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Abstract—This paper features a step-by-step procedure for
designing, simulate, and manufacture a bandpass filter using an
inductive window topology within the substrate integrated
waveguide (SIW) technology. We have chosen an operating
frequency in the microwave range compatible with IoT circuits,
employing a dielectric material, the FR-4, which is low cost and
widely accessible. Even though it is not the most suitable material
for microwave circuits operating above a few gigahertz, we propose
to evaluate the challenges it poses on the filter design, in addition to
performing a comparison between the results obtained directly
from the analytical method, the computational simulations and
measured results in the built prototype.

Index Terms— Bandpass filter, SIW, microstrip, FR-4

I. INTRODUCTION

Newly developed technologies demand constant advancements in engineering techniques. Thus,
high-frequency circuits have undergone an extraordinary evolution in recent decades. Such reality has
been enhanced mainly by the increase in data traffic and the consequent depletion of available
bandwidth. Electromagnetic bandwidth, however, is a scarce resource, as it follows strict rules for its
use, and it is the lack of free channel in the radio frequency and microwave bands that pressures
industries to develop new systems with ever higher frequencies [1].

All this context certainly motivated the research of Hirokawa [2] and Uchimura [3], who were
the first to describe circuits using a new technology, which became known as Substrate Integrated
Waveguide (SIW). The SIW technology combines the advantages of planar technology and classic
metallic waveguides in a complementary way. Its components are light and compact. They use a
cheap and well-established manufacturing process: the printed circuits boards (using materials like
ceramic, Teflon™ and others). At the same time, they also exhibit a high-power capacity and
electromagnetic shielding, native to the technology, practically perfect. However, the most significant
advantage of SIW is that it integrates a complete system on a single substrate, including passive
components, active components, chipsets, and antennas. Today, a "state-of-the-art" in that matter
presents circuits operating at frequencies in the order of terahertz, silicon-based substrate integrated

waveguides and air-dielectric-integrated substrate waveguides, which have shown to be very
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promising, among many applications as mobile communications, radars for autonomous automobiles
and especially for [oT (Internet of Things).

As we can see, SIW technology is involved in some of the most important vectors of the 4.0
industry. A survey of the top executives of large technology companies revealed that 72% of
respondents believe that of the emerging technologies, [oT will have the main impact on their
business shortly, even more than Artificial Intelligence (68%), Big Data ( 54%) and Nanotechnology
(44%) [4]. Estimates made in 2010 predicted that by 2020 the world would have approximately 50
billion IoT devices connected [5]. But more recent studies have revised this estimate forecast to 24.1
billion devices by 2030, with total revenue above US 1.5 trillion [6]. In this context, the cost per node
unit is of paramount importance, and using the same substrate for the entire integration is simply
indispensable. Still focusing on the mass production of devices, the use of low-cost substrates is
essential. The lower cost of material and manufacturing, for instance, are pointed out as one of the
main barriers to the growth of the use of IoT technology [7].

In the present paper, we put forward a step-by-step analytical procedure for designing bandpass
filters exploring some design cheapening possibilities that could help to boost the IoT industry. In this
sense, we propose using a substrate integrated waveguide (SIW) technology built with a low-cost and
easily obtained material, the FR-4.

To illustrate our study, we chose a bandpass filter using SIW technology with an iris inductive
window. The referred topology is well known and widely used, making it a suitable case for
comparing the results obtained and those available in the current literature [8], [9]. The substrate used
in these referred studies is the Rogers RT Duroid 5870® laminates, which are very efficient for
microwave circuits, but whose price can reach a few dozen times higher than the FR-4. That
significant cost difference in substrate material has motivated us to invest time in researching the
utilization of low-cost laminates such as the FR-4 in microwave circuits. We also wanted to guide our
research to add knowledge in a rapidly developing area that is the internet of things (IoT). So, we
design our filter to operate at a frequency below 6 GHz [10].

Our goal will be to describe the design process for the microwave bandpass filter in SIW
technology. In Fig. 1, we can see one general SIW body representation, a filter constituent part we
want to design. Throughout the text, we will describe the theoretical modelling of each of the filter
components: the 50-ohm line, the tapered impedance transition, the waveguide body, and calculate the

Iris windows parameters.
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Fig. 1. SIW general structure with its main physical parameters

We organized the present paper as follows: In Section II, we review the basics of a SIW
structure and its main parameters. Then, we briefly discuss dielectric materials and present the FR-4
main features. Section III is the present contribution core and brings the general steps and equations to
reach the filter parameters. The SIW filter calculations are presented in detail. In Section IV, we
discuss the computational simulations, prototype construction, and measurement results, analyzing the
possible strategies to work around the problems we have found. In the last section, we added some

remarks and final comments about our research as article conclusion.

II. FUNDAMENTALS OF SIW

A.  Understanding the physical parameters
Fig. 2 illustrate the fundamental geometric parameters involved in the design of a SIW. The

SIW structure features two rows of metalized holes, with a diameter d, spaced with a distance aery,
where the orifices are spaced periodically by a distance p. The parameter 4 is the substrate thickness.
The two metallic layer’s function is to confine the electromagnetic wave inside the waveguide. It

plays the same role as the sidewalls in a traditional rectangular metallic waveguide [3].
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Fig. 2. Fraction of a waveguide that represents the SIW structure and main parameters. (Source: modified from [11])

B.  Choosing the most suitable substrate
The material used as a substrate is an essential element in the microwave circuit design. The market

offers a wide variety of options, but as explained in [12], the strategy of choosing the better-suited
material takes into account mechanical, thermal, and electromagnetic features in addition to economic
criteria. To ease the substrate choice, we can ask some questions aiming to guide the designer on the

best alternative path:
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* Could the substrate cost under consideration justify the circuit or system cost?

* What frequency bands are involved? (It will strongly influence the dielectrics thickness and the
ideal dielectric material permittivity).

» Metallic surface parameters are good enough to keep the conductor losses tolerable.

* Are the mechanical strength and thermal conductivity adequate for the application in question?

* Do the substrate has enough area to accommodate the electronics needed, considering mechanical
limitations, complexity, and circuits diversity, in addition to the operating frequency limits?

Of course, the list above is for reference only. It is not exhaustive, nor it intends to be a checklist.
Designers should formulate other questions or even neglect them, according to the complexity of each

design.

C. The FR-4 substrate
The flame-retardant formulation number 4 class of materials, known by the acronym FR-4, is

composed of fibreglass and an epoxy resin. It has high resistance to bending, heat, and humidity,
commercially used in printed circuit boards and electronic equipment in general. It can have
application in high-frequency circuits, and if the device has good loss tolerance is possible to use the
FR-4 beyond 5 GHz. However, for these cases, losses will increase rapidly with rising frequency [13].

At microwave frequencies, the dielectric losses overcome the metallic conductor losses. Typical
microstrip transmission lines exhibit a loss of 0.03 dB/cm/GHz for 1.6 mm thick substrate material.
Because of dielectric loss dominance, the attenuation increases almost linearly with increasing
frequency over a wide range. In such a case, the value is approximately 0.5 dB per wavelength [13].
In Fig. 3, we can see a chart with a comparison between the signal attenuation measured for a 200 mm
long transmission line fabricated with the FR-4 (& = 4.4 and tan § = 0.02) and other two distinct
dielectric materials (dielectric D1, with &- = 3.7 and tan 6 = 0.002 and dielectric D2, with & = 3.8 and
tan § = 0.005) [14]. Notice that the FR-4 material is much more dissipative than the other two

materials under consideration, and the rate of dissipation is nearly constant over the frequency range

shown.
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Fig. 3. Comparison of measured signal losses in distinct dielectric materials and the FR-4 (Source: [14])
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The FR-4, like other dielectric substrates commonly used in printed circuits, is a composite material.
The precise composition of these materials can present variations, depending on the manufacturer and
the production batch. In the case of FR-4, it has been found that different samples displayed values of
relative dielectric constant ranging from 4.1 to 4.9 [13]. The author of Ref. [13] also points out that
these distributions are not uniform. We can assume a +5% variation in this parameter as a rule of
thumb (as an example, a substrate with a dielectric constant of 4.2 may have a dielectric constant
ranging between 4.2 + 0.21).

For high-frequency transmission systems and signals with high bit rates (implying large
bandwidths), the dielectric constant and the substrate thickness must be precisely known and must be
regular and homogeneous in the parts used. Therefore, the FR-4 substrate is only suitable for a limited
number of microwave applications [12]. Fig. 4 shows the FR-4 relative permittivity as a function of
frequency for different glass reinforcements and resin percentage. Notice that the relative permittivity

varies appreciably with increasing frequency.
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Fig. 4. Behavior of FR-4 relative permittivity in high frequencies with different glass and percentage of resin.
(Source: [15])

In terms of cost, the FR-4 presents a huge difference concerning other substrates used in microwave
circuits. The PCB price can vary according to several characteristics, such as the number of samples
ordered, the substrate thickness, and due logistical and tax issues. However, despite its poor
performance for microwave circuits, the FR-4 can be a few dozen times cheaper than other materials,

and this cost disparity is enough motivation for research.

III. WAVEGUIDE AND FILTER DESIGN

A.  Filter specification
As noted in the introduction, our goal was to design a filter compatible with IoT circuits. Such

conditions lead us to specify our filter in the operating frequency range between 2.4 GHz and 6 GHz.

However, as we discuss before, high-frequency substrates are expensive. Thus, thinking to lower
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the cost of the project, we chose the FR-4 as a substrate. It is a material that, besides being low cost, is
widely available.

We are aware that FR-4 imposes some limitations to high-frequency circuits due to dielectric losses,
as discussed in Section II-C. Once we decided to use the FR-4 as a dielectric material, some concerns
became important in our decisions: filters that are too large physically may be suitable neither due to
the attenuation per unit length and the insertion losses that would be too large (see Fig. 3) nor with
remarkably high central frequencies, because of the frequency dispersion (see Fig. 4).

Therefore, we chose 2.85 GHz as the central frequency, as it is within the standard specification we
targeted, and it would not result in a filter as large physically, in addition to avoiding large dispersions
at higher frequencies.

The filter bandwidth in our experiment is 100 MHz, resulting in a quality factor of 28.5. From the
central frequency Fo and the bandwidth, we obtain the frequencies Fi and F», which are 2.8 GHz and
2.9 GHz (the cut-off frequencies, see Fig. 5).

We set the value of -45 dB for the attenuation in the rejection band. This value forces a low-order
filter, resulting in a physically smaller circuit. We also fixed the return loss at order -10 dB and the
insertion loss in the operating band of -2.5 dB. In Fig. 5, we can see the resulting mask with the

reference curve for our filter.

25dB ________ o Fy = 2,80 GHz
Fp=2,85 GHz
Fz2=2,90 GHz
Fa= 2,80 GHz

_li\/‘\/l Fo= 3,20 GHz

-45 dB e

SodE o

521

ol

F F F
1 2 E: Freq. (GHz)

Fig. 5. Bandpass filter mask specification (Source: modified from [16])

B.  The 50-ohm line

As discussed earlier, the SIW waveguide is based on microstrip technology. Therefore, the first
filter design step consists of the 50-ohm microstrip line calculation. Fig. 6 shows the main physical
parameters of a simple microstrip circuit that are significant for the project.

We found the method for calculating a microstrip line in [17]. The design input data are the
characteristic impedance Zo, the substrate thickness /A, and the substrate relative dielectric constant &;.
Using these parameters, we can calculate the microstrip line width w value, with the ratio wh and

using (1) or (2), as the case may be.
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Microstrip
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Fig. 6. Physical parameters of a microstrip line (Source: modified from [12])
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According to [17], the 50-ohm line length £ can be calculated for a phase shift of 270° by:

2700(12:;0)
(=

B 3)

where S is the phase constant. For the €. computation, we will use the equations presented in [18]. In

that study, the authors considered only the line geometry through the ratio w/h. The value of €e could
still be refined by considering other parameters, like the microstrip metal thickness and the dispersion

effects. However, in the present contribution, we will use the following expression:

-0.5
g =% +1+‘9r2_1[1+12ﬁj .

¢ 2 w
4)
One parameter given for the calculation is the input impedance Zo, which depends on the project

context (being, therefore, an arbitrary value), which in our case, we chose to be 50 Q. From de
manufacturer datasheet, we still use the parameters dielectric constant &, and the dielectric thickness h.

All mentioned parameters are relevant to determine the ratio w/ using equations (1) or (2).

C. The SIW body
Fig. 1 shows a SIW body schematic picture. The parameters d and p are the through-hole diameter,

which will connect the waveguide to the ground plane, and the distance between the through-hole
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centres. In [12], the authors assert that the value of width d should be a small segment of the
waveguide aerr. We can assume, for the sake of simplicity, a widely used condition, i.e., d < aefs / 8.
However, in practice, the d value is limited by the availability of the tools to drill the through-holes
[8]. The distance between the holes must respect the condition p < 2d [12]. Greater p values may
introduce significant signal attenuation due to failure in the electromagnetic wave confinement within
the guide causing radiation losses. The waveguide effective width aesr is calculated through the

following equation:

C
aeﬁv =,
2f;10\/8_e (5)

where fm is the waveguide cut-off frequency value in fundamental mode. It is possible to obtain fm
from the table of standards for rectangular waveguides in [15], according to the frequency range that
the circuit desired will operate.

Fig. 7 shows a graph found in [20]. We can see a region in the d/A. and p/A. plane, where the SIW
is equivalent to the rectangular waveguide, and it has a negligible radiation loss, besides, to not
present flaws in the passband. We must design the waveguide body observing these rules described

above to ensure it stays within the interest region showed in the graph.
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Fig. 7. Chart representing the geometric rules for waveguide body designing (Source: [20])

We calculated the guided wavelength value, using the following expression:

27

c 2

o (6)
the total (minimum) length value of the waveguide body is slightly larger than the wavelength A.

value, always remembering that the waveguide must contain a few inductive windows that satisfy the
filter specifications.

Brazilian Microwave and Optoelectronics Society-SBMO received 15 Apr 2021; for review 15 May 2021; accepted 2 Dec 2021
Brazilian Society of Electromagnetism-SBMag © 2022 SBMO/SBMag @)y | ISSN 2179-1074


https://orcid.org/0000-0002-4181-5914
https://orcid.org/0000-0002-6522-6049
https://orcid.org/0000-0001-5110-5214
https://orcid.org/0000-0003-2251-5673

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 21, No. 1, March 2022
DOI: http://dx.doi.org/10.1590/2179-10742022v21i11306 91

To calculate the waveguide body, we need to define the metallic hole d diameter and the distance
between holes p according to the design rules illustrated by the graph in Fig. 7. It is interesting to note
that there are several possibilities for the values of p and d that work without impacting the filter
response. Theoretically, once the conditions from the graph represented in Fig. 7 are guaranteed, the
waveguide should work correctly.

To calculate the effective width aerr, we use (5), where it is necessary to inform the cut-off
frequency fmw value. Note that for the filter desired frequency range (with a frequency between 2.2
GHz to 3.3 GHz and a central frequency of 2.85 GHz), the cut-off frequency must be lower than 2.2
GHz. Consulting the table in [19], we found that our standard waveguide size is the WR340, which
has a cut-off frequency in fundamental mode fr = 1.736 GHz. The total waveguide width (dimension
ws, shown in Fig. 1), we may consider aesr plus the space enough to accommodate the entire circuit,
and for the line length calculation (dimension #3, shown in Fig. 1), we use (3).

As commented before, the waveguide body total length €3 depends on the distances between the
inductive windows and is defined only after calculating these parameters. For now, we should only
keep in mind that the waveguide body total length must be sufficient to accommodate all

discontinuities in the chosen topology.

D. The tapered transitions
It is also necessary to integrate the SIW structures with the microstrip transmission line. The

integration step is responsible for the impedance match between the 50-ohm line and the SIW
waveguide body. The impedance transition width is a relevant point in the SIW filter design.
Inaccuracy in this calculus might cause a considerable difference in the circuit performance.

There are several types of transitions described in [1] and [21]. In our project (since we are using
microstrip at “low” microwave frequencies), we choose the conical transition integration.

In Fig. 8, we illustrate the schematic of a SIW, displaying the physical parameters to be calculated.
Note the width w matches the microstrip 50-ohm line width already calculated, and the width w; is
the parameter we want to find. The length ¥, calculation uses the equation (3). From [21], we found
the following equations to calculate the transition width wo:
%h{swiﬁ 0.25%)
— = 1207 )

nhmzﬂs% +0.667 1{2%1.444)}

(7)

g/‘
+ g1 1
+
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Where, n= ”MO/ 0 the substrate relevant electromagnetic parameters (thickness 4 and relative
dielectric constant, &) and the microstrip 50-ohm width w1 are known. Finally, we can then solve (7)
and arrive at the width w» value. We found in [22] that solves the equations in a graphic form that
quate simplifies the solution visualization. We reproduce the graph here in Fig. 9 with some

modifications. We can find the value of w» in the intersection between curves.

Tapered
Transition

50 ohm line
waveguide body

Fig. 8. Basic schematics with main physic parameters of a SIW (Source: modified from [8])
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Fig. 9. We can find the tapered transition width w» in the curve’s intercession.
E.  Filter prototyping and the bandpass filter design
We can move on to the next step of the project: the filter design, which consists of calculating the
low-pass prototype, scaling and converting the filter. We will utilize the frequency values seen in the
mask of Fig. 5. The equations below describe the steps to calculate the filter prototype parameters. We

use (08) and (09), to calculate the impedance inverters. We will use this data to calculate the resonant
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cavities physical parameters of our filter. Here, the parameter Zo (50 Q) is the input impedance, and g
q are the elements normalized for the chosen Chebyshev 0.01 ripple response and can be found in [17].
The parameter wais the fractional bandwidth, calculated in (11). The generator impedance value is the
standard wi’=1. To calculate the average guided wavelength A40, we use (10), and the wavelength
values Ag41 and Ag2, are calculated by (06). With (12), we calculate the fractional guided wavelength

bandwidth and the normalized prototype frequencies w/ wi’, as described by [23].

Kn,n+1 _ Z Wg
Zy \2g.8.mM ®)
K _mw, 1
— igl —//ng
&o 2 (10)
Wg — Agll_ igz ,
2o (11)
LL[% ﬂ]
woow, /lgU (12)

Then, also from [23], we calculate the shunt reactances Xj, j+1/ Zo, according to (13). Equation (14)

and (15) directly calculate the length £ of each resonant cavity.

X, _ Z,
Zy 1_(](1]“}
“ (13)
2X .. 2X
0, = ”—%{tanl( Z"_]"’ J+ tanl(_zw“ H’

0 : (14)

) 9%
Y 2rx as)

The diagram verification of the inductive window gap is also critical for the correct filter operation.
The method to find the parameters was described by [24] and use the equation (13). In Fig. 10, we can
see the chart plotted with the parameters for our bandpass filter. We observe the two points used to
obtain the window opening parameters (0.45 and 0.27). We still need to multiply these values by aefy,
calculated by (5), and finally, we have the iris windows width.

There are still the distances between the inductive window to calculate. For the mentioned step, we

use (14) and (15).
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Fig. 10. Chart that uses the equations found in [24] and simplify the determination of Iris width.

In Fig.11, we present the final bandpass filter layout with all its constructive parameters, with
values described in Table I.
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Fig. 11. Schematic showing all geometric parameters of the bandpass filter in SIW technology.

TABLE 1. SIW FILTER PHYSICAL PARAMETERS

Parameters Value Unit
Dielectric thickness (4) 1.6 mm
Dielectric Rel. permittivity. (&) 4.5

Dielectric Tangential loss (8) 0.027
Characteristic impedance (Zg) 50 ohms
Width line 50 ohms (w1) 2.94 mm
Length line 50 ohms (£1) 20.37 mm
Cooper thickness (t) 17.1 um
Length tapered transition (£2) 20.37 mm
Width transition (w2) 14.62 mm
Width waveguide (aeff) 41 mm
Length waveguide (€3) 90 mm
Through-hole diameter (d) 1 mm
Through-hole length (p) 2.5 mm
Width IRIS window (d1=d4) 18.44 mm
Width IRIS window (d2=d3) 11.26 mm
Length IRIS Window (L=L3) 25.88 mm
Length IRIS Window (L2) 28.42 mm
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IV. PROTOTYPE SIMULATIONS AND MEASUREMENT

A.  Material and methods
The computational tool we have chosen for the electromagnetic simulation is the ADS Momentum

3D Planar EM simulator from Keysight Technologies. ADS Momentum 3D is an electromagnetic
simulator used for modelling and analyzing passive circuits. We use the manufacturer electrical
parameters for the dielectric substrate simulation and, for the charts, uses the S parameters. To
perform prototype measurements, we use a network analyzer from Keysight (ENA E5063A®). To
implement connections, we use 50 ohms coaxial cables and SMA connectors. All those components
were de-embedded using the Keysight toolkit. In Fig. 12, we can see the upper and lower prototype
sides photo.

Fig. 12. Photo showing the prototype upper and lower sides.

B.  Comparison between measurement and simulation
Analysing prototype measurement, we could consider the analytical method precision and how

accurate the computational simulation would be concerning what was calculated.

Fig. 13 shows the prototype measurement compared with the reference curve (which has the design
parameters specified initially) and the graphs obtained through electromagnetic simulation.

The simulation values were gathered directly from analytical equations, and we can see that it does
not reach the specification. The picture clearly shows such behaviour, as we can see the discrepancies
in the frequency shift and attenuation. The probable reason for the difference regarding the simulated
curve frequency shift is the dispersion that the FR-4 material presents, which is quite significant, as
we have seen, quite significant. We may observe that there is also a frequency shift between the
simulated curve and the measurement. The phenomenon suggests a distortion between the dielectric
constant parameter provided by the manufacturer (and which we use in our calculations) and the
material dielectric constant. According to [13], it is common to have variations in the order of +5% in
the parameter value for FR-4 material, not only for materials from different manufacturers but even

materials within the same batch, as commented earlier.
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Fig. 13. Comparison between the prototype measuring, simulation, and reference curves.

We can also notice that the passband value, both for the simulated curve and the measurement, had
a result quite out of target. Originally the passband was specified at 100 MHz, but the measured
values for the simulated curve were 187 MHz and for the measured, 192 MHz.

Another relevant factor to observe concerns the attenuation in the passband in both curves:
simulation and measurement. By the way, notice that the simulation presents a considerable
attenuation concerning the measure. The reason for the attenuation may be the FR-4 dissipation factor
(tangential loss), which according to the dielectric’s datasheet, is 0.027. Such value is remarkably
high for the filter frequency range in question. The difference between the simulated curve and the
measured curve suggests that the dissipation factor value provided in the FR-4 specification is not the
same as the actual value that the material presents.

Although the results in Fig.13 show some deviation from the original specification and even
considering the material used, the curves presented appear to be reasonable, as they are like other
publications results, as in [9], [16] and [25].

C. Analysis

As suggested above, we raised the hypothesis that the differences in frequency in Fig. 13 could be
caused by a discrepancy between the real material dielectric constant value and the value provided by
the FR-4 manufacturer. According to [13], the relative permittivity value can vary from 4.1 to 4.9.
With this information in mind, and to confirm whether our suspicions were well-founded, we plotted
in Fig. 14 the simulation of our prototype for some values of dielectric constant in the indicated range.

Analyzing the curves, we found that the dielectric constant, ranging from 4.1 to 4.9, causes a
frequency shift. We also see that the relative dielectric constant & = 4.3 graph practically coincides
with the measurement curve, which is an indication that the new data is the material's real relative

dielectric constant value, instead of that provided by the manufacturer of & = 4.5.
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Fig. 14. Measured curve and simulations for different dielectric constants.

Following the same reasoning, we also did a simulation for the other parameter that showed a
discrepancy between the simulation and the measurement: the dissipation factor. According to the
work of [12], the parameter value can vary from 0.01 to 0.027 for the FR-4. Analysing the curves
plotted in Fig. 15, we can see that the attenuation changes accordingly with the dissipation factor

variation.
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Fig. 15. Measured curve and Simulation curves for different dissipation factors.

We observe that the curve with the simulation for the dissipation factor of 0.018 almost coincides

with the measurement value. The previously mentioned behaviour confirms our assumption that the
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dissipation factor value provided by the FR-4 manufacturer does not match with the actual material
used. For the simulation, we have already used the correct relative dielectric constant value, 4.3.

The analysis of Fig. 14 and Fig. 15 leads us to the probable real values for the parameters of
dielectric constant (& = 4.3) and dissipation factor (tan § = 0.018). We can now realize a new SIW
prototype simulation with the improved parameters and compare it with the measured curve, shown in
Fig. 13. Fig. 16 presents the new simulation for S21 (insertion loss) and S11 (return loss). We can see
now that the curves are remarkably close to the measured curves for both: frequency and attenuation.

The analytical method presented in the article was developed originally for filters designed in
rectangular metallic waveguide technology. There is vast literature studying the analytical
equivalences between SIW technology and rectangular waveguides. We cite here the work of [26].
Regarding the accuracy of this equivalence, [21] reminds us that these analytical models are not
perfect because capacitive effects in the SIW transitions are not considered. Indeed, for our
experiment with FR-4, we had a good comprehension of these calculation inaccuracies and how they
can cause distortions. However, we can conclude that with a full-wave electromagnetic simulation
tool and precise dielectric parameters knowledge, it is possible to build prototypes of filters in SIW

technology with reliability.

0r

S,
-

-10

=20

=30

Mag. [dB]

-40

=== 311 - Simulated
-50- —— S21 - Simulated
=--=-= 511 - Measured
— 521 - Measured

-60 | 1 1 1 ! 1 | )
2 2.2 2.4 2.6 28 3 3.2 34 3.6 3.8 .
Freq. [Hz] x10

Fig. 16. After adjustments, the simulation and measurement curves look remarkably similar.

With the new electric parameters for the dielectric, we can recalculate the filter’s constructive
parameters. To change them, we used the method described in the works of [8] and [27], which
consists of manually adjusting these parameters directly in the filter layout in the simulation stage.

The new physical measures already improved for the new prototype can be seen in Table II.
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TABLE II. SIW FILTER WITH NEW PHYSICAL PARAMETERS
Parameters Value Unit
Dielectric thickness (/) 1.6 mm

Dielectric Rel. permittivity. (&r) 43

Dielectric Tangential loss (9) 0.018
Characteristic impedance (Z) 50 ohms
Width line 50 ohms (w1) 2.94 mm
Length line 50 ohms (£1) 20.37 mm
Cooper thickness (t) 17.1 um
Length tapered transition (£2) 20.37 mm
Width transition (w2) 14.62 mm
Width waveguide (aeff) 41 mm
Length waveguide (¥£3) 95 mm
Through-hole diameter (d) 1 mm
Through-hole length (p) 2.5 mm
Width IRIS window (d1=d4) 19.2 mm
Width IRIS window (d2=d3) 10.8 mm
Length IRIS Window (L1=L3) 29.6 mm
Length IRIS Window (L2) 30.7 mm

Fig. 17 illustrate a comparison between the simulation curve for the improved prototype with the
reference curve. Examining the picture, we can observe that with the new parameters for the iris
window and the adjusted resonant cavity length, we finally managed to get close to the reference
values concerning the frequencies involved. The bandwidth result is also better (140MHz), and the
filter quality factor is 20.3. Finally, the observed insertion loss amounts to -7 dB, and any
improvements are limited by the used material dissipation factor. The new value we found (0.018) is

still too high to approach the original specification.
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Fig. 17. Simulation curve (already with adjustments) compared with the initial specification curve.

The utilization of a less dissipative substrate would present better values for the bandwidth and the
filter quality factor and make it more selective. This behaviour can be found in other published works,

as in [9] and [28].

Brazilian Microwave and Optoelectronics Society-SBMO received 15 Apr 2021; for review 15 May 2021; accepted 2 Dec 2021
Brazilian Society of Electromagnetism-SBMag © 2022 SBMO/SBMag @)y | ISSN 2179-1074


https://orcid.org/0000-0002-4181-5914
https://orcid.org/0000-0002-6522-6049
https://orcid.org/0000-0001-5110-5214
https://orcid.org/0000-0003-2251-5673

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 21, No. 1, March 2022
DOI: http://dx.doi.org/10.1590/2179-10742022v21i11306 100

V. CONCLUSION

In the present paper, we show a step-by-step process for designing a microwave bandpass filter in
SIW technology, using a low-cost substrate. Throughout the text, we have introduced the theoretical
modelling for each filter component, performed the computational simulations using full-wave
software, and realized the measurements on the built prototype. We noticed the discrepancies between
the theoretical result and the measurements executed, made the necessary adjustments, and reached
satisfactory results. The low-cost substrate we chose, the FR-4, is very close to the design
expectations, although it is sure that less dissipative substrates would perform better. However, for

low-cost applications, the use of FR-4 material is widely justified.
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