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ABSTRACT In this paper, the application of the stepped impedance synthesis technique in the design
of tunable wideband substrate integrated waveguide (SIW) Chebyshev filters is explored. By employing
Chebyshev transfer functions and stepped impedances, achieved through impedance inverters, a Chebyshev
bandpass response can be attained by combining the lowpass characteristics of this stepped impedance
technique with the highpass behavior of the SIW (quasi-TE ;o mode). The novel contribution of this work lies
in extending this approach to designing tunable wideband SIW filters using varactor diode tuning elements.
Unlike existing design methods of tunable SIW bandpass filters, the proposed technique fixes the lower
cut-off frequency of the bandpass response around the cut-off frequency of the SIW TE;9 mode, while
essentially allowing adjustment of the higher cut-off frequency. This adjustment is facilitated by varying
the impedance inverters and phase shifts of the filter sections. This is achieved by inserting varactor diodes
between elliptic patterns and the SIW structure, and between SIW line sections and floating metallic posts.
This innovative method has been applied to a third-order tunable wideband SIW filter. The measurements
of the manufactured prototype have offered a significant tuning range (15.3%) with high-performance
frequency responses (return loss higher than RL = 13 dB and insertion loss lower than IL = 1 dB), and
a completely different tuning mechanism as compared to previous approaches.

INDEX TERMS Bandpass filter, substrate integrated waveguide (SIW), stepped impedance filter, tunable

filter, varactor diode.

I. INTRODUCTION and spectral efficiency, which is crucial for addressing

The constant growth of the number of different standards
for multichannel wireless and satellite communication sys-
tems, increasingly demands for high-performance microwave
filters with tunable frequency responses, compact sizes,
and cost-effective manufacturing [1], [2]. Tunable wide-
band bandpass filters are key elements in high data rate
applications [3], [4], as they provide flexibility, adaptability,
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the dynamic and complex challenges of wideband/ultra-
wideband systems.

Among the different technologies such as planar, substrate
integrated waveguide (SIW) and rectangular waveguides,
SIW has some advantages over others for implementing
tunable filtering components [5]. It is a hybrid technology
that integrates some characteristics and advantages from
both planar and rectangular ones. SIW components usu-
ally have lower insertion loss and higher power handling
capability than microstrip based designs. They provide a
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FIGURE 1. Structure of the third-order tunable wideband SIW bandpass
filter using varactor diodes (shown as red areas). (a) Top view with insets
of the elliptic patterns etched on the metallic ellipses. (b) Bottom view
with inset of the floating metallic post.

compact and lightweight solution with a low profile, thus
facilitating the integration of active and passive components
on the same substrate, unlike those in rectangular waveg-
uides. The manufacturing of SIW components is easier and
more cost-effective than their counterparts in rectangular
waveguides, since SIW technology is compatible with printed
circuit board (PCB) and low-temperature cofired ceramic
(LTCC) techniques.

A large number of tuning elements and materials have
been used to implement reconfigurable SIW bandpass fil-
ters for microwave applications. The implementation of
these filters is mainly based on cavities that include tuning
through screws [6], ferroelectric ceramics [7], varactor diodes
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TABLE 1. Design specifications for the tunable wideband SIW bandpass
filter.

Parameter Value
Filter type Chebyshev
Order n 3
Return loss in the passband, RL (dB) 20
Cut-off frequency of the SIW f; ¢,y (GHz) 2.17
Higher cut-off frequency at |S;,| = —20 dB, f; ; (GHz) 3.45
Cut-off angle, 6, (°) 25
Substrate permittivity, &, 10.2
Thickness of the substrate, # (mm) 0.635

and ferrite slabs [8], thin-film capacitors [9], RF MEMS
switches [10], [11], liquid metal [12], varactor diodes [13],
[14], [15]; as well as resonators using liquid crystal [16],
pin diodes [17], and varactor diodes [18], [19]. Due to
their cavity- and resonator-based configurations, these SIW
bandpass filters are usually characterized by their narrow
bandwidths (FBW < 10%). In these designs, the extensive
use of varactor diodes is emphasized, owing to their advan-
tages compared to the other tuning elements and materials.
Mainly, the varactor diodes provide a large range of contin-
uous frequency tuning by varying their capacitance, which
can change quickly in response to low levels of control sig-
nals. In addition, they have a reduced size and weight and
are not prone to mechanical wear since they have no mov-
ing parts. All these benefits make varactor diodes together
with SIW technology attractive for applications that require
high-performance components (filters), compact sizes, and
easy and cost-effective manufacturing such as in communi-
cation systems.

In this paper, the potential of the stepped impedance syn-
thesis technique is applied to the design of tunable wideband
SIW filters. The synthesis technique employs Chebyshev
transfer functions and impedance inverters [1], [20], which
are achieved through appropriately distributed, and dimen-
sioned elliptic patterns along a SIW line. In the same way
as [21], it is possible to achieve a bandpass response by
combining the lowpass stepped impedance technique with
the highpass behavior (quasi-TE;o mode) of the SIW. The
significant advance presented in this work lies in extending
this approach for the first time to the design of third-order
tunable wideband SIW filters using varactor diode tuning
elements. Unlike the design methods described in [6], [7],
(81, [91, (101, [111, [12], [13], [14], [15], [16], [17], [18],
and [19], in the proposed method, the lower cut-off frequency
(fc.r) of the passband varies little and it is close to the cut-off
frequency of the SIW TE g mode (f. (TE1¢)). Only the higher
cut-off frequency (fc g) of the passband can be essentially
adjusted by acting on the varactors’ control signals. To carry
out this purpose, the impedance inverters implemented by
elliptic patterns and the phase shifts of the SIW sections are
varied. This is achieved by placing varactor diodes in parallel
between the elliptic patterns and the SIW structure, as well
as between the line sections of the SIW and floating metallic
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TABLE 2. SIW dimensions for fc ; =2.17 GHz.

Parameter Value (mm) Parameter Value (mm)
d 0.6 14 1.1
w 21.9

posts that were added to perform phase shift adjustments.
Parallel diode connections in these specified locations of
the proposed filter provide increased capacity, a decrease
in insertion loss due to the lower equivalent resistance, and
improved reliability, since one of the diodes can continue to
operate in case the other fails.

This paper is organized as follows. The design of a
third-order tunable wideband SIW filter is described in
Section II. The manufacturing of a prototype and its mea-
surements are presented in Section III. Furthermore, the
performance of the proposed filter is compared with other
tunable SIW bandpass filters. Finally, conclusions are given
in Section IV.

Il. DESIGN OF THE TUNABLE WIDEBAND SIW
BANDPASS FILTER

The structure of the proposed tunable wideband SIW band-
pass filter is shown in Fig. 1. It is a third-order bandpass filter
with elliptic patterns, floating metallic posts and varactor
diodes. The bandpass response is achieved by combining
the highpass behavior of the SIW (quasi-TEjp mode) and
the lowpass characteristics of the elliptic patterns, which
are appropriately distributed throughout the structure. In this
design, the elliptic patterns work as impedance inverters, the
floating metallic posts form isolated pads, and the varactor
diodes allow the filter to be tuned at different higher cutoff
frequencies (f. ). The steps to design this filter with the
specifications included in Table 1 are described below. The
electromagnetic (EM) simulations were carried out by means
of a commercial simulator (Ansys Electronics).

A. SIW DESIGN

In this subsection, only the basic structure of the SIW (Fig. 1),
without varactor diodes, elliptic patterns and floating metallic
posts, is considered. The SIW structure is based on two rows
of metallic via-holes with diameter d and pitch length p. Both
rows are separated by a width W. A substrate with a dielectric
permittivity €, and thickness # is inserted between the top and
bottom plates. Table 2 includes the dimensions of the STW
for &, = 10.2 and & = 0.635 mm, which were optimized to
achieve the cut-off frequency fc srw = 2.17 GHz given in
Table 1 by means of the following relationship [22]

c

Je.stw(TE10) =
’ & P
28 (W= 1082 +0.1%)

ey

where ¢, and ¢ are the relative permittivity of the substrate
and the speed of light in vacuum, respectively. Low leakage
loss is obtained when p < 2d and d < 0.2W.
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FIGURE 2. Equivalent circuits for a third-order stepped impedance filter.

(a) Ideal stepped impedance circuit. (b) Circuit based on impedance
inverters.

B. DESIGN OF THE STEPPED IMPEDANCE FILTER

In this subsection, the structure of the third-order bandpass
filter (Fig. 1), without varactor diodes, is designed according
to specifications included in Table 1. The structure includes
four sections of length L; (i = 1,---,4). Each section is
composed of an elliptic pattern and two floating metallic
posts centered on the width W of the SIW. As can be seen
in Fig. 1, the elliptic patterns are implemented on the top
plane of the SIW structure. Each pattern is defined by three
ellipses of different sizes inserted between them. The largest
and smallest ellipses have, respectively, the dimensions (r;,
t;) and (b;, c;), while those of the intermediate ellipse that
is metalized are (s;, u;). The metalized intermediate ellipses
were added to create isolated pads for connecting the tuning
varactor diodes. The floating metallic posts (Fig. 1) have the
same dimensions in all four sections of the filter. They are
placed at 0.15L; from the input and output of the ith-section.
Each floating metallic post is isolated from the top and bottom
plates of the filter structure by a circular slot of width m — g.
The top and bottom circles of diameter m are connected by a
metalized via hole to implement the floating metallic posts.

The resulting elliptic pattern acts as impedance inverter and
its design parameters together with the length L; will allow
the S;; ; parameters of the ith-section to be adjusted with those
values obtained from the synthesis method based on stepped
impedances [1], [20]. However, the design of the floating
metallic posts should be designed to have little influence on
the S;;; parameters (without varactor diodes) and the filter
characteristics.

The bandpass response of the proposed filter is obtained by
combining the highpass behavior of the SIW and the lowpass
characteristics of the elliptic patterns. The cut-off frequency
(fc.stw) of the SIW, indicated in Table 1, was defined in
the previous subsection by optimizing the width W of the
SIW. The dimensions of the elliptic patterns and length L; are
determined according to the design specifications (Table 1)
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TABLE 3. Parameter values extracted from the stepped impedance
synthesis method for the equivalent circuits in Fig. 2 and the design
specifications given in Table 1.

Parameter | Value (Q) | Parameter | Value | Parameter | Value
Zy 2.073 Ky 0.694 | |S;14] 0.937
Z, 0.455 K, 0.468 | |S,1,] 0.768
Z3 02.073 K 0.468 | |S,q 5] 0.768
K, 0.694 | |S,1.4] 0.937
ZSo1i0 115°

i=1--,4

TABLE 4. Dimensions extracted from the design process for the
third-order Chebyshev bandpass filter in Fig. 1 and the design
specifications given in Table 1.

Parameter Value (mm) Parameter Value (mm)
Li=L, 10.3 L,=L, 9.2
=1 1.16 =13 1.46

S1 =S, 0.96 Sy =S3 1.17
t;=t, 3.8 t, = t; 5.23

Uy = Uy 3.46 Uy = Uz 4.9

by =b, 0.25 b, = b, 0.5
C1=0Cy 1 C, =C3 2.5

q 1.5 m 1

using a synthesis method based on stepped impedances and
the following steps [1], [20], [21]:

1) Find the transfer function of the third-order Chebyshev
lowpass filter.

2) Extract the three characteristic impedances (Z;, i =
1, 2, 3) of the filter equivalent circuit in Fig. 2(a) using
an iterative algorithm between its [ABCD] matrix and
the transfer function previously found.

3) Transform the three characteristic impedances (Z;, i =
1, 2, 3) with electrical length 6, of Fig. 2(a) into the four
sections of Fig. 2(b). Each section (Fig. 2(b)) is com-
posed by an impedance inverter (K;, i = 1, ---4) and
two SIW lines with the same characteristic impedance
Zy and electrical length 6, /2.

4) Find the S;-parameter of each section of the equivalent
circuit depicted in Fig. 2(b).

5) Find the design parameters (L;, rj, ti, b;, ci, Si, U;)
of each section of the filter in Fig. 1, including the
floating metallic posts (m, g) and its position (0.15L;),
by optimizing the magnitude and phase of its S;-
parameters with those obtained in step 4 using an EM
simulator at the higher cut-off frequency (f. ). It is
important to remark that the phase adjustment process
is able to take into account for the loading effect of
the elliptic patterns into the adjacent transmission line
sections.

6) Assemble the 4 sections of the filter with the dimen-
sions found in step 5. Perform a final optimization of
the filter dimensions to meet the desired specifications
(Table 1).

VOLUME 12, 2024
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FIGURE 3. Simulated S-parameters of the third-order wideband SIW
bandpass filter (without varactor diodes).

The values of the normalized impedance inverter and S;-
parameter in steps 3 and 4 are determined by

Ki=1//Z! \Z! 2
Ki/Zo — Zp/K; _;
St =Sy = — e (3)
Ki/Zo + Zo/K;
S$21,i =S12,i = 2 e 4
W A . )
J(Ki/Zy + Zp/K;)

where i = 1,2,3,4,Z/ = 1/Z;ifiis odd or Z/ = Z; if i is
even, and Zy = 1.

The values of the parameters extracted from this design
process are listed in Tables 3 and 4 for the design specifi-
cations indicated in Table 1. Table 3 gives the elements (steps
3 and 4) of the equivalent circuits depicted in Fig 2. The
four sections of the circuit shown in Fig. 2(b) have the same
phase shift: /S2;; = —90° — 6, = —115°. The physical
length L; of each section of the filter is optimized in step 5 to
match /81 ; = —115°. The final dimensions (step 6) of the
third-order Chebyshev bandpass filter shown in Fig. 1 are
indicated in Table 4.

Fig. 3 represents the simulated frequency response of the
third-order wideband STW bandpass filter (Fig. 1) after inte-
gration of the four individual filter sections, obtained from
the previous design process. This frequency response does
not include varactor diodes. Filter dimensions are specified in
Tables 2 and 4. As can be seen in Fig. 3, the EM simulations
coincide with the design specifications (Table 1) and the
floating metallic posts have no influence in the frequency
range 1.5 GHz — 7 GHz. The lower cut-off frequency f.; =
2.4 GHz of this filter at |S11| = —3 dB is essentially due
to the highpass behavior of the SIW (quasi-TE;¢p mode).
The small difference that can be observed between the lower
cut-off frequency of the passband f.; = 2.4 GHz and the
cut-off frequency of the SIW f. (TE19) = 2.17 GHz is due
to a small inductive component introduced by the elliptic
pattern as discussed in [23]. In addition, the higher cut-off
frequency fo.z = 3.45 GHz is consequence of the lowpass
characteristics of the four cascaded sections of length L; with
elliptic patterns. The proposed design offers a large 3 dB
fractional bandwidth FBW = 43%. The passband presents
three reflection zeros and return loss greater than RL = 20 dB.
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FIGURE 4. Simulated S-parameters of the third-order tunable SIW
bandpass filter. (a) |Sy; |- (b) |S21]-

TABLE 5. Capacitance values of the varactor diodes required to tune the
third-order SIW filter at some frequencies f; 4.

fen (GHz) Sections 1 and 4 Sections 2 and 3
C.(pF) C(pF) C.(pF) Cs(PF)
3.1 1.61 0.68 1.39 0.75
3.3 1.24 0.48 1.13 1.02
3.5 0.85 0.47 0.81 1.18
3.7 0.37 0.57 0.48 1.20

where the indices e and f correspond to the varactor diodes connected to the
elliptic pattern and floating metallic posts, respectively.

The spurious frequency appears at 6.2 GHz and the maximum
rejection level in the stopband reaches RLSB = 23 dB. The
size of this filter is: 22.5 mm (width) x 39 mm (length) x
0.635 mm (substrate thickness).

C. DESIGN OF THE TUNABLE STEPPED IMPEDANCE
FILTER
The objective of this last stage is to add tuning to the higher
cutoff frequency (f. m) of the passband to the third-order
stepped impedance filter previously designed. For this pur-
pose, silicon abrupt junction varactor diodes SMV 1405 from
Skyworks MV1405-040LF (packaging: SOD882) have been
inserted into the filter as in Fig. 1. This varactor diode exhibits
a low series resistance (0.8 €2), a high Q factor (3200) and
a capacitance variation from 0.37 pF to 2.36 pF for reverse
voltage between 30 V and 0 V, respectively. As can be seen
(Fig. 1), each section of the structure includes six varactor
diodes, which have the same dimensions: a; x by = 0.6 x
1mm?2. Two of them are located, in parallel, between the top
SIW and the x-axis of the elliptic pattern, while the other four
are equally placed between the two floating metallic posts and
the SIW. Two varactor diodes are mounted in parallel between
each floating metallic post and the SIW: one at the top plate
and the other one at the bottom plate.

The highpass and lowpass characteristics of the proposed
bandpass filter were respectively obtained by adjusting the
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TABLE 6. Dimensions of the microstrip-to-SIW transition.

Parameter Value (mm) Parameter Value (mm)
| W 0.612 Ly, 4
L, 24.9 W, 7.158
Low 5
£ P
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FIGURE 5. Top view of the third-order tunable SIW bandpass filter
structure with microstrip-to-SIW transitions and DC bias circuit.

choke inductor

P TR AT YT

FIGURE 6. Photographs of the manufactured third-order tunable
wideband SIW bandpass filter. (a) Top view. (b) Bottom view.

width W of the SIW and using the design process of the
previous subsection based on a stepped impedance tech-
nique. Therefore, the structure of the stepped impedance filter
was designed according to the equivalent circuit shown in
Fig. 2(b). Each section of the filter (Fig. 1) is defined by its
length L; and its elliptic pattern, which respectively perform
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a phase shift —90 — 6, and an impedance inverter of value
K; in the equivalent circuit (Fig. 2(b)). In this way, the two
varactor diodes placed between the SIW and the elliptic
pattern allow K; to be varied, while the four varactor diodes
situated between the SIW and the floating metallic posts are
used to adjust 6,. Parallel diode connections in the impedance
inverters (K;) and in 6,/2 line sections offer several benefits.
The total capacity in these specified locations is increased
without raising insertion loss, and the reliability of the filter is
improved. Lower insertion loss is due to decreased equivalent
resistance when diodes are connected in parallel. Addition-
ally, if one diode fails, the others can continue working,
thereby reducing the possibility of a complete filter failure.

The simulated frequency responses of the third-order SITW
bandpass filter (Fig. 1) are represented in Fig. 4 for four tuned
higher-cutoff frequencies f. . The capacitance values of the
varactor diodes (Skyworks SMV1405), required to tune these
frequencies, are indicated in Table 5. As can be seen in Fig. 4,
the lower cutoff frequency f, ; varies little around f. s;w =
2.17 GHz, while the higher cutoff frequency f. y can be
adjusted between 3.1 GHz and 3.7 GHz with passband return
loss higher than RL = 15 dB for all tuned frequencies. The
proposed filter offers a tuning range of 17.6% with respect to
the tuning center frequency f. yo = 3.4 GHz. The maximum
rejection level in the stopband is greater than RLSB = 20 dB
for the tuning range.

1IIl. FABRICATION AND RESULTS

An exponential microstrip-to-SIW transition has been added
at both ports of the filter structure (Fig. 5) [21], with the
dimensions indicated in Table 6 for carrying out the mea-
surements. The parameter values for this transition were
obtained through electromagnetic simulations and optimiza-
tion including the filter structure. In addition, a reverse DC
bias circuit has also been inserted to control the varactor
diodes. The DC bias circuit is based on 6 choke inductors
and 4 bypass capacitors to isolate the DC bias from the
RF signal, which have the following values L = 330 nH
(Johanson Technology, ref: LRW0603WIJR39GGO001E) and
C = 1 nF (Kyocera AVX, ref: 08055A102JAT2A). Four
reverse voltages (Ve1, Vea, Vr1, Vr2) have been needed to
tune the proposed bandpass filter. The pads where the positive
and negative potentials of these voltages must be applied in
the filter structure are indicated in Fig. 5. The connections
of the varactor diodes with the four reverse voltages have
also been highlighted with the labels A, B, C and D. The
designed third-order tunable SIW bandpass filter with the
dimensions included in Tables 2, 4 and 6 was manufactured
(Fig. 6) using a laser milling machine (LPKF ProtoLaser
S) on a RT/Duroid 6010 substrate with the following data:
& = 10.2, tgé = 0.0023 at 10 GHz, substrate thickness &
= 0.635 mm and copper thickness t = 18 pum. An SMA-to-
microstrip transition (Southwest) was also added to both filter
ports (not shown in Fig. 6) to carry out measurements and
coaxial (SMA) connection with the vector network analyzer
(VNA, R&S ZVA67). A full two-port TRL calibration of the
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FIGURE 7. Simulated and measured S-parameters of the third-order
tunable SIW bandpass filter. (a) [S11]. (b) |S21]-

VNA was previously performed between 2.5 GHz and 6 GHz
using a custom SIW TRL kit [24]. Each standard of the
custom SIW TRL kit includes microstrip-to-SIW and SMA-
to-microstrip transitions. SIW lengths for through, reflect,
and line are 10 mm, 5 mm, and 16 mm, respectively. In this
way, the reference planes (P, P») for the measurements of
the tunable SIW bandpass filter were located at 5 mm from
the input/output ports of the SIW structure (Fig. 5), thus
removing unwanted effects from cables, transitions, as well
as inherent systematic errors.

Fig. 7 depicts the simulated and measured frequency
responses of the manufactured third-order SIW bandpass
filter (Fig. 6) for three higher-cutoff frequencies f. i tuned
between their minimum and maximum values. As can be
seen, EM simulations and measurements exhibit similar
results. The maximum measured higher-cutoff frequency
Je.um = 3.85 GHz shows a slight variation of 0.15 GHz
towards a higher frequency with respect to the simulated
value f. gs = 3.7 GHz. This difference is due to possi-
ble manufacturing tolerances of the PCB and components,
as well as parasitic effects not considered in the EM
simulations. The continuous tuning range obtained from
measurements is 15.3% with respect to the tuning center
frequency fo. mo = 3.575 GHz. It is slightly lower than the
value (17.6%) achieved for the EM simulated tunable SIW
bandpass filter. The measured return and insertion losses in
the passband are higher than RL = 13 dB and lower than
IL = 1 dB, respectively. The maximum rejection level in
the stopband is higher than RLSB = 20 dB for the tuning
range.

The measured performance of the proposed third-order
tunable SIW bandpass filter is compared in Table 7 with other
reconfigurable SIW bandpass filters. As can be seen in this
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TABLE 7. Comparison between the proposed tunable SIW bandpass filter and other reconfigurable SIW bandpass filters reported in the literature.

Ref. Type Tuning Order Tuning Tuning range in FBW RL 1L Q. 2-D size
elements” n type’ GHz (%) (%) (dB) | (dB) (Aox o)
[6] Fig. 5 Resonant 1 screw 1 C 6.85-7.42 (8) 3.5 13 3 94 -
cavities
[7] Fig. 7 Resonant 1 FCS + 2 C 2.95-3.57 (19) 5.4 10.9 2.6 60 0.13x0.1
cavities 4 VDs
[8] Fig. 17 Resonant 4FSs+2 2 C 10.8-11.86 (9.3) 4 11 1.5 130 0.38%0.63
cavities VDs
[9] Fig. 6 Resonant 4 TFCs 2 D 1.4/.../2.7 (63.4) 6.2 13 2.7 150 0.24%0.24
cavities (6 states)
[10] Fig. 15 Resonant 6 RF 2 D 1.2/.../1.6 (28.5) 3.7 - 4.1 93 0.41x0.26
cavities MEMS (16 states)
[11] Fig. 19 Resonant 2 RF 2 D 0.71/.../1.01 (35.2) 114 10 42 27 0.06x0.11
cavities MEMS (8 states)
[12] Fig. 6 Resonant LM 2 D 1.76/2.02 (13.7) 5.9 16.6 2.6 _ 0.7%2.09
cavities (2 states)
[13] Fig.6 Resonant 2 VDs 2 C 2.64-2.88 (8.7) 5.5 20 3.63 _ 0.51x0.25
cavities
[14] Figs. 2-3 Resonant 2 VDs 1 C 1.91-2.09 (8.9) 7.5 14.8 1.87 _ _
cavities
[15] Fig. 15(b) Resonant 4 PAs+6 3 C 2.47-3.08 (22) 5 10 2.67 _ 0.42%0.4
cavities VDs
[16] Fig. 13 Resonators LC 2 C 16.41-17.06 (3.8) 39 10 3.4 _ 1.8x3.8
[17] Fig. 14 Resonators 2 PDs 1 D 5.8/6.8 (15.8) 7 32 0.5 _ 0.16x0.25
(2 states)
[18] Fig. 8(b) Resonators 32 VDs 3 C 1.24-1.8 (36.8) 5 15 4 103 0.6x0.21
[19] Fig. 14(a) Resonators 4 VDs 2 C 2.34-3 (24.7) 3 12 6.4 _ 0.6x0.21
This work Stepped 24 VDs 3 C 3.3-3.85(15.3) 43 13 1 12 0.27x0.46
impedances

FBW, RL, IL, Q,, and A, are the fractional bandwidth, return loss, insertion loss, unloaded quality factor and free-space wavelength at the center frequency of

the tuning range, respectively.

*FCS, FSs, LC, LM, PA, PDs, TFCs and VDs define ferroelectric ceramic substrate, ferrite slabs, liquid crystal, liquid metal, piezoelectric actuators, pin

diodes, thin-film capacitors, and varactor diodes, respectively.
C and D express continuous and discrete tuning ranges, respectively.

comparison table, resonant cavities and varactor diodes are
mainly used to design tunable bandpass filters. The order
n of these filters varies between 1 and 4. The tuning range
is mainly continuous, except for five cases [9], [10], [11],
[12], [17]. Discrete tuning designs provide a range between
13.7% and 63.4%, while continuous ones offer a variation
between 8% and 36.8%, with the proposed filter being 15.3%.
Although filter designs with discrete tuning offer a larger
range than their continuous counterparts, they may have some
limitations in terms of tuning accuracy and flexibility to
adapt to frequency changes compared to those with contin-
uous tuning systems. The tunable SIW bandpass filters are
narrowband (FBW < 10 %), except [11] and the proposed
tunable stepped impedance filter. The implementation of
wideband filters based on cavities as in [ 1 1] implies increased
design and manufacturing complexity due to its folded ridged
structure, a limited order, additional losses, and coupling
problems in contrast to the proposed SIW filter. Contrary to
other design methods that control the center frequency by
changing the capacitors of the resonant cavities or resonators,
the proposed tunable design technique essentially varies the
higher cutoff frequency (f; z). The measured tunable SIW
bandpass prototype (Fig. 7) exhibits higher passband per-
formance (RL = 13 dB, IL = 1 dB) compared to the other
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filters of order higher than 1. The unloaded quality factor
0, = 12 of the proposed filter, designed from a lowpass
prototype according to the design specification in Table 1,
has been obtained from the following relationship [20], [25],
[26]

4343 o

u = T i 8i (5)

where n = 3, IL = 1 dB, and g; are, respectively, the order
of the filter, insertion loss and element values of the lowpass
prototype for a passband ripple of 0.043 dB (RL = 20 dB):
g1 =83 =0.8516, go = 1.1032.

Although the insertion loss of the proposed filter is lower
compared to the other bandpass filters, except for [17], this
is the unloaded quality factor (Q,) is not higher. This is
because the proposed filter has been designed from a lowpass
prototype, and bandpass filters have higher Q,, factor due to
their narrower bandwidth, leading to higher stored energy
in the resonators. The Q, factor of bandpass filters can be
determined using (6) and the fractional bandwidth (FBW) as
follows [25], [26]

4.343 n
Qu= i D& (6)
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These relations indicate that the low insertion loss achieved
in our filter is also due to the wideband response, since
wideband filters naturally exhibit lower insertion losses than
narrowband filters. The normalized size of the proposed filter
to a first-order prototype is 0.274p x 0.1534g = 41.4 x
10’3102. This area is 17.6 and 12.5 times smaller and larger
than the largest [12] and smallest [11] previously reported
tunable SIW bandpass filter, respectively.

In term of cost, the proposed filter was fabricated on
a low-cost substrate (RT/duroid 6010) using a conven-
tional PCB process and employs 24 varactor diodes (Sky-
works SMV1405-040LF), which are commercially available.
Among the tunable filters using varactor diodes listed in
Table 7, only one includes a larger number of diodes [18].
Filters that only employ varactor diodes offer a favorable
balance between cost, dynamic tuning, and ease of manufac-
turing compared to those using other tuning elements (screws,
ferroelectric substrate, ferrite, liquid crystal, etc.). This makes
them a suitable option for applications that require fast and
accurate adjustments.

IV. CONCLUSION

This paper has investigated the application of the stepped
synthesis technique to design tunable wideband substrate
integrated waveguide (SIW) filters. The synthesis method
uses Chebyshev transfer functions and impedance invert-
ers, achieved through adequately distributed elliptic patterns
along a SIW line. Building upon previous work, where
a bandpass response was attained by combining lowpass
stepped impedance method with the highpass behavior of
SIW, this study extends the approach to develop a third-order
tunable wideband SIW filter using varactor diodes as tun-
ing elements. Unlike existing tunable methods, the proposed
design essentially fixes the lower cut-off frequency in the
passband, being close to the cut-off frequency of the SIW
TE1p mode, while allowing the higher cut-off frequency to
be properly adjusted. This tuning is achieved by varying
impedances inverters and phase shifts of the SIW line sections
by means of varactor diodes placed in specific locations in
the SIW filter structure. The impedance inverters are changed
by actuating on the varactor diodes situated between elliptic
patterns and the SIW structure, while the phases are shifted
through varactor diodes placed between SIW line sections
and floating metallic posts. This work, supported by mea-
surements from a manufactured prototype, has marked a
significant advancement in the design of tunable wideband
SIW filters, thus offering new possibilities for versatile and
efficient signal processing applications.
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