. The flexibility of passbands and the com-
pact size of the proposed filter open up opportunities for using
it in multifunctional communication applications.
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