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ABSTRACT A novel low profile mechanical tuning technique is introduced in this paper to change the center
frequency of substrate integrated waveguide (SIW) based reconfigurable bandpass filters (BPF), by loading
dielectric rods of different permittivity in resonant cavities and coupling apertures. The technique is simple,
cost-effective (rods are machined from conventional substrates), and the same physical structure provides a
wide frequency tuning. First, the tunability of center frequency of the SIW cavity resonator is theoretically
explained and then estimated with the help of full-wave 3D EM simulator and electrical equivalent circuit.
This concept is extended to the tuning of coupled resonator BPF loaded with dielectric rods followed by
the analysis of maintaining constant bandwidth. Following the analysis technique, the tunability concept is
studied for different arrangements of dielectric rods inside the SIW BPFs. The characteristics of the fabricated
filters are experimentally validated. It is shown that center frequency tunability can be achieved by simply
varying the permittivity of all the dielectric rods simultaneously. The proposed technique is further extended
for obtaining wider tunability and constant bandwidth by using dielectric rods of dissimilar permittivities
from a look up table. These designs demonstrate a simple and cost-effective passive tuning technique
achieving high Q-factors in the range of 102–210.5, lowest insertion loss <2dB above 10 GHz, and wide
tuning bandwidth in X-band. The reconfigurable filters are developed for advanced high-speed, long-distance,
and fixed wireless connectivity in a rural area at a low cost. The technique can also be used for temperature
compensation and overcoming fabrication uncertainty.

INDEX TERMS Band pass filter (BPF), dielectric rod, reconfigurable, substrate integrated waveguide (SIW).

I. INTRODUCTION
Integrated bandpass filters (BPF) are key elements for achiev-
ing compactness and performance in an RF module [1]. Fur-
ther, reconfigurable filters are important in dynamic spectrum
management in cognitive and software-define-radio design
platforms and phase-controlled systems for both military and
civilian applications. In a multi-band communication sys-
tem, wideband tracking receivers, and multichannel front-end
modules (FEM) for radar, and mobile communication sys-
tems, reconfigurable filter plays significant role. In advanced
point-to-multipoint (P2MP) and point-to-point (P2P) radios
(including 5G) and especially for fixed and affordable high-
speed internet connection in the hard-to-reach areas, such as
small islands and rural areas, multi-channel FDM (frequency

division multiplex) is essential. The module should provide
high data rate at a long range with reduced power consump-
tion and ensuring that customer premise equipment (CPE) is
affordable and easier to be installed in a remote area where
power is limited or non-existent. As depicted in Fig. 1, the
central node i.e., the base station works as the FDM trans-
mitter which transmits one frequency to one user and other
frequency to another user. Different CPEs are attached to dif-
ferent users that require various transmit/receive filters operat-
ing at different frequency bands that are pre-decided and fixed.
To avoid crosstalk between these users, network providers
need to manufacture BPF of a large variety for various
CPE operating at different frequency bands/channels, which
makes the components inventory management and CPE very
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FIGURE 1. Point to multi-point (P2MP) communication.

expensive. Alternatively, active tuned filters are used which re-
quire additional complex DC bias circuit, which not only suf-
fers from component’s size, complexity and reliability penal-
ties but also makes the component/solution more expensive
and power consuming.

The proposed mechanical tuning technique is used to de-
sign the filters for CPEs where same fabricated structure can
be used at fixed but different frequencies with different di-
electric rod loading. The filter is reconfigured to different
channel frequencies for different CPEs with passive tuning.
Although mechanical tuning is slower than electrical tuning.
But in this application, switching speed is not the main con-
cern. Since once the design is reconfigured, it remains in that
configuration for that CPE. In industry, this solution makes
the inventory management cost effective and easier for the
network providers.

Most commonly available frequency tuning techniques in-
clude electrical tuning using semiconductor varactor diodes
[2]–[6] and PIN diodes [7]–[11], magnetic tuning using
ferrite materials mainly yttrium-iron-garnet (YIG) [12]–
[17], ferroelectric materials [18]–[23] and using micro-
electromechanical systems (MEMS) [24]–[29]. The proposed
tuning technique in this paper is demonstrated based on SIW
technology. In comparison to planar transmission lines such
as microstrip and coplanar waveguides, SIW exhibits high-
power handling capacity and is easily integrable with other
planar transmission lines and active devices. SIW also inher-
its the characteristics of rectangular waveguides and planar
transmission lines [30]. Different electronically tunable SIW
filters are already reported using PIN diodes [31], MEMS de-
vices [32], varactor diode [33], ferroelectric ceramic substrate
[34], ferrite [35]–[36], plasma [37]. Discrete mechanical tun-
ing is proposed in [38]–[42] using metallic screw/flaps/liquid
metal perturbing posts. BPFs using SIW cavity loaded with
expensive dielectric resonators oscillators (DRO) have been
explored by many researchers [43]–[45], which are focused
on miniaturization.

To the best of our knowledge, tunability of SIW band-
pass filters incorporating position, dimensions and dielectric

permittivity of dielectric rods has not been reported so far. In
the proposed technique, a wide range of frequency tuning can
be achieved using the same physical structure, only by varying
dielectric constant and/or the number of rods, machined from
low-cost commonly used dielectric substrates. This eliminates
the use of any external DC bias circuitry, parasitic effects, and
related frequency limitation, and reduces power consumption,
which are main drawbacks of active tuning techniques [31]–
[36]. These rods are easy to manufacture with in-house facil-
ities and can be easily integrated with SIW planar circuit. It
causes minimum field perturbation, and hence better insertion
loss and higher Q-factor values can be achieved over wider
bandwidth, as compared to conventional metallic screws/flaps
[38]–[41]. The proposed technique has been developed for
industrial applications, where keeping the fabricated physical
structure of the BPF same, the frequency can be reconfigured
for optimum performance and matching with the required
channel or band of a multichannel or multi-band modern
systems with high compactness. For more applications such
as in compensating fabrication uncertainty, on the field, and
on-tower tuning and performance optimization, passive tuning
with manual changing of the single or stacked dielectric rod
can be performed.

The paper is arranged as follows: Section II illustrates the
tunability mechanism of dielectric rod loaded SIW cavity
resonator and then it is expanded to the analysis of the de-
signed iris window SIW BPF. Section III demonstrates two
techniques for realizing reconfigurable BPF. First, a simple
on-field reconfigurable BPF is demonstrated where relative
permittivity of all the dielectric rods is changed simultane-
ously (without look up table), to tune the center frequency of
the filter, for enabling easy on-field or on-tower tunning. The
proposed technique is then extended further for the less cost
sensitive applications, but to achieve wider tunability (16.9%),
constant bandwidth and higher out of band rejection by using
dielectric rods of different permittivities at the center of the
resonant cavities and the coupling apertures. These relative
permittivities are calculated to maintain a constant bandwidth
with the tuning of center frequency and according to that cal-
culation, a lookup table is followed to show better tunability
in terms of bandwidth and rejection. The paper is concluded
in Section IV.

II. THEORY OF DIELECTRIC ROD TUNED SIW FILTER
This section first describes the tuning mechanism of the SIW
cavity, loaded with a dielectric rod followed by the analysis
of reconfigurable SIW BPF. The proposed tuning technique is
applied to the cavity first and then this fundamental block of
iris window coupled filter is used to design the final recon-
figurable filter. The theory of tuning the center frequency is
developed in this section.

A. TUNING OF SIW CAVITY RESONATOR
Cavity resonator is the basic building block of iris window
coupled resonator BPF. This part discusses how a dielectric
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FIGURE 2. Layout of SIW cavity resonator loaded with dielectric rod.

rod can be used to tune the resonant frequency of a conven-
tional SIW cavity resonator. The proposed theory is validated
experimentally also in the next half, by fabricating a cavity
resonator with dielectric rod loading.

1) TUNING MECHANISM
The resonant frequency of the SIW cavity (without dielectric
rod) can be calculated as that of the rectangular cavity, since
the propagation of a TE10-like mode in SIW is like the TE10

mode of a rectangular waveguide. The effective width ‘a’ de-
termines the frequency band of the guide and then the length
of the cavity ‘l’ mainly decides the resonant frequency of the
cavity. Fig. 2 outlines a conventional SIW resonator loaded
with a dielectric rod of diameter ‘d’. There is an air hole at
the center of the cavity where a dielectric rod of different
relative permittivity is placed turn by turn to show tunability
in the resonant frequency of the cavity resonator. The height
of the rod is the same as that of the substrate. It is aligned
parallel to the electric field.

Theoretical analysis to determine the characteristic equa-
tion for the structure shown in Fig. 2 is presented in this
section. Mathematically, the resonant frequency of a cavity
can be calculated either by solving Maxwell’s equation or
by analyzing the electrical equivalent circuit of the cavity
resonator. Analytically solving Maxwell’s equation may be
quite complicated and it may yield some redundant solutions
also. Hence the analysis of the electrical equivalent circuit is
followed to calculate the resonant frequency of the SIW cavity
resonator loaded with a dielectric rod.

At the cavity resonance frequency, a simple transmission
line theory is used to derive the characteristic equation for
which higher-order modes are ignored. In the equivalent cir-
cuit, the SIW section of fixed width is assumed as a transmis-
sion line working at the corresponding frequency of operation,
having propagation constant and characteristic impedance
corresponding to that of the SIW. The solution of the equation
yields the resonant frequency of the SIW cavity resonator
loaded with a dielectric rod. The complete analysis assumes
that the rod is placed at the center of the cavity (along the
length). Hence the physical structure of the resonator is sym-
metric with reference to plane aa’ in Fig. 2. According to the
field pattern, the reference plane aa’ satisfies the boundary

FIGURE 3. (a) Top view of dielectric rod inside the rectangular waveguide
and (b) Its equivalent circuit [48].

FIGURE 4. (a) Equivalent transmission line model of SIW cavity resonator
loaded with a dielectric rod and (b) Left half of the equivalent circuit with
aa’ as open circuit at resonance.

condition of a magnetic wall; hence the plane can be rep-
resented as an open circuit in the corresponding equivalent
circuit. The equivalent circuit of a dielectric rod inside the
rectangular waveguide is depicted in Fig. 3 which is appli-
cable in the wavelength range 2a>λ>a, and for the central
cylinder in the wider range 2a>λ>2a/3 [48].

In the equivalent transmission line model of Fig. 4(a),
SIW sections on both sides of the dielectric rod are repre-
sented by a transmission line of length l/2 and the dielectric
rod is replaced by its corresponding equivalent circuit de-
picted in Fig. 3. Since the circuit of Fig. 4(a) is an open circuit
at reference plane aa’, the characteristic equation of one half
of the circuit will be the same as that of the complete circuit at
resonance. Hence the characteristic equation is derived from
the circuit of Fig. 4(b) which is half of the circuit shown in
Fig. 4(a).

From transmission line theory, the impedance looking from
the reference plane bb’ towards the short-circuited SIW sec-
tion of length l/2 is given by—

Ze1 = jZg tan

(
βl

2

)
(1)

And the impedance looking on the other side from reference
plane bb’ is given by —

Ze2 = −2jXa + jXb (2)

The resonance condition of the transmission line requires
that at any point on the line, the sum of the imaginary part
of the input impedance seen looking to either side must be
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zero [49] i.e.,

Im (Ze1 + Ze2) = 0 (3)

1

2
tan

(
βl

2

)
−

(
Xa

Zg
− Xb

2Zg

)
= 0 (4)

where Zg is the guide impedance and β is the propagation con-
stant of the TE10-like mode of SIW transmission line section
and Xa, Xb is the reactance associated with the dielectric rod
as depicted in Fig. 3. From [48], the characteristic equation of
the waveguide cavity with dielectric rod is calculated as —

1

2
tan

(
π l

v
( f 2 − f c2)

2
)

− a

2λ

(
1 −

(
λ

2a

)) 1
2

cos ec2
(πx

a

)
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2λ2
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a
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(
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( nπx

a

)
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(

2a
λ

)2
) 1

2
− 1

n

⎤
⎥⎦

⎤
⎥⎥⎥⎥⎦=0

(5)

The solution of (5) gives the theoretical resonant frequency
of the dielectric rod loaded cavity. This resonant frequency is a
function of d/a, x/a and ε (εrod/εsubstrate.). Thus, by varying di-
ameter d, position x and εrod, tunability in resonant frequency
can be achieved.

2) VERIFICATION OF THE PROPOSED TECHNIQUE
Considering the frequency of operation at X-band, SIW cavity
resonator is designed in Ansys HFSS using Rogers 5880B
substrate of height 0.508 mm and relative permittivity of 2.2
with a =15.85 mm and l=0.6a. The diameter of the via
holes and separation between them is set to 0.8 mm and 1.6
mm, respectively. Diameter of the dielectric rod, d=0.1a and
x=0.5a. The permittivity of the rod is varied as 8, 12, 16 and
20 to study resonant frequency tunability of the SIW cavity
resonator mathematically. For the fixed dimensions of the cav-
ity, diameter and position of the dielectric rod, the plot of the
variation of normalized impedance, for different values of the
relative permittivity of the dielectric rod is shown in Fig. 5 for
X-band. The 0.5tan(βl/2) plot shown in the blue line intersects
at different reactance curves corresponding to different TE101

mode resonant frequencies. Fig. 5 shows that the resonant
frequency of the dielectric rod loaded SIW cavity decreases
with an increase in εrod. This analysis is done considering all
the dielectric rods as lossless material.

Fig. 6 shows the variations of resonant frequency with re-
spect to εrod for three different values of d/a. The analysis is
done considering d/a up to 0.15 to avoid resonance within
dielectric rods according to [48]. It is depicted that analyt-
ically calculated values of resonant frequencies match well
with the simulated one. It is also demonstrated that resonant
frequency reduces with an increase in relative permittivity of
the dielectric rod for a given d/a. It is also evident that the
slope of curves increases with an increase in d/a ratio which

FIGURE 5. Normalized impedance of SIW cavity resonator with respect to
change in relative permittivity of dielectric rod and resonant frequency.

FIGURE 6. Variation of resonant frequency with respect to relative
permittivity and diameter of dielectric rod for l=0.6a.

TABLE 1. Geometrical Parameters of the Cavity [Unit: mm]

means that tuning of resonant frequency is more sensitive for
a higher ratio of d/a.

An SIW cavity resonator at X-band is fabricated on 20
mil Rogers 5880B substrate to validate the theory of tuning.
Microstrip lines are used to excite the resonator as shown in
Fig. 7(a). Dimensions of the resonator are given in Table 1.
Dielectric rods are made using Laser cutting from Rogers
6010 (εrod =10.2, tan δ = 0.0023) and Rogers 5880B (εrod
=2.2, tan δ=0.0009) substrates.
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FIGURE 7. (a) Layout and (b) Electric field distribution of SIW cavity
resonator loaded with dielectric rod.

FIGURE 8. Photograph of reconfigurable SIW resonator (a) without
dielectric rod, (b) with rod, and (c) Top view with rods covered with copper
tape (Dimension: 30 mm × 18 mm).

First, the cavity resonator without any rod is measured in
VNA. Then rods of εrod equal to 2.2 and 10.2 are inserted
respectively and they are covered with copper tapes at top
and bottom as presented in Fig. 8. Then measurements are
taken for these two cases respectively. A metallic screw is
also inserted to compare its loss characteristics with that of
the dielectric rods. All the measured results are compared in
Fig. 9. Fig. 9 depicts a total tunability of resonant frequency
from 10 GHz to 11.9 GHz. So, 17.35% tunability can be
achieved only with a small variation of εrod from 1 to 10.

FIGURE 9. Return loss (dotted line) and insertion loss (solid line) of SIW
cavity resonator with metallic screw and different dielectric rods.

TABLE 2. Extracted Q-Factor of the Designed Cavity Resonator

∗tan δ = dielectric loss tangent, so tan δ for metal is 0.

Unloaded Q-factors (Qu) of the cavity resonator at all the
resonant frequencies for each of the dielectric rod and metallic
screw are extracted from measured results of Fig. 9, using the
technique given in [49] and they are summarized in Table 2.
From Table 2, it is observed that Qu of dielectric rods is more
than that of the metallic screw. This implies that dielectric
rods are less lossy than metallic screws which are generally
used in conventional passive tuning techniques. Permittivity
and loss tangent tolerances are also checked in simulation to
characterize the dielectric rods. εrod ± 1 changes the resonant
frequency of the cavity by ∼0.3-0.4%. Whereas change in
loss tangent of the material by tan δ ±0.001 barely affects
the resonant frequency and insertion loss of the resonator.

B. TUNING OF IRIS WINDOW SIW BPF
This section employs the dielectric rods inside SIW BPF for
further extension of the proposed tuning concept in coupled
resonator filter. The reconfigurable cavity resonators are cou-
pled through iris windows to design SIW BPF. The presence
of dielectric rods modifies the length calculation of the cavi-
ties for the iris window BPF. So, the next section gives an idea
of that modification, followed by the analysis of the center
frequency tuned SIW BPF. It also discusses how these tuning
elements can be used to maintain the constant bandwidth of
the filter while tuning the center frequency.

VOLUME 2, NO. 3, JULY 2022 511



DE ET AL.: LOW PROFILE DIELECTRIC ROD TUNED RECONFIGURABLE BAND PASS FILTERS

FIGURE 10. Cross-sectional view of an inductive window inside the
rectangular waveguide and its equivalent K-inverter network [48].

FIGURE 11. The layout of dielectric rods loaded iris window SIW filter.

FIGURE 12. Equivalent circuit of an SIW cavity resonator in the BPF,
loaded with dielectric rod and K-inverters on both sides.

1) MODIFICATION IN THE STANDARD DESIGN PROCESS OF
IRIS WINDOW SIW BPF
For designing SIW BPF, the width of the iris window calcu-
lation follows standard procedure [50]. However, the length
calculation for the cavities is modified due to the presence
of a dielectric rod inside the cavity. The equivalent circuit
of an iris window inside a rectangular waveguide can act as
a K-inverter as depicted in Fig. 10. Now, the effect of the
K-inverter is considered to calculate the new physical length
of the SIW cavity resonators which are coupled through the
inductive window as shown in Fig. 11. The equivalent circuit
of one of the cavities, loaded with a dielectric rod and two
K-inverters is presented in Fig. 12, which is considered for
further calculation.

With reference to the analysis of the SIW cavity resonator,
loaded with dielectric rod described in the previous section,
the magnetic wall is formed along with the dielectric rod po-
sition in each cavity of the BPF. So, the dotted line in Fig. 12
represents an open circuit. Then length calculation of either
half of each cavity is modified as follows. Hence it can be
written that—

α j = tan−1
[

2

(
Xa j

Zg
− Xb j

2Zg

)]
(6)

FIGURE 13. Equivalent K-inverter circuit of iris window with finite
thickness [50].

Where
[(

Xa j
Zg − Xb j

2Zg

)]
is calculated at the center frequency.

θ jP1 = α j − 1

2
tan−1

(
2Xj−1, j

Zg

)

θ jP2 = α j − 1

2
tan−1

(
2Xj, j+1

Zg

)
(7)

Where
(

X j−1, j
Zg

)
and

(
X j, j+1

Zg

)
are marked in the equivalent

circuit and their values are given in [50].
Hence the total physical length of individual cavity res-

onator considering the effect of K-inverter is calculated as—

L j = L′
jP1 + L′

jP2

where L′
jP1 = θ jP1 ∗ λgo

2π

and L′
jP2 = θ jP2 ∗ λgo

2π
(8)

However, for the finite thickness of the iris, the equivalent
circuit of Fig. 10(b) is modified by a T-network as shown in
Fig. 13. Equations of the above K-inverter circuit are given
in [50]. Accordingly, the effective physical length will have
to be modified. The above analysis shows the modifications
in the standard iris window filter design process, due to the
presence of a dielectric rod in the cavity. In the next section,
center frequency tuning is illustrated analytically by changing
the dielectric constant and diameter of the dielectric rods in
the designed SIW BPF.

2) ANALYSIS OF THE PROPOSED SIW BPF
Once the SIW BPF is designed as shown in Fig. 11, for a
particular dimension and εrod, any change in dielectric con-
stant and/or diameter of the rod results in a change in the
center frequency of BPF, and thus tuning can be achieved.
Calculating the center frequency is a bit complex since the
BPF consists of multiple resonators resonating at the center
frequency. For tuning of BPF, all the resonators are needed to
be tuned simultaneously.

To get an idea of the new center frequency, only the central
resonator is considered because of its symmetricity in the
geometrical configuration as well as simplicity in the anal-
ysis. Other resonators will also resonate at the tuned center
frequency. Due to symmetricity, the characteristic equation of
one half of that circuit will be the same as that of the complete
circuit at resonance. So, a similar approach of the equivalent
circuit of Fig. 4 is applied here also. A little modification of an
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FIGURE 14. Equivalent circuit of modified cavity resonator coupled with
iris window.

TABLE 3. Geometrical Parameters of the Designed BPF [Unit: mm]

additional electrical length of ϕ/2 because of the iris window
is considered as shown in Fig. 14.

Hence both effect of the dielectric rod, as well as the cou-
pling window, is considered here. The characteristic equation
is modified as—

Im
[

jZg tan

(
θ − ϕ

2

)
+ jXb − j2Xa

]
= 0

1

2
tan

(
π

v

(
f 2 − f c2) 1

2 + 1

2
tan−1

(
2Xj−1, j

Zg

))

−
[

Xa

Zg
− Xb

2Zg

]
= 0 (9)

The solution of this characteristic equation yields the new
approximate center frequency of the BPF. The sensitivity of
the center frequency f with respect to d, can be done by
differentiating (9).

Based on the design equations of the above sections, a 0.5
dB 3rd order Chebyshev iris window SIW BPF with dielectric
rod is designed at 9 GHz with a BW of 350 MHz using Rogers
5880B substrate of height 0.508 mm and relative permittivity
of 2.2. Dimensions of the BPF as calculated theoretically for
εrod =16, are given in Table 3.

In the above designed BPF, εrod is varied from 1 to 32 for
three different d/a ratios. The corresponding center frequency
is calculated theoretically and simulated as well. The plots are
shown in Fig. 15. It is demonstrated that for any particular d/a
ratio, center frequency reduces with an increase in εrod. It is
also depicted that for a fixed εrod, center frequency reduces
with an increase in d/a ratio. However, for lower εrod, we
do not observe much difference in center frequency with a
change in d/a ratio. It is also evident that the slope of curves
increases with an increase in d/a ratio which means that tuning

FIGURE 15. Variation of center frequency of SIW BPF with respect to
relative permittivity for different diameter of dielectric rods.

of resonant frequency is more sensitive to the higher ratio
of d/a. The analysis is done considering all dielectric rods
lossless.

So, from the above analysis, the center frequency of the
SIW BPF gets tuned due to a change in permittivity of dielec-
tric rods present at the center of the resonant cavities only.
Since the center frequency gets changed, the fractional band-
width of the BPF also gets changed due to fixed dimensions
of the iris windows. To maintain a fixed fractional bandwidth
for different tuned center frequencies, iris windows must be
tuned simultaneously which is analyzed in the next part.

3) ANALYSIS TO MAINTAIN CONSTANT BANDWIDTH WITH
CHANGE IN CENTER FREQUENCY OF THE PROPOSED BPF
According to the conventional design procedure of iris win-
dow coupled BPF, the dimensions of the iris windows are
fixed for a given center frequency and BW of the BPF as
described in [50]. As the center frequency of the BPF is tuned,
the K-inverter values corresponding to the iris windows also
get changed which does not maintain constant bandwidth. For
a given bandwidth, the required K-inverter values should be
calculated for the complete band of operation according to
[50]. For example, the required values of K-inverters for a
third order BPF with 0.3 GHz bandwidth in X-band are plotted
in Fig. 16(a) and (b), shown in dashed lines.

The K-inverter values of an iris window can be varied by
putting a dielectric rod at its center and changing its relative
permittivity. An iris window with a dielectric rod inside SIW
is simulated and its K-inverter value is calculated from its
S-parameters. Fig. 16(a) and (b) show that the required val-
ues of εrod are obtained from the intersection of simulated
K-inverter curves (represented by solid lines) with the calcu-
lated ideal K-inverter curves (represented by dashed lines) for
K01 and K12. So, to meet the required K01 values at the center
frequency of 9, 10 and 11 GHz, εrod must be chosen as 15.9,
10.2 and 6 respectively as depicted in Fig. 16(a). Similarly,
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FIGURE 16. Variation of (a) K01/Z0 and (b) K12/Z0 values for 0.3 GHz
bandwidth for center frequency of 9, 10, and 11 GHz.

FIGURE 17. Layout of the reconfigurable SIW BPF with constant
bandwidth.

from Fig. 16(b) for K12, the respective values of εrod will be
19.7, 10.2 and 3.1.

So, the steps to design a reconfigurable SIW BPF with
constant bandwidth are as follows. First, the εrod value of
dielectric rods in the iris windows are obtained as described
above. The corresponding image phase is also calculated.
Then using these image phase values and the physical lengths
of the cavities, εrod value of dielectric rods at the center of
the cavities are determined from (7)–(9). The corresponding
layout of this reconfigurable SIW BPF is shown in Fig. 17,
where dielectric rods are placed at the center of cavities as
well as apertures.

The proposed technique is summarized in Fig. 18 accord-
ing to different design requirements. The flow chart depicts
two tuning approaches to be followed to satisfy different

tuning specifications. The flow chart starts with the design
criteria of a filter and then checks whether the bandwidth
of the reconfigurable filter needs to be maintained or not.
Depending on the condition, it follows either the simple
and straightforward on-field tuning, or the wide band tuning
technique that requires proper calculation and look up table.
The flow chart describes the complete design process in a
step-by-step manner as shown in the next page. Once the
desired response is achieved the design process completes
otherwise it goes back to tuning stage and repeats the steps.

For example, a reconfigurable BPF is to be designed, for
the given specification of a 3rd order Chebyshev type SIW iris
window BPF at 10 GHz with 300 MHz bandwidth, following
two different approaches of the flow chart, to tune the center
frequency depending on the bandwidth requirement.

The first approach follows the steps of simple on-field re-
configurable BPF. First, a filter is designed with air holes
at the center of the cavities only or at both cavities and
apertures. Then to tune it to a lower frequency, dielectric
rods of higher εrod value (e.g., 10.2) are initially inserted in
the cavities/apertures. If the desired tuned frequency is not
achieved, then the center frequency is further tuned to a lower
or higher frequency in the next step to achieve the target center
frequency. If the desired frequency is lower than the achieved
frequency, then dielectric rods of higher values of εrod (e.g.,
37) are inserted. On the other hand, if the desired frequency
is higher than the achieved frequency, then dielectric rods of
lower values of εrod (e.g., 2.2) are inserted. Once the desired
frequency response is achieved, the design process is com-
pleted.

The second approach follows the steps to design wide band
reconfigurable BPF while maintaining constant bandwidth.
In the first step, the filter is designed with dielectric rods of
εrod = 10.2 at the center of cavities and apertures. In the
next step, the required values of the relative permittivities of
the rods are calculated to make the look up table for center
frequency tuning while keeping the bandwidth of the filter
unchanged. Then the required set of dielectric rods are in-
serted according to the calculated lookup table, to complete
the design process.

III. RESULTS AND DISCUSSIONS
A. SIMPLE ON-FIELD RECONFIGURABLE SIW BPF
Reconfigurable SIW BPFs are designed and fabricated on
Rogers 5880B substrate of relative permittivity 2.2 and height
of 0.508 mm. Then dielectric rods of different dielectric ma-
terials are fabricated from respective materials separately. For
εrod = 2.2, tan δ=0.0009 and εrod =10.2, tan δ=0.0023 rods
are fabricated from two soft substrates Rogers 5880B and
Rogers 6010 by using Laser cutting. Then ceramic material is
grinded to fabricate rods of εrod = 37, tan δ=0.0005. Dielec-
tric rods are of diameter 2 mm and height 1 mm. Due to fab-
rication constraints, dielectric rods (ceramic) of diameter less
than 2 mm and height less than 1 mm could not be fabricated.
The first measurement is done with no dielectric rods i.e., with
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FIGURE 18. Flow chart for filter design.
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FIGURE 19. Layout of SIW iris window BPF loaded with dielectric rods at
center of cavities.

TABLE 4. Geometrical Parameters of the Reconfigurable BPF [Unit: mm]

air holes. A scotch tape is pasted at the top and bottom of the
BPF, so that the rods do not misalign once they are inserted.
Then dielectric rods of the same dimension and same relative
permittivity (e.g., εrod = 2.2 for all the rods) are pressed at
all the air holes to perform the next measurement. Similarly,
four sets of measurements are done corresponding to εrod = 1
i.e., air, then 2.2, 10.2 and 37. S-parameter response of the
fabricated filters is obtained using the Agilent E8364 PNA
Network analyzer. In most of the cases, the measured and
simulated results agree well.

1) DIELECTRIC RODS IN CAVITIES ONLY
To show center frequency tunability, the first position of di-
electric rods is chosen at the center of the cavities only as
shown in Fig. 19 and then εrod is varied. Initially, εrod is chosen
as 1, which means air holes only at the center of cavities.
Then their diameter ‘d’ is optimized simultaneously for all
air holes and the best response is obtained for ‘d’ = 2 mm.
The critical geometrical parameters after optimization of the
designed reconfigurable SIW BPF are given in Table 4.

Then their relative permittivity is varied starting from that
of the substrate itself i.e., 2.2, then 10.2 and 37. In this type of
arrangement, the effect of rods can be seen in the electric field
pattern inside the filter. The magnitude of the electric field at
the center frequency of 10.9 GHz for εrod = 37, is shown in
Fig. 20.

It can be observed that all the three resonant cavities are
resonating at similar frequencies. Identical field patterns have
been observed for other dielectric rods as well. Dielectric rods
allow an electric field to propagate through them. Whereas
metallic screws reflect electric field from their surface. So di-
electric rods cause minimum field perturbation in comparison
to metallic tuning screws, and hence better insertion loss and
return loss can be achieved over a wide bandwidth.

FIGURE 20. Simulated electric field pattern at center frequency of 10.9
GHz with loaded dielectric rods of εrod = 37.

FIGURE 21. Photograph of reconfigurable SIW bandpass filter (a) without
and (b) with dielectric rods at the center of the cavities only (dimension:
90 mm × 18 mm).

For the measurement purpose, dielectric rods of different
dielectric materials are loaded one by one, into the air holes in
the cavities of SIW BPF as shown in Fig. 21. Initially, the filter
with air holes is measured. Then dielectric rods are pressed
into air holes with permittivity equal to 2.2 (i.e., Rogers 5880
rods), 10.2 (i.e., Rogers 6010 rods), and then 37 (i.e., ceramic
rods), one by one. Thus, four sets of measurements are taken.

Fig. 22(a) shows simulated and measured S11 of the
designed filter where it is observed that center frequency
of the filter is tuned to lower frequency as permittivity of
dielectric rods increases. Center frequency of this SIW BPF is
tuned from 10.8 GHz (for air case) to 11.5 GHz (for εrod = 37
case) as depicted in Fig. 22(b). Total tunability of 700 MHz
is achieved in center frequency using this much variation in
relative permittivity of dielectric rods from εrod = 1 to εrod
= 37. So center frequency tunability up to 6.3% is observed
using this simple mechanical tuning with dielectric rods at the
center of cavities [51]. Extracted unloaded Q-factor from the
measurements varies in the range of 101.97-122.8 along with
tuning.

2) DIELECTRIC RODS IN CAVITY AND APERTURE
To maintain constant bandwidth with center frequency tun-
ability, dielectric rods are placed both at the center of the
apertures and cavities and their permittivity is varied [51].
In contrast to the previous filter, tuning rods are changing
the resonant frequency of each resonator along with the K-
inverter values associated with the coupling windows between
resonators. Here also their diameter ‘d’ is set at 2 mm as
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FIGURE 22. Simulated (dotted lines) and measured (solid lines) (a) return
loss and (b) insertion loss of Fig. 19 with the change in the dielectric
material of dielectric rods.

FIGURE 23. Layout of SIW iris window BPF loaded with dielectric rods at
the center of cavity and aperture.

FIGURE 24. Photograph of reconfigurable SIW bandpass filter (a) without
and (b) with dielectric rods at the center of cavities and apertures
(dimension: 90 mm × 18 mm).

shown in Fig. 23. Dimensions of this design are the same as
that of the previous one, as depicted in Table 3, with the only
exception in the location of dielectric rods. In the simulation,
the permittivity of the rods is varied starting from 1 to that of
the substrate itself i.e., 2.2, then 10.2 and 37. The fabricated
circuit is shown in Fig. 24. Initially, the filter with air holes is
measured. Then dielectric rods with relative permittivity equal
to 2.2, 10.2 and 37 are pressed into those air holes one by one

FIGURE 25. Simulated (dotted lines) and measured (solid lines) (a) Return
loss and (b) Insertion loss of SIW BPF shown in Fig. 23 with change in
permittivity of dielectric rods.

and three more sets of measurements are taken. As shown in
Fig. 25, it is observed in the measured results that for air case,
fc is at around 11.45 GHz, which is tuned to approximately
10.85 GHz for that of εrod = 37 case. So, the total center
frequency tuning range of almost 600 MHz is obtained, by
maintaining constant bandwidth for each case. The range of
extracted unloaded Q-factor is 139.1-210.5.

From the measurements of the above cases, it is observed
that the center frequency tunability is dependent on the place-
ment of the dielectric rods in the BPF. For a given physical
length of the cavity, the corresponding electrical length can
be varied more, by placing dielectric rods in the cavities
only. Hence this gives more tunability of center frequency.
In comparison to the other case, it is easier to operate the
BPF in this configuration since it requires a smaller number
of dielectric rods. Hence this configuration is preferred to
obtain easy tunability, like for on-field or on-tower tunning
and performance optimization However, for less cost sensitive
applications, for maintaining constant bandwidth with good
central frequency tuning, the second configuration is proposed
and detailed as below. Here the required relative permittivities
are calculated according to the K-inverter values and took up
table is required to be followed for reconfiguring BPF using
dielectric rods.

VOLUME 2, NO. 3, JULY 2022 517



DE ET AL.: LOW PROFILE DIELECTRIC ROD TUNED RECONFIGURABLE BAND PASS FILTERS

FIGURE 26. Layout of SIW iris window BPF loaded with dielectric rods.

TABLE 5. Geometrical Parameters of the Reconfigurable BPF [Unit: mm]

TABLE 6. Lookup Table of Dielectric Rods

B. WIDE BAND RECONFIGURABLE BPF WITH CONSTANT
BW
The second configuration from the last section is considered
for further analysis. Dielectric rods for tuning of each res-
onator (R1, R2 and R3), for coupling between each pair of
resonators (R12 and R23) and for input/output signal coupling
(R01 and R34) are placed as shown in Fig. 26. At first, εrod of
R01, R12, R23 and R34 are chosen as 10.2 since this is very
easily available for simple and inexpensive in-house machin-
ing. Then using image phase and physical length of the BPF,
εrod of R1, R2 and R3 are calculated to design the BPF at 10
GHz. This is considered as case 1 where εrod of all the rods are
10.2. The critical geometrical parameters after optimization of
the designed BPF from Fig. 17 and 26 are given in Table 5.
Then, εrod of R1, R2 and R3 are changed to show center
frequency tunability. To maintain the constant bandwidth at
the different center frequencies, required values of K-inverters
are different. These values are determined by εrod of R01,
R12, R23 and R34. So, these values are calculated accordingly.
Three other different combinations of εrod are given in the
form of a look up table in Table 6, which tunes the complete
filter response at three different center frequencies, maintain-
ing the constant filter bandwidth. The designed SIW BPF is

FIGURE 27. Photograph of reconfigurable SIW BPF (a) without dielectric
rods, (b) with rods, and (c) showing top view with rods partially covered
with copper tape (dimension: 90 mm × 18 mm).

FIGURE 28. Simulated (dotted lines) and measured (solid lines)
S-parameter response of SIW BPF with the change in the dielectric
material of dielectric rods.

fabricated, and dielectric rods of different dielectric materials
are fabricated from respective materials separately. For εrod =
2.2, tan δ=0.0009, εrod =10.2, tan δ=0.0023 and εrod = 4.4,
tan δ=0.02 rods are fabricated from three substrates viz.
Rogers 5880B, Rogers 6010 and FR4 by using Laser cutting.
Since the combination of cases 1 and 4 are quite easily avail-
able in the laboratory, only these two cases are considered
for measurement. Dielectric rods are of diameter 2 mm and
height 0.732 mm. For measurement, dielectric rods are loaded
into the air holes in the cavities and apertures of SIW BPF as
shown in Fig. 27. The first measurement is done with 10.2 rods
for case 1. After inserting the rods, the copper tape is pasted at
the top and bottom of the BPF, so that the rods do not misalign
once they are inserted, and it also reduces the radiation loss.
S-parameter response of the fabricated filter is obtained using
the Agilent E8364 PNA.

Similarly, the next measurement is done after loading the
next set of dielectric rods (εrod =4.4 and 2.2). Fig. 28 shows
the simulated and measured frequency response of the de-
signed filter. Center frequency of the BPF is tuned from 10.1
GHz (case 1) to 11.97 GHz (case 4) as depicted in measured
results. Total tunability of 1.87 GHz i.e., 16.9% is achieved
in center frequency while maintaining constant bandwidth.
Extracted unloaded Q-factor from the measurements varies
in the range of 81.15-98.94 along with tuning. Thus,
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TABLE 7. Figure of Merit Comparison of Existing Tunable SIW Filters

CF: Center Frequency, FBW: Fractional Bandwidth, IL: Insertion Loss

wideband reconfigurable BPF can be designed using the
proposed technique. Although this technique is a bit complex
in terms of calculation and lookup table follow up in the
practical scenario. But this gives more accurate results (in
terms of BW and rejection). For easier and much simpler tun-
ing, including for applications like on field tunning, the first
approach is more suitable, and no lookup table is required.

The performance of the proposed passive tuning technique
is compared with other previously reported active and passive
tuning techniques in Table 7.

As shown in the state-of-art table, the proposed tuning tech-
nique is low profile and cost-effective. The technique removes
the requirement of additional DC bias circuitry which makes
active tuning complex [11], [31]–[36] reduces reliability, and
increases cost and power consumption. This technique also
makes the cost of CPE (in a hard-to-reach area) more af-
fordable. The designed filter can be scaled for any desired
frequency of operation by simply altering its dimension. This
removes frequency limitation which is the main constraint for
active tuning where varactor diodes are used. Also, in the
Q-factor analysis (Section II and Table 2), it is shown that
the dielectric rods have a higher Q-factor in comparison to

that of the metallic structures, and hence dielectric rods are
less lossy than metallic screws, or flaps which are mostly
used in conventional passive tuning techniques. As a result,
above 10 GHz, the proposed technique demonstrates lowest
loss performance and higher bandwidth, compared to widely
used metal screw, flap or column based passive techniques
[38]–[41] ever reported.

This technique can be extended further for remote-control
and faster tuning applications. The insertion of the rod with a
stack of different dielectric materials as a screw can be con-
trolled mechanically with a motor. For industrial application,
as an alternative to pasting the copper tapes, dielectric rods
with metal coating on the top and bottom sides can be used.
Further, for applications like CPEs of a P2MP and P2P radios,
where TRX filters operates at pre-decided fixed frequency
bands, as an alternative to copper tape a metal layer can be
printed (using a portable 3D printer).

The air holes are drilled with a smaller diameter than that of
the dielectric rods, so that the rods can be fit into them tightly.
Since the dielectric rods are machined from commonly
available substrates, they can be very easily pressed inside the
air holes that are drilled in Rogers 5880, which is very soft
substrate.

The overall tuning technique is also suitable for temperature
compensation, where the performance deviation with temper-
ature plays a critical role, such as in high-power transmit-
ters/base station applications. Dielectric materials with oppo-
site/different temperature coefficients, such as Barium Mag-
nesium Tantalite (BMT), can be used for temperature com-
pensation.

IV. CONCLUSION
In this paper, a simple mechanically tuning technique for real-
izing low profile reconfigurable filters using dielectric rods,
manufactured from commonly used dielectric substrates, is
presented with detailed theoretical analysis and experimental
results. The proposed technique has been developed for in-
dustrial applications (including for high speed, long distance
fixed wireless connectivity in a remote area), where keeping
the fabricated physical structure of the BPF same, the fre-
quency can be reconfigured for optimum performance and
matching with the required channel or band of a multichannel
or multi-band wireless module. First, a straightforward tech-
nique is proposed, for low-profile on field applications, where
permittivity of all the dielectric rods inside BPF is changed
simultaneously without any calculation or look up table. In
this technique, all the dielectric rods are replaced simulta-
neously with another set of rods of the same but different
(higher) dielectric constant, for moving the center frequency
of the band to other (lower) frequency. This enables very
easy and convenient on-field/on tower type applications for a
point to point/multipoint radio. Whereas the second technique
illustrates better performance (in terms of wider and constant
BW and better rejection) at the cost of a lookup table and
a relatively wider range of permittivities of dielectric rods,
which makes the process bit complex and expensive. The
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proposed technique is simple and cost-effective in comparison
to other available active tuning techniques since it removes the
use of complex DC bias circuitry and makes the system more
reliable. Moreover, as demonstrated with measured results and
shown in performance comparison table, the reconfigurable
SIW filters achieved higher-Q and hence lowest insertion loss
(1.5–1.8 dB) at high frequencies (>10 GHz), yet higher FBW,
compared to reported tuning techniques, including passive
tunning techniques using metallic flap, screw, or column. Fur-
ther, this technique can be used for compensating performance
deviation and optimizing performance due to manufacturing
uncertainties and for temperature compensation of a compact
wireless front-end module.
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