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Abstract—The paper proposes a new third-order Chebyshev
bandpass filter based on the substrate integrated waveguide
(SIW) manufacturing technology using an inductive iris and
a defected ground structure (DGS) station to resonate in the
Ka frequency band, intended for wireless communication ap-
plications. All steps that are necessary for designing such a fil-
ter have been described in detail based on specific analytical
equations harnessed to calculate the different synthesizable
parameters of the proposed band-pass filter design, such as
the coupling matrix, quality coefficients and initial geometric
dimensions. The filter’s ideal frequency response is extracted
from an equivalent circuit employing localized elements de-
veloped with the use of Design Microwave Office Software.
Otherwise, HFSS is employed to set the initial parameters of
the proposed topology that will not meet the target specifica-
tions defined previously. Accordingly, optimization procedures
are necessary for different SIW band-pass filter parameters
to reach a high frequency response for the proposed design.
The detailed results presented show high efficiency of the SIW
technology that offers good performance with lower filter vol-
umes. Two topologies have been developed and then optimized
to demonstrate the usefulness of EM software.
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1. Introduction

Operational frequency bands used in satellite wireless sys-
tems have become highly saturated these days, especially
due to huge demand created by multimedia applications.
This requires that the operational frequency range be broad-
ened by considering new design techniques and technolo-
gies for different passive and active microwave devices. Ac-
cordingly, a thorough investigation has been performed to
study the behavior of superconducting front-end planar de-
vices at the Ka band (2640 GHz) in order to expand the ad-
ditional range and to meet the future requirements of wire-
less communications [1]. In fact, with all the prospects as-
sociated with this considerable frequency band, it is always
desirable to design simple, robust and reliable components,
characterized by reduced weight, energy consumption and
by low cost. Accordingly, this study investigates primarily
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the modern technologies relied upon for developing inte-
grated filters operating in the Ka band, notably the SIW
technology, in order to demonstrate its high integrability
and to achieve good performance parameters.
Traditionally, waveguides were used in designing high-
performance filters that claimed a complicated transition
to integrated planar devices taking into account their bulky
size. The straight forward solution is to combine a rectan-
gular waveguide into the microstrip structure, forming the
so-called substrate-integrated waveguide [2] offering good
quality factor Q at the input due to the dielectric filling
caused by volume reduction [3]. SIW side walls are com-
monly formed by using metallic via-holes or post walls [4].
Furthermore, many manufacturing techniques may be com-
bined with the substrate integrated waveguide technology
to implement different filter topologies. These include, for
instance, the DGS technique that is an emerging method
relied upon to enhance such filter parameters as narrow
operating bandwidth or high weight [5].

This paper presents two design topologies of a novel third
pole band-pass filter based on the SIW technology to op-
erate at the Ka band. The first design uses a simple cavity
structure. The other, however, employs a new SIW-DGS
structure to eliminate losses by avoiding disturbance close
to the resonance point and by suppressing higher mode har-
monics, thus mastering mutual coupling.

The paper is organized as follows. Section 1 presents the
main synthesis steps and coupling matrix calculations for
the SIW filter. Section 2 describes, in detail, the process of
synthesizing, simulating and optimizing the three pole SIW
filter. Section 3 illustrates the design principles of the pro-
posed filter and smiling of the admittance inverter based on
perforated, and Section 4 compares the two topologies of
the three pole SIW filter.

2. Substrate Integrated Wave Guide
Filters

SIW filters with inductive shunt coupling may be designed
easily using an air-filled rectangular waveguide. The filter
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may be formed by either a shunt inductive post or an iris
inductive shunt aperture, as reported in [6]. As indicated
in Fig. 1, the first example of the developed SIW band-
pass filter model employs the iris inductive shunt. Different
resonances are caused due to inductive shunt coupling, in
addition to two microstrip-to-SIW transitions at the input
and the output. The smallest inductive shunts facilitate
input/output coupling, while the biggest ones provide inter-
resonator coupling [1]. The filter design procedures are
similar to those of an air-filled waveguide filter based on
the coupling-matrix technique. Finally, properties of the
modeled SIW filter make it possible to manufacture low
profile and low-cost microwave filters.
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Fig. 1. First SIW band-pass filter model with the iris inductive
shunt.

3. Formation of the Coupling Matrix
from the Low Pass Prototype
The transmission coefficient of a low pass prototype filter

network, defined as the ratio of the transmitted power to
the available power, may be represented as [7]:
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where € is related to the band-pass ripple and the band-pass
return loss Ry via:

82;. 2)

R
/1076 — 1

Ky (s) is the characteristic function of degree N and has the
following form:
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where s, = j®, is the location of the n-th transmission zero
in the complex s plane. Since the rational polynomial Ky (s)
represents the ratio of polynomials F(s) and P(s), it is more
appropriate to represent Ky(s) in the following form:

Ky(s) = . 4)
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Polynomials F(s) and P(s) are formed by the zeros of re-
flection and transmission, respectively, and are assumed to
be known with their highest coefficients as unity. Using
the conservation of energy formula for a lossless filter, the
polynomial E(s) is determined as:

|P(s)]
&2

2 2
[E@[ = |F + ®)
The coupling values M;; (i=1,2,...,N and j=1,2,...,N)
fully define the filter. Using the Kirchhoft’s voltage law,
the coupling matrix is derived via an impedance matrix
from a set of loop equations.
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The loop analysis of the filter yields the following result:
e] = (ATl (©)

ForL=L;...=L; [H],C=C;...C; [F], and s =jo and the
two-port scattering parameters, the transfer and reflection
functions are given by [3]:
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The general matrix A comprising coupling coefficients m;;
and external quality factors g; .y is presented in [4] as:
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Fig. 2. Generalized model of a cross-coupled resonator filter.

where p is the complex lowpass frequency, @y is the center
frequency of the filter, FBW is the fractional bandwidth of
the filter, g; ey (i=1,...,n) is the scaled external quality
factors of the resonator i, and m;; is the normalized cou-
pling coefficients between the resonator i and j [8].

4. SIW Filter Design Using Cross
Coupled Resonators

For demonstration purposes, a highly selective third-pole
SIW filter with the configuration shown in Fig. 2 has been
designed. A cross coupled model is given as an example
to illustrate the proposed solution. The target specifications
of the SIW band-pass filter are shown in Table 1.

Table 1
Target specifications of the SIW band-pass filter

Center frequency ‘

f, =28.86 GHz |

Bandwidth BW = 1050 MHz (FBW = 3.63%)

Bandpass ripples Lag =0.0431 dB

Bandpass return

loss R; =20dB

Stopband rejection S 40 dB

level

The element values of the lowpass prototype filter are found
to be g1 = g3 =0.8516, go» = 1.1032. The design parame-
ters, i.e. the de-normalized external quality factors, can be
determined by means of the following formulas [9]:

_ 8081
FBW’

Q= Su8ntl )

QeS FBW

M FBW
ii+1 — ’
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i=lton—1, (10)

M
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i=1,...,n. (11)
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From Eq. (10), in the first step of the design, the lowpass
prototype filter elements with the following ideal coupling
matrix are evaluated:

0 0.0375 0
M = 0.0375 0 0.0375
0 0.0375 0

M= Qext_e = Qex[_y = 234068 .

Capacitance Cy and the inductance Ly are derived from:

Qel
Co= ——— =2.5816 pF 12
0 Wo X 7 pr, ( )
Lo= _ 91 60118 0H. (13)
wo X Q1
The series impedances Zy», Z3, Z34 are:
Z

Zijy]=—— . (14)

s M;_1; % Qe1

The series impedances are: Zy; = 50 Q, Zj = 56.91 Q,
Zy3 =56.91 Q.

Qexrfe M1,2 M2,3 A/[3,4
Fig. 3. Generalized model for SIW coupled resonator filter.

Figure 3 shows the corresponding coupling/routing diagram
with SIW resonators used to implement the filtering meth-
ods that is characteristic of the SIW technology. M;;
indicates the direct coupling sequence.

Figure 4 shows an equivalent circuit of the BPF. This circuit
consists of three parallel LCR resonators which are sepa-
rated by wavelength microstrip lines. As shown in Fig. 4,
the transmission line 8 = +90° at the center frequency and
wo = ﬁ are employed to represents the coupling coeffi-
cient. This circuit model does account for the loss effect.
The RLC microstrip transmission line unit section is sim-
ulated using Microwave Office (AWR) Software. The pro-
posed filter’s ideal frequency response of the equivalent
circuit is presented in Fig. 5, which provides a return loss
coefficient of less than 25 dB for a bandpass of 1.05 GHz
at the center frequency of 28.86 GHz.
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Fig. 4. Coarse model of the third order SIW band-pass filter.
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Fig. 5. Ideal response curve of the third order SIW to a band-pass
filter based on the CM technique.

5. Simulation of Third Order Band-Pass
SIW Filter

In this section, a third order iris SIW band-pass filter is
simulated. In the prototype fabrication process, the Arlon
Di-Clad 880 substrate with a thickness of 0.25 mm, a di-
electric constant of 2.2 and a loss tangent of 0.009 was
used. For the desired resonance frequency of 28.86 GHz,
diameter d of the metal sights is 0.7 mm, with pitch P of
1.04 mm to prevent radiation leakage [10]:

¢ _ 30
fiolv/&  28.86-10%/2.2 ’
~0.1=d=0.7mm ,

|&m

o

A
%%0.67z>P:1.04mm.

Length Leq and width Weq are equal to 5 mm for a single
SIW square cavity, as calculated in:

2 2
c T T
= — — — | =28.86 GH
fio1 27/, \/(Weq> + <Leq> “

Weq=Leq =5 mm .
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Wsiw spacing between the two rows of holes is a relevant
physical parameter that is necessary for designing a SIW
structure. It may be determined from empirical equations
as a function of the equivalent width Weq of the rectangular
waveguide, offering the same characteristics in the funda-
mental mode for the same height and the same dielectric
constant:

2

0.95P

Wstw = Weg + ~5.5mm |,

Wstw = L =5.5 mm (square cavity) ,

W, = 0.4(Wsjw — d) ~ 7.304 mm |,

IN

L[§k7

> >

C
fovE '
L, ~13.12mm .
The preliminary dimensions of the third-order band-pass
filter structure are presented in Table 2, and its topology is
shown in Fig. 6. The three resonators are coupled together
using an inductive iris, while the two end resonators are
coupled to excite and load by 50  microstrip line.
Figure 7 illustrates a very low frequency response when
simulating the structure’s initial geometric parameters

Table 2

Preliminary dimensions of the third order band-pass filter
Parameters . Size
group Type Descriptor [mm]
Width Wraper 1.92
Taper Length Lruper 4.00
Width Wsiw 5.50
SIW guide Via p 1.04
Diameter Dy 0.70
Width X1 4.50
Resonator Width X2 4.50
Width D, 0.15
Length k 2.40
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Fig. 6. 3D view of the proposed filter.
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Fig. 7. S parameters of the proposed SIW band-pass filter with
initial geometric parameters.

which provide a very poor reflection and transmission co-
efficients of 5 dB and 2 dB, respectively, for a passband
greater than 1.45 GHz in the 28.20-29.65 GHz band. Ac-
cordingly, the structure is then optimized using HFSS soft-
ware to improve the filter response.

0

_5,
-10 A
-154
204
-25,
=304
-354
-40,
45

)

S parameters [dB]

27.0 27.5 28.0 285 29.0 29.5 30.0 30.5 31.0
Frequency [GHz]

— §,,[dB] S, [dB]

Fig. 8. S parameters of the optimized SIW band-pass filter.

Figure 8 shows a high frequency response for the optimized
structure. The reflection coefficient is less than 25 dB
and the transmission coefficient is approximately 1 dB for
the resonance frequency of 28.82 GHz and a passband of
1.05 GHz. Table 3 presents, in detail, the different di-
mensional changes introduced based on optimization pro-
cedures. Optimized dimensions of the 3rd order SIW band-
pass filter structure are presented in Table 3.
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Table 3
Optimized dimensions of the filter

Parameter | Size [mm)] | Parameter | Size [mm)] |

Wso 0.8 I5 2.00
W, 1.6 L 4.00
Ws[w 5.6 ag 4.95
di 0.80 ai 4.50
d 0.15 k 2.4

[ 5 10 gmm)

Fig. 9. Simulated E field distribution.

Figure 9 presents the simulated field layout of the proposed
SIW band-pass filter for the TE101 propagation mode, at
the center frequency with two circular propagating zones
in a single SIW filter cavity.

6. SIW Structure Variation Effects

As shown in Fig. 10, after optimizing the iris inductive
shunt filter with the use of the HFSS simulator, the fre-
quency response becomes very close to the ideal specifi-
cation with a passband of 1.045 GHz, center frequency of
approx. 28.85 GHz, and reflection losses of less than 25 dB.
The curves presented in Fig. 11 demonstrate that variations
of the opening diameter influence the center frequency in-
versely to the WSIW width variation effect. In fact, an
increase in the diameter causes right shifting, while a de-
crease in the diameter causes left shifting. As a result, the

dB]

S parameters [

-4527.0 27‘.5 22;.0 2£§.5 2§.O 2‘9.5 36.0 36.5 31.0
Frequency [GHz]
------ S\ Wiw =355 - Sy W, =5.55
——= 8 W4, =56  ——=8, W, =56
— S, W4, =565 — S, W, =565

Fig. 10. Wsw spacing variation effect.
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Fig. 11. Variation of the D diameter.

resonant frequency may be a function of both, with changes
to the opening diameter and Wgpw width introduced.

7. SIW Band-pass Filter Based DGS
Technique

In the next step, the proposed model has been modified
by implementing the defected ground structure (DGS), as
shown in Fig. 12. The DGS technique is implemented
through three-slot forms at the ground’s upper surface, in

(@)

(b)

Fig. 12. Topology of the SIW band-pass filter using the DGS
technique: (a) HFSS model, (b) slot geometry.

Table 4
Slot form dimensions

Parameter | Value [mm] | Parameter | Value [mm] |

W 0.1 g 2.50
S 0.1 L 9.95

order to obtain a very low profile for a passband of 4 GHz
and center frequency of 27 GHz. Table 4 presents the pa-
rameters of the implemented slots described in Fig. 12.
Simulation results presented in Fig. 13 show that the re-
sponse of the new filter is improved, as the low return loss
equals 27 dB and good transmission with 1 dB for a central
frequency of approximately 29 GHz and a 4.12% fractional
bandwidth.

Distribution of E field does not change when implemen-
ting slots at the ground Fig. 14. This demonstrates that
the DGS technique allows to enhance the filter’s response
without affecting field distribution. In order to validate
the two SIW filter models proposed above, a comparison
with paper [11] using shunt inductive posts is performed

S parameters [dB]

45 ] ‘ ‘ ‘ ‘ ‘ ‘ ‘
27.0 27.5 28.0 285 29.0 29.5 30.0 305 31.0
Frequency [GHz]

—— S,;,tuned --—- S;;, tuned
-—— S,,,tuned —— S,;, tuned

Fig. 13. S parameters of the SIW band-pass iris shunt inductive
filter based on DGS.

E Field[V_per_m

3.7549€+004
3.1291€+004

2.5032¢+004
1.8774e+004
1.2516e+004
6.2561¢+003

4. 8873¢-004

Fig. 14. Simulated E field distribution obtained by SIW DGS
band-pass filter.

Table 5
EM frequency response comparison
Ref FBW | Insertion loss | Return loss
clerence and FO [dB] [dB]

[11], filter using 3.87%, 15 15
inductive shunt posts | 29.18 :

First model — SIW iris | 3.64%, 15 75
inductive shunt filter 28.82 :

Second model — SIW | 4.12%, 11 27
based DGS filter 29.09 )
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for the same filter order and passband of between 28.35
and 29.75 GHz, as presented in Table 5.

The proposed filter designs offer good electromagnetic per-
formance in the Ka band. They are characterized by a low
return loss and good transmission compared with the de-
signs presented in other studies that validate both the accu-
racy of the modeling method relied upon and the efficiency
of the selected EM simulator.

8. Conclusion

This paper presents two novel topologies of a third order
band-pass iris shunt inductive filter using the SIW technol-
ogy and the DGS technique. Both filters use the coupling
matrix method which turns out to be a very useful tool
for direct filter synthesis. Analytical formulas are used to
calculate the filter’s different geometric parameters and ef-
ficient optimization techniques are employed to reduce the
effective dielectric permittivity on certain waveguide sec-
tions in order to achieve high performance demonstrated
by a low reflection coefficient and a good transmission co-
efficient for the entire passband. Filters of this type are
designed for use used in the Ka frequency band that is
very suitable for satellite communications.
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