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Abstract — This paper presents an ultra-wideband bandpass
filter (UWB-BPF) based on a half-mode substrate-integrated
waveguide (HMSIW) structure with a passband that spans from
4.12 to 11 GHz and has a center frequency of 7.56 GHz with
a fractional bandwidth of 91%. Less than 0.3 dB of insertion
loss was achieved through the passband, with the return loss
being better than 19 dB. Two transmission zeros were gener-
ated, contributing to the 5.24 GHz out-of-band rejection. The
proposed filter is compact, making it a good choice for space-
constrained systems. In addition, a notch response has been
utilized to comply with standards issued by applicable regula-
tory bodies, by blocking some bands located in the passband.
Ansys EDT software was used to implement the design and de-
termine the response of the proposed structure, while Keysight
ADS was used to validate the results.

Keywords — compact filter, half-mode SIW, notch response, slots
loaded, ultra-wideband

1. Introduction

Ultra-wideband technology (UWB) represents a remarkable
step in the development of wireless communication systems.
Due to its fractional bandwidth (FBW) of more than 20% [1],
it has a wide range of applications and is used, inter alia, in
medical imaging, ground penetration radars, surveillance, and
portable electronic devices. The importance of UWB devices
comes from their role in enhancing overall performance and,
thus, increasing the reliability of wireless communication.
The latter may be achieved mainly by minimizing interference
to maintain integrity of signals.

Many papers focusing on UWB technology have been writ-
ten. As far as filter design is concerned, the following works
are worth mentioning as significant. Multiple UWB filters
were discussed in [2], while a single notch UWB bandpass
filter (UWB-BPF) was created in [3], [4] by using modi-
fied substrate-integrated waveguide (SIW) in combination
with a dual-split square complementary split ring resonator
(CSRR).

A miniaturized frequency-selective surface with intricate

square-shaped rings and grids was presented in [5] to real-
ize a dual-band BPF (DB-BPF). Although it has a compact
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size, the high complexity of using cascaded layers is a signif-
icant drawback due to the manufacturing tolerances that are
achievable at present.

A half-mode SIW-based (HMSIW) resonator loaded with
square-shaped slot was presented in [6]. It has a simple struc-
ture with a fairly small footprint. However, it provides narrow
upper band rejection. In article [7], another SIW-based res-
onator loaded with U-shaped slots was proposed to illustrate
the BPF response. The filter has two notches generated by fur-
ther loading the resonator with lumped elements (capacitors).
This filter is considered large and the design is characterized
by poor impedance matching within the operating passband.

In [8], researchers presented an UWB-BPF component using
a butterfly-shaped unit cell to load the coplanar waveguide
technology. Additionally, T-resonators were added to the
structure to obtain a notch response within the passband re-
gion. An UWB-BPF using open-stub resonators with stepped
impedance is discussed in [9].

The resonators take advantage of using multimode quarter-
wavelength series transformers. A defected ground structure
(DGS) in a bowtie-shaped pattern and a grid of multi slots
were engraved on the top layers of an SIW resonator to
produce an UWB-BPF response in [10], while a combination
of spoof surface plasmon polaritons (SSPP) and HM-SIW
were used to form UWB-BPF response for Ka- and X-band
applications in papers [11], [12].

A quasi-lumped SIW cavity was proposed in [13], despite its
high-profile structure, because many SMD capacitors were
integrated on the top layer to reduce the overall size. In [14],
the researchers realized a hybrid fractal slot on the top of
a HM-SIW resonator with the help of a square-ring CSRR
unit cell, such as DGS, to create a BPF structure, while fractal-
based miniaturization with meander line slots was applied on
an SIW cavity in [15] to implement a wideband planar BPF.

Field perturbation achieved by applying upper surface slots
in a triangular-shaped SIW cavity was carried out in [16] to
obtain UWB-BPF response. Lastly, a single sector of a 2.2-
degree SIW-based cavity was shown in [17] to deliver a dual-
mode UWB response.
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Fig. 1. Distribution of fields in an SIW cavity: a) fundamental mode,
b) second mode, and ¢) fourth mode.

This paper presents a four-pole planar HMSIW filter with
UWB-BPF response, where three slots were embedded on
the top of the resonator to apply the miniaturization effect to
the design. A notch response (NR) was implemented within
the passband.

2. Filter Design

Field distribution is a crucial factor in the design of any
SIW filter. The distribution of fields is affected by the mode
in which the resonator is being excited at. Typically, an
SIW cavity is constructed with the use of walls of metallic
vias through which the traveling electromagnetic wave is
guided and confined within the used substrate. The modes
at which the SIW resonator works are transverse electric
modes (TE). Ansys EDT simulator software was used to
carry out the design and evaluation processes. Figure 1 shows
the distribution of the electric field within an SIW cavity
model.

Primarily, to design an SIW resonator, the following equations
from [18], [19] can be used:
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In Egs. (1)—(6), p is the pitch between two vias (measured
from the center of the vias), d is the diameter of each via, )\,
is the guided wavelength, m and n are mode numbers with
respect to the TE mode. Parameter W stands for the effective
width, Wy is the width of the SIW, L is the effective length,

and Lgrw is the length of the SIW.

To miniaturize the SIW structure, a half-mode technique has
been used, where the width of the HMSIW cavity becomes %
[20]. In this filter design, the Rogers RO4003 substrate with
relative permittivity €, = 3.55, loss tangent tan § = 0.0027,
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Fig. 2. Initial filter design.

Tab. 1. Dimensions of the initial design (all in mm).

’ Desc. ‘ Value ‘ Desc. ‘ Value ‘ Desc. ‘ Value ‘

Ly 3.8 Wi 0.5 R 0.3
Ly 10.8 Wy 7.227 P 1.2
Ls 7.3 W3 1.7 D, 29
Ly 10.8 Wy 3.5 Ch 0.6
Ls 3.465 Ws 1.13 Cs 0.6

and height & = 0.508 mm was used. The initial structure is
based on Eqgs. (1)—(6) and is shown in Fig. 2. The dimensions
are listed in Tab. 1.

The response of the initial design is shown in Fig. 3. It can
be noticed that the lower cut-off frequency f; is 5.1 GHz,
while the upper cut-off frequency f5 is located at 15.5 GHz.
Furthermore, the passband response suffers from rippling,
which degrades the performance of the filter. In other words,
the filter shows a higher insertion loss (IL) in a specific part of
the passband region. Additionally, the signal reflection at the
ports is too high due to the band performance being driven
by the S response.

To further miniaturize and improve the proposed filter, res-
onators were loaded onto the top layer of the SIW with com-
plementary T-shaped and U-shaped slots, as illustrated in
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Fig. 3. S11 and Sz parameters of the initial design.
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Fig. 4. Modification of the slots and dimensions of the design.

Ly

Lg

Tab. 2. Dimensions of the coupling slots (all in mm).

’ Desc. ‘ Value ‘ Desc. ‘ Value ‘ Desc. ‘ Value ‘

We 1 Lg 295 | Ly 2.6
W 0.4 Ly 2.9 L 1.4
Wy 0.3 Ls 2.25 D, 0.3
W 0.35 Lo 3.45 Gy 0.1

Fig. 4a. Furthermore, to increase the order of the filter and
enhance its response, two HMSIW resonators were used,
and a coupling complementary open-ring slot was added be-
tween them. The coupling slot with its parameter notations is
shown in Fig. 4b, while the parameters of the slots are listed
in Tab. 2.

Such a modified UWB-BPF filter structure is depicted in
Fig. 5, with its dimensions presented in Tab. 3.
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Fig. 5. Improved UWB-BPF.

Tab. 3. Dimensions of the proposed UWB-BPF (all in mm).

’ Desc. ‘ Value ‘ Desc. ‘ Value ‘ Desc. ‘ Value ‘

Lis 19.2 D, 2.95 Dy 2.6
Lis 3.8 Ds 1.26 Dy 2.45
L 18 Ds 1 Do 0.2
Dy | 4465 | D- 3.8
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Fig. 6. S21 versus frequency for various D2 and G1 values.

3. Design Analysis

To achieve the best performance of the proposed filter, a set
of parametric studies were performed. This research helps to
find the design parameters that have the greatest effect on the
filter’s response. Mainly, parameters Dy, G1, L7, Lg, D2 and
W, are the ones with significant impact on the BPF response.
It can be noticed that changes in Dy and G; improve the out-
of-band rejection (OBR) response, which is very important to
suppress resonance harmonics. However, it is clear that Do
has the strongest impact on OBR, as illustrated in Fig. 6.

Then parameter L; was varied, influencing the location of
the upper band cutoff frequency (UBCF). As shown in Fig. 7,
an increase in Ly results in shifting UBCF to lower values,
without impact on the lower band cutoff frequency (LBCF).
In other words, the bandwidth of this filter can be modified
without changing LBCF.

The next analysis proves that changing Lg affects the location
of LBCF, while UBCF remains the same. It can be concluded
that an increase in Lg lowers LBCF, which allows to minimize
the filter’s size and makes it more suitable for use in space
constrained devices that require the filter to work with lower
frequencies. Figure 8 confirms that, opposite to the impact
of L7, an increase in Lg also leads to a higher bandwidth
response.
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In conjunction with the reflection coefficient at the designated
ports of the proposed filter, it can be determined that parameter
W, has the biggest impact on S1; response, as presented in
Fig. 9.
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Fig. 7. Impact on So; caused by variation of L7 parameter.
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Fig. 8. Study of the Lg parameter.

4. Design Optimization

To enhance filter response, a search-based multi-objective
optimization technique available in the Ansys EDT simulator
was utilized. The criteria were set to have the minimum
possible insertion loss (IL) with the return loss (RL) greater
than 20 dB across the passband.

Such a condition aims to minimize power losses suffered while
passing through the filter and to diminish the reflection at the
ports of the proposed filter for the entire required passband.
Ly, Ls, W3, Wy, Dy, D¢, Dg, Dy and D1 parameters were
used in the optimization.

The simulation findings of the proposed BPF are shown in
Fig. 10, where f; = 4.12 GHz and fo = 11 GHz. IL is found
to be better than 0.3 dB with RL over 19 dB. Furthermore,
two transmission zeros were realized at 13.66 GHz and 14.68
GHz. This helps to achieve an improved wideband rejection
behavior, where it spans for 5.24 GHz after f» with rejection
of up to 50 dB.

The proposed UWB-BPF has a center frequency (CF) of 7.56
GHz and FBW of 91%. The filter size is calculated to be
18 x 8.265 mm, or 0.348 x 0.758 A4, where ), is the guided
wave length at the filter CF.

4.1. In-band Rejection Response

For any UWB-BF, it is important to have an NR in the
passband (or band-stop behavior). This is a necessary step to
suppress some signals that lie within bands that are required
to be blocked due to regulatory compliance.

To produce NR, a modification must be applied to the pro-
posed filter by loading the excitation ends of the filter with
L-shaped shunt resonators, where they were integrated within
the inset slots to maintain the same proposed filter size. The
modified filter design structure is demonstrated in Fig. 11 and
its characteristic dimensions are listed in Tab. 4.

A parametric study was conducted to examine the design
parameter that has the most impact on NR. Figures 12-13
illustrate the variation in width W and length Lg of the
L-shaped shunt resonators. One may notice that increasing
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Fig. 9. S11 parameter versus frequency with variable W.

Fig. 10. Response of the S parameters of the proposed UWB-BPF.
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Wy and Lg leads to moving NR to lower frequencies, with
almost no effect on any other regions in the filter’s response.
However, W variations tend to be more effective in shifting
the location of NR to frequencies lower than that of Lg.

Frequency response of the proposed filter is presented in
Fig. 14. By comparing the results shown in Figs. 10 and 14,
one may conclude that the response of the modified UWB-
BPF matches that of the originally proposed UWB-BPF,
except at the location where the notch was applied.

In the next step, the Ansys EDT simulator was utilized to plot
the electric field (EF) of selected frequencies. EFs at 2 GHz
and 13.35 GHz, where no power was transferred through the
filter, are illustrated in Figs. 15a and 15d, respectively. For
the in-band region, EFs at 6.35 GHz and 10.5 GHz are shown
in Figs. 15b-c.

Moreover, Fig. 15¢ illustrates the EF at which the notch was
generated, where the notch is trapped in the notch structure
and no power was transferred between the input and output
ports.
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Fig. 11. Modified UWB-BPF structure.

Tab. 4. Characteristic dimensions of the modified UWB-BPF (all in
mm).

’ Desc. ‘ Value ‘ Desc. ‘ Value ‘ Desc. ‘ Value ‘
Go 0.1 Cs 0.6 Wio 3.5
Gs 0.1 Cy 0.8 Lg 1.8
Gy 3.265 Cs 0.2 Ws 0.2
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Fig. 13. Parametric study concerning the L g parameter.

5. Experimental Evaluation and
Verification

To validate the Ansys EDT simulated UWB-BPF responses,
the proposed filter and its modified version were also sim-
ulated in Keysight ADS software (a 2.5D momentum EM
simulator). The responses of the filters were in alignment
with the findings obtained using Ansys EDT. Figure 16 il-
lustrates the responses of the proposed UWB-BPF obtained
using Ansys EDT and Keysight ADS.

It may be concluded that the very small differences between
the two findings (Figs. 10, 14 and Figs. 16, 17) come from how
the two EM simulators calculated the designs and the methods
that were being used to solve the proposed structures. Being
a full-wave simulator, Ansys EDT uses the finite element
method (FEM), whereas Keysight ADS relies on the method
of momentum (MoM) to solve the EM structures, hence the
variations shown above.

Table 5 provides a detailed comparison between the most
recent published work and the proposed filter. One may
summarize that the designed filter structure achieved IL
and RL parameters that were better than those obtained by

Sz1 [dB]

2 4 6 8 10 12 14 16
Frequency [GHz]

S parameters [dB]
IS
S

Frequency [GHz]

Fig. 12. Parametric study concerning Ws.
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Fig. 14. Response of the S parameters of the modified UWB-BPF.
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Fig. 15. Electric field at: a) 2 GHz, b) 6.35 GHz,c) 10.50 GHz d)
13.35 GHz, and e) 7.6 GHz.

most of its counterparts. Furthermore, the proposed filter is
characterized by a smaller size in comparison with [3], [4], [6],
but is larger when compared with [21].

6. Conclusions

In this paper, a UWB-BPF based on HMSIW and loaded with
three different-shaped slots was proposed. The filter operates

a) 0
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—80
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Fig. 16. S parameters of the proposed UWB-BPF obtained with
Ansys EDT and Keysight ADS simulators: a) S11 and b) So.

in the frequency band between 4.12 GHz and a 11 GHz, with
FBW of 91% and a low IL level of 0.3 dB at the CF. Its RL is
better than 19 dB. The structure was designed with a small
filter area of 0.26 )\!2] making it suitable for modern compact
systems.

Moreover, integrated L-shaped slots were included within
the same filter area to introduce an NR through the passband
region. Compared with filters described in works published
earlier, the proposed solution achieved a stronger overall
balance of bandwidth, loss, and size.

Tab. 5. Comparison with other works.

CF FBW RL Size
Ref. [GHz] [%] IL [%] [%] ]
[3] 6.6 106 <18 > 10 0.37

<16 > 15 0.37

[4] 6.7 107
[6] 11.65 119 <03 > 20 0.29

[21] 6.5 92 | <174 | >15 | 024
This |5 56 91 <03 | >19 | 026
paper
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Fig. 17. S parameters of the modified UWB-BPF obtained with
Ansys EDT and Keysight ADS simulators: a) S1; and b) S21.
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