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ABSTRACT This paper presents for the first time a fully electronically reconfigurable waveguide filter
tunable in bandwidth and center frequency based on liquid crystal (LC) technology. A continuously recon-
figurable two pole bandpass filter is designed and characterized in the Ka-band at 30 GHz. To be able to tune
both center frequency and bandwidth independently, the resonators and coupling structures are filled with LC
as tunable material. Hence, the filter’s center frequency and coupling strengths can be tuned and, furthermore,
tuning with constant filter characteristic is possible. To tune the LC, a novel two-layer electrode design for
waveguide structures is presented, which is simple to integrate and provides a high tuning efficiency with low
insertion loss. By applying different bias configurations, the LC’s effective permittivity can be varied, and
therefore, also the resonators’ electrical lengths. The presented two pole filter can adapt its center frequency
from 29.8 GHzt030.7 GHz with a maximum 3 dB bandwidth variation from 660 MHzto 870 MHz. The
measurements are carried out with bias voltages up to £250 V.

INDEX TERMS Microwave filter, liquid crystals, millimeter wave communication, tunable circuits and
devices, K-band.

I. INTRODUCTION

Wireless communication systems, such as mobile or satel-
lite communication, must provide ever higher data rates and
new services for a rapidly growing number of users. This
constant challenge is complicated by the limited frequency
spectrum [1]-[4]. Therefore, new technologies have been de-
veloped to use the spectrum as efficiently as possible, e.g. im-
proved modulation techniques [5]. Moreover, the millimeter
wave (mmWave) frequency bands are gaining more interest
for communication systems, since larger absolute bandwidths
are available [6], [7]. A further opportunity is to apply re-
configurable RF front-ends, especially for bandless concepts

like software defined radio or cognitive radio. A key compo-
nent for such reconfigurable RF front-end devices are tunable
filters [8], [9]. State-of-the-art RF front-ends consist of filter
banks with a multitude of bandpass filters, which cover a
plurality of parameters such as center frequency and band-
width. The design is based on a fixed number of control states
that can only be set discretely and do not allow subsequent
reconfiguration of filters or frequency band allocations. Fur-
thermore, the large volume and weight of filter banks is a
major problem especially for satellites. By using tunable fil-
ters, parameters such as center frequency and bandwidth can
be adjusted continuously within a certain tuning range. This
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allows an almost unlimited number of configurations of the
RF front-end. Hence, the spectrum efficiency can be increased
by multiband operation, frequency hopping and, furthermore,
the system can be adapted to new services and standards [10].

In general, reconfigurable filters refer to either adjustable
center frequency, bandwidth, or both. In the literature, differ-
ent tuning mechanisms are used for realizing reconfigurable
filters, e.g.: semiconductors [11], [12], microelectromechan-
ical systems (MEMS) [13], [14], barium strontium titanate
(BST) [15]-[17] and liquid crystals (LC) [18]-[20]. Coaxial,
dielectric and waveguide filters are mostly tuned by mechan-
ical means, e.g. a tuning screw [21], [22]. All mechanical
tuning mechanisms require good electrical contact, which can
be difficult to achieve. A severe degradation of the Q-factor
can be the result of a non-optimal connection. In this aspect,
electrical tuning mechanism are superior since no moving
parts are required. For the Ka-band, semiconductors and BST
have comparatively high losses, hence MEMS are mostly used
for tunable filters in this frequency band.

In this work, LC technology is applied as an alternative
technology, since it has relatively low loss in the mmWave
regime even up to several THz [23], [24], high linearity [25]
and is continuously tunable. It has also been investigated
for tunable filters for space applications, for which LC has
excellent properties, e.g. its power consumption for tuning
is very low, because only quasi-static electric fields are
necessary, it has no mechanical moving parts which can
cause wear-out failures and it is qualified for the harsh space
environment [26]. Furthermore, a first tunable LC filter
demonstrator will be tested in space in the Heinrich Hertz
mission [27], which will be launched in 2022. However, to the
best of the authors’ knowledge electronically reconfigurable
bandpass filters in the mmWave regime reported so far
are only tunable in either center frequency or bandwidth.
For a fully reconfigurable RF front-end the filters must be
independently tunable in both. In previous work [20], a
center frequency tunable LC filter with non-tunable coupling
elements has been reported at 60 GHz. To obtain tunability in
both center frequency and bandwidth, LC tunable resonators
and coupling elements are used in this work. In [28] a
bandwidth and center frequency tunable bandstop filter
in half-mode substrate integrated waveguide (HMSIW)
technology has been developed. However, the tuning is
achieved by detuning resonators and not by adjusting the
required coupling, resulting in a distorted performance.

1. MICROWAVE LIQUID CRYSTAL TECHNOLOGY

In the past two decades, research of LCs for microwave
applications has been established, resulting in various de-
vices e.g. steerable antenna arrays [29], tunable filters [20],
switches [30], phase shifters [31] and power dividers [32]. A
detailed summary of LC applications in the mmWave regime
is given in [33]. Thermotropic LCs have different mesophases
between a solid crystal and an isotropic liquid. In this work,
calamatic LCs are used in their nematic phase, where they are
liquid and at the same time they have properties of a crystal.
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Hence, they can flow like a liquid and the rod-like shaped
molecules have simultaneously an orientational order. That
is why nematic LCs show anisotropy and birefringence. The
long and short axis of the molecules have the relative permit-
tivities &, and &, |, respectively, resulting in an anisotropy
defined by Ae = ¢, — &, 1 [34]. A further property of LCs is
that the molecules tend to align themselves parallel along their
long axis. Hence, the mean direction of the molecules inside
a unit volume element can be described macroscopically by
the unit vector 77, the so-called director. Depending on the
orientation of the director 77’ to the applied RF field, the LC’s
permittivity can continuously be changed between two ex-
treme states, which are for parallel and orthogonal orientation
resulting in a permittivity of &, and &, |, respectively. For
tuning, an external bias field is necessary, either a quasi-static
electrical or magnetic field, since the molecules are aligning
themselves parallel to the bias field lines. A very detailed
summary of microwave LC technology is given in [35]. In
this work, the LC mixture licriOn™ GT7-29001 from Merck
KGaA is used, which is specifically optimized and synthe-
sized for microwave applications. Its permittivity ranges from
&r| = 3.53 to &, | = 2.46 with a dissipation factor between
tan 8 = 0.0064 and tan 5, = 0.0116 at 19 GHz [36].

1ll. RECONFIGURABLE FILTER THEORY

The applied tuning mechanism for waveguide filters was first
reported in [37], however with mechanical moving parts.
In this work, LC is used as tuning technology and, there-
fore, the filter is electronically reconfigurable. Reconfigurable
impedance inverters are introduced, which can be used to
adjust the coupling strength between two resonators. These
reconfigurable impedance inverters are realized as non res-
onating resonators and are called coupling resonators (CR)
while the conventional resonators, which form the passband,
are called main resonators (MR). By changing the resonance
frequency of the CR, the inverter value K can be adjusted
which influences the inter-resonator coupling. This can be
seen from:

K K, A

Bor _ Bantl T . and, (1)
Zy Zy 28081

K; TA

= i=12,..

, j=i+1, (2
Zy 2./8i8;

an—1;

with A = w The guide wavelengths at the band-edge
80

frequencies are denoted as Agy and Ag, while Ay is the guide
wavelength at the center frequency [38]. The g values rep-
resent the lumped-element lowpass prototype elements and
are calculated from filter properties like return loss RL and
filter order n. These properties are design parameters which
do not change, which means that the g values remain constant.
Therefore, a change of the inverter value K causes a shift in the
band-edge frequencies. For a proper bandwidth (BW) change,
both, the inter-resonator coupling as well as the input/output
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FIGURE 1. Impedance inverter model with (a) transmission lines ¢; and
reactance X and (b) inverter model with coupling resonator.

coupling need to be changed to support the different band-
widths. The square root in (1) causes different scalings of the
inverter values, which means that different tuning ranges of
input/output and inter-resonator coupling are required.

In Fig. 1, two different equivalent circuits for inverter mod-
els are shown. Fig. 1(a) shows the classical inverter model,
where the characteristic impedances Zy = Zp 1 on both sides
are identical [38]. The line length ¢ represents the loading ef-
fect on the adjacent resonators. If the reactance X is negative,
the line lengths are positive and if the reactance is positive,
the line lengths are negative. This line length influences the
electrical length of the connected resonators and causes a shift
in resonance frequency. For identical Zy both line lengths ¢
are identical as well. For example, in waveguide technology
an inverter is often realized as an inductive iris aperture which
influences the adjacent resonators. In Fig. 1(b) the model is
extended to include a coupling resonator [39]. In this case ¢;
represents the electrical length of the coupling resonator and
its characteristic impedance Zg . In waveguide technology
the structure consists of a coupling resonator embedded be-
tween two iris apertures. It can be seen that both iris apertures
are identical and, therefore, only the electrical length of the
resonator ¢, needs to be varied to realize different inverter
values.

By alternating CRs and MRs it is possible to create a fully
reconfigurable filter, since each coupling can be adjusted indi-
vidually. By utilizing this technique the problem of changing
the coupling is shifted to changing the resonance frequency
of resonators. In [37] this working principle is used to create
a fourth order bandpass filter with one cross coupling with a
variable center frequency and bandwidth. Furthermore, cou-
pling resonators are able to introduce a coupling sign change
by adjusting its resonance frequency [40].

While coupling resonators allow for a continuous band-
width change, they come with disadvantages as well. These
filter structures require at least n + 1 additional resonators
resonating below or above the passband to achieve full recon-
figurability, which can affect performance in the stopband.
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FIGURE 2. 3D-model for coupling factor study with two main resonators
(MR) and one coupling resonator (CR).

IV. FILTER DESIGN

This work aims to develop a center frequency and band-
width tunable bandpass filter based on LC technology in the
Ka-band. A center frequency of 30 GHz with an intermediate
equal ripple bandwidth of 300 MHz is chosen as a starting
point for the filter design. The bandpass filter consists of five
resonators in total, which means two resonators will form the
passband, while three coupling resonators are used to enable
the bandwidth tuning.

To prevent the LC from leaking, it is necessary to encase it
in Rexolite cavities. To create a robust enclosure, a minimum
wall thickness of 0.5 mm is chosen. A high tuning range of the
coupling resonators results in a high bandwidth change in the
passband. Therefore, the coupling resonators are dimensioned
to operate below the Ka-band to increase the volume filled
with LC. This results in a completely spurious free Ka-band,
while the coupling resonators are comparatively large and are
filled with more LC. This approach results in a good stopband
performance and offers a large tuning range.

As previously mentioned, the resonance frequency of the
coupling resonator influences the inter-resonator coupling,
and therefore, the bandwidth of the filter. The frequency range
of the Ka-band ranges from 26.5 GHz to 40 GHz. This means
that the coupling resonators should have a maximum reso-
nance frequency of 26 GHz to prevent spurious resonances in
the operating band. The CR resonance frequency at an inter-
mediate tuning state (e.g. €.zc = 3) has a direct influence on
the bandwidth tuning range of the filter. In general, the closer
the CR resonance frequency is to the passband, the stronger
is the coupling. To demonstrate this behavior a CST model
consisting of two main resonators and one coupling resonator,
to tune the inter-resonator coupling, is created. The model
is shown in Fig. 2. The coupling resonator is dimensioned
such that the resonance frequency is at 24 GHz, 25 GHz and
26 GHz, respectively. The S-parameters can be seen in Fig. 3.
Then the permittivity of the CR is varied and the coupling fac-
tor M |5 is extracted through coupling matrix extraction [41].
For the extraction f; =29.85GHz, f, =30.15GHz and
RL= 20dB is assumed. The different coupling factors are
shown in Fig. 4. The values are normalized to 7 c12 = 3 so
that only the difference is displayed, which causes all three
graphs to pass through A My, = 0. It can be seen that a
higher tuning range can be achieved if the coupling resonator
is dimensioned that the resonance frequency is closer to the
passband.
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FIGURE 3. Simulated S-Parameters of different coupling resonator
resonance frequencies of the structure in Fig. 2. Filter dimensions have
been slightly adjusted to achieve 300 MHz BW at f, = 30 GHz. Permittivity
of all LC cavities is assumed to be ¢, ;c = 3.
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FIGURE 4. Influence of the coupling resonator resonance with respect to
its inter-resonator coupling tuning range of the structure in Fig. 2. A larger
variance in M;, can be observed for resonance frequencies closer to the
passband. The permittivity of other resonators is unchanged and remains
ate, = 3.

Furthermore, the influence on the other coupling factors
is displayed. No significant influence on the input/output
coupling is recorded while a small influence on the main
resonators can be noticed. Since the main resonators are
tunable as well, this influence can be compensated. Therefore,
it is desirable to dimension the coupling resonator in a way
that a high tuning range is achieved, while the spurious
resonance does not enter the Ka-band. One additional
resonator is added to the input and output, respectively, to
create an adjustable external coupling. The symmetric filter
model including its dimensions is shown in Fig. 5. The
input and output coupling require a smaller tuning range in
comparison to the inter-resonator coupling (compare (1),(2)),
which allows for an even lower placement of the resonance
frequency. Since all cavities are filled with Rexolite and LC,
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FIGURE 5. Fully reconfigurable filter model. Dimensions in mm:

Lerst = 2.7, Lygy = 2.3, Lcria = 3.5, Bs = 7.112, Bs; = 4, By, = 2.77. The
filter is symmetric with respect to the resonator CR;,. The height of the
structure is 3.556 mm, in accordance with the WR-28 standard.
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FIGURE 6. Influence of the coupling resonator CRs; towards the other
coupling coefficients. Other inter-resonator couplings are mostly
unaffected, while an influence on M;; can be noted. The permittivity of the
other resonators is unch d and remains at ¢, = 3.

the wavelengths are shortened significantly, which causes all
resonator lengths to be between 2.3mm and 3.5mm. The
widths of the LC cavities are 3.11 mm for the main resonators
and 3.61 mm for the coupling resonators, respectively. All LC
cavities have a height of 1.56 mm.

In Fig. 6 the influence of the CRg; is shown towards each
other coupling factor of the two pole filter. As can be seen,
only the input coupling and the main resonator are signif-
icantly influenced while the other couplings maintain their
values. The inter-resonator coupling is not influenced by the
CRg; which means that an independent design of CRj; is
possible. The coupling factors from the previous analysis can
be converted to bandwidth values using (3) and (4) to analyze
which bandwidths are supported by this filter structure.

Mir = kip .FBW™! 3)

1

Qe = (7 - FBW

“)

with FBW = fzf;of‘ [42]. The inter-resonator coupling My, is
the coupling matrix value for the lowpass prototype and is
equal to Myp = 1.65 for a second order filter with a return
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FIGURE 7. Simulated 270 MHz equal ripple bandwidth tuning states (TS)
at different center frequencies ranging from 29.41 GHz to 30.41 GHz.
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FIGURE 8. Simulated 320 MHz equal ripple bandwidth tuning states (TS)
at different center frequencies ranging from 29.66 GHz to 30.60 GHz.

loss of RL =20 dB. By changing the resonance frequency
of CRyy, the coupling coefficient kj» changes as well. Since
the value of My, is fixed this causes a change in the band-
width. The inter-resonator coupling allows for a equal rip-
ple bandwidth change between 276 MHz and 335 MHz and
the input/output coupling supports a equal ripple bandwidth
change from 270 MHz to 355 MHz for a center frequency of
fo = 30 GHz. This results in a 3-dB bandwidth tuning range
from 640 MHz to 760 MHz. In this case, the inter-resonator
coupling is the limiting factor for the simulated tuning range.
If small distortions are acceptable, the tuning range can be
extended further.

Rexolite is chosen as LC casing, since its dielectric permit-
tivity of &, = 2.53 is in the range of the used LC mixture,
it has very low losses given by tan 8 = 0.66 - 10~ and it is
space-approved. Brass is used for the waveguide structure.
In Fig. 7 and Fig. 8 different tuning states can be seen. This
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includes a tuning state at 30 GHz and the minimum/maximum
frequency where a return loss of 20 dB can be reached. Small
interactions between the main and coupling resonators result
in a reduction of the maximum achievable bandwidth. Fur-
thermore, since the CRs have an influence on the MRs, a small
frequency shift can be seen.

V. ELECTRODE DESIGN

To electrically tune the direction of the LC molecules and,
thus, its permittivity, an external quasi-static electric bias field
has to be applied inside the resonators. Therefore, an electrode
system has to be integrated into the waveguide, which must
enable an independent tuning of each resonator individually.
To obtain a high tuning efficiency, homogeneous bias field
lines are necessary for each tuning state, which is complicated
by the waveguide’s metal walls, since they are deforming the
field lines. Hence, the electrodes must be designed in such a
way that the bias fields are as homogeneous as possible.

To orientate the LC parallel to the TEj9; mode, an elec-
trode, which has at least the width of the LC cavity, is placed
on the top and bottom wall of the waveguide, see Fig. 9(a).
By applying a voltage that is above a certain threshold volt-
age [35], the molecules align themselves parallel to the bias
field lines and thus parallel to the RF field. In the simulation,
a bias of 250V is applied, resulting in a very homogeneous
bias field, as shown in the results in Fig. 9(a). For orthogonal
orientation, two more electrodes are necessary on the wave-
guide’s top and bottom wall. By applying a bias configuration
as depicted in 9 d, a quadruple field is generated, which is
almost orthogonal to the RF field inside the LC cavity. This
results in a less homogeneous bias field, especially in the
corners of the LC cavity, leading to a lower tuning efficiency.
For filter tuning, the LC molecules’ direction and consequen-
tially the permittivity must be continuously tunable between
the two extreme states. This is achieved by applying both bias
configurations, see Fig. 9(b) and 9(c).

The main challenge for LC waveguide components is the
integration of the electrodes [18], [23]. To apply bias to the
electrodes, bias lines have to lead in through slots into the
waveguide. Furthermore, isolation between bias lines and
waveguide must be ensured and the waveguide must be prop-
erly sealed to avoid RF leakage. State-of-the-art LC com-
ponents consist of electrodes which are processed on single
layer substrate [20], [43], [44]. They have to be precisely cut,
aligned and glued into the waveguide, which causes additional
losses. Moreover, misalignment or inaccurate gluing reduce
yield. Hence, a novel electrode concept for waveguide LC
components is developed, as presented in Fig. 10. It consists
of two substrate layers, with the electrode structures in be-
tween, as shown in Fig. 10(a). Therefore, isolation is guaran-
teed. Furthermore, no gluing is needed, since the bottom layer
is made out of copper the electrodes can be fixed by pressure.
By using alignment pins, misalignment of the electrodes is
prevented. To avoid RF leakage, a via fence from the top to the
bottom layer is designed, see Fig. 10(b) and 10(c). As shown
in Fig. 10(b), the center electrode has a stepped-impedance
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FIGURE 9. LC director dynamic simulation results of an LC waveguide
resonator for different bias configurations. Three electrodes are placed on
the resonator’s top and bottom wall, respectively. The red arrow in 9(a)
presents the polarization of the RF field, whereas the black arrows
indicates the mean direction of the LC molecules. 9(a) and 9(d) show the
results for parallel and orthogonal orientation, respectively. In 9(b) and
9(c) two intermediate states are depicted.

structure to avoid parasitic mode excitation in the Pyralux
substrate, which is explained in detail in [43].

VI. FABRICATION AND CHARACTERIZATION

To integrate the electrodes into the filter, the waveguide filter
structure is manufactured in five parts out of brass. It consists
of a middle part, in which the resonators are milled, and a bot-
tom and top plate, on which the electrodes are placed by using

VOLUME 2, NO. 1, JANUARY 2022

A| Bl Copper [Pyralux [JEpoxy Glue |
A-

(a)

(b)

©

FIGURE 10. In 10(a), a drawing of the cross section of the double layer
electrode design is presented. 10(b) shows the top view. and 10(c) the
integration of the electrodes into the waveguide.

FIGURE 11. Photograph of the fabricated and partly assembled filter. The
electrode are placed on two brass plates, which will be screwed on above
and below the resonators, after the LC filled Rexolite cavities are inserted.

alignment pins, as shown in Fig. 11. The electrodes are man-
ufactured by Wiirth Elektronik GmbH & Co KG using 25um
thin DuPont Pyralux AP laminate with a dielectric constant of
&, = 3.4and aloss tangent of tan § = 0.5 - 1072, The Rexolite
casings are fabricated in two halves with tongue and groove,
which are glued together with an UV adhesive, see Fig. 12.
The LC is injected into the cavities through a filling hole and
is sealed by using an epoxy adhesive afterwards. Finally, the
cavities are inserted into the waveguide, which is closed by
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FIGURE 12. In the bottom, two fabricated Rexolite parts are shown, which
are milled with tongue and groove. On the top a LC filled and sealed
Rexolite cavity is shown.

screws on the top and bottom plates. For characterization a
Keysight PNA-X network analyzer and a 12 channel voltage
source providing a 1 kHz rectangular bias up to £250V are
used, with a low power consumption of maximum 1.2 W.

In Fig. 13 a, two tuning states for a high center frequency
of fo = 30.65 GHz are shown. The 3-dB bandwidth change
from 654 MHz to 827 MHz is clearly visible, while the center
frequency is maintained. A small deviation can be noticed
as a result of manual adjustment of the bias voltages. In
Fig. 13(b) the low center frequency tuning states can be seen.
A small frequency shift between the two tuning states can be
observed as a result of the influence of the CR on the main
resonators. The measured insertion loss (IL) is in the range of
3.5 to 4.2 dB and is higher than the simulation results shown
in Section IV. In the simplified simulation model, however,
the electrodes and adhesives were not considered because the
thin layers and the structure increase the computational effort
enormously. Therefore, the simulation was conducted only for
the lossiest case of liquid crystal. To analyze the insertion
loss, the simulation model has been optimized by including
the electrodes and adhesives. The results are summarized in
Fig. 14. Since the adhesives are not characterized in the oper-
ating frequency range, the material properties of the UV and
epoxy glue are taken for W-band from [45]. The insertion loss
is increased from the initial simulation model from 1.2 dB to
2.2 dB. The remaining difference of the insertion loss between
the optimized simulation model and measurement is caused
by the complex assembly of the filter, which consists of five
brass parts, five LC filled Rexolite cavities and two double
layer electrode substrates. The slight frequency shift is caused
by manufacturing tolerances. A wideband response for an
intermediate center frequency can be seen in Fig. 15. The
resonance frequency of the coupling resonators changes ac-
cording to the desired bandwidth and no spurious resonances
can be observed in the Ka-band.

Compared to Fig. 7 and Fig. 8, a small frequency shift up-
wards can be seen. This might be the result of manufacturing
inaccuracies resulting in slightly smaller cavities. The losses
of the filter structure make a bandwidth analysis at the return
loss level not practical. For this reason, the 3-dB bandwidth
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FIGURE 13. Measured S-parameters for low and high bandwidth
configuration for orthogonal (high center frequency) 13(a) and parallel
(low center frequency) 13(b) LC orientation of the MRs resulting in a

fo ~ 30.7 GHz and f, ~ 29.8 GHz, respectively. The 3-dB bandwidths are
tuned from 654 MHz to 827 MHz and from 717 MHz to 871 MHz,
respectively.

is taken as a comparable value to analyze different tuning
states. The 3-dB bandwidth is defined by the bandwidth where
the maximum of Sp; is decreased by 3 dB. To achieve dif-
ferent tuning states, the bias voltage is varied and, therefore,
the permittivity of the LC changed. This results in different
resonance frequencies and is used to adapt both the center
frequency and the coupling. In Fig. 16, the 3-dB bandwidth of
different measurement results are taken and plotted over their
respective center frequency. The dotted area represents all
center frequency/bandwidth combinations which are realiz-
able, since the coupling strength can be adjusted continuously.
It is noticeable that a higher 3-dB bandwidth can be realized
compared to the simulations. This is related to the higher
losses, which cause a widening of the passband. A wide range
of different bandwidth/center frequency combinations can be
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Frequency (GHz)

FIGURE 14. S-Parameters of different simulation models in comparison
with a measured response. The initial simulation model includes the
losses of the LC, Rexolite and conductivity losses of the brass casing. The
optimized simulation model additionally includes the influence of the
electrodes and the UV and epoxy adhesives of the Rexolite cavities. The
frequency shift is caused by manufacturing tolerances.

——BW low --- BW high

-10

—20 |r

-30

S-Parameters (dB)

—40

Ka-Band

_50 1 T I 1 I 1 I 1 I 1 I 1 T L
28 30 32 34 36 38 40

Frequency (GHz)

FIGURE 15. Measured wideband S-parameter response for different
tuning states at fo = 30.25 GHz. The resonance frequency of the CR
changes according to the bandwidth.

seen, which highlights the reconfigurability of the presented
microwave filter. A minimum bandwidth variation between
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TABLE 1. Summary of State-of-The-Art Liquid Crystal Bandpass Filters
Work ‘ Topology ‘ fc tuning | BW tuning ‘ f(GHz) ‘ FBW ‘ T, ‘ TBW ‘ IL(dB)
[46] Microstrip yes no 50 GHz 18% 10.3% / 3.8
[46] Microstrip yes no 85 GHz 16.5% | 10.4% / 7.6
[47] Microstrip yes no 33 GHz 10 % 5.7% / 4.5
[48] | Microstrip yes no 40 GHz 19.8% | 3.9% / 3.9
[49] SIW yes no 30 GHz 11.4% 2.3% / 2-4
[19] HMCSIW yes no 16.5 GHz 3.9% 3.8% / 3.4
[20] NRD yes no 60 GHz 1% 2.9% / 42-62
[18] | Waveguide yes no 20 GHz 1% 2.3% / 5.0 -7.0
This | Waveguide yes yes 30 GHz 1% 3% 24% | 3.5-42
werer I0ib. Sim --+-- Opt. Sim —— meas. 75 Estimated x Measured
A \ T T ‘ 900 w T T r
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FIGURE 16. Range of measured 3-dB bandwidths for different center
frequencies. Dotted area represents realizable configurations.

720 MHz to 840 MHz can be achieved for a center frequency
range from 29.8 GHz to 30.7 GHz. In Table 1 a summary
of state-of-the-art liquid crystal bandpass filters in different
topologies is given. Only the filter presented in this work is
tunable in both center frequency and bandwidth. For filter with
larger FBW, e.g. [46] and [47], larger tunability of the center
frequency can be obtained. Although this work consists of a
filter with tunable coupling resonators, the insertion loss is
lower as other narrowband filter e.g. [20] and [18].

VII. CONCLUSION
In this paper a fully reconfigurable bandpass filter in Ka-band

is presented. To the best of the authors knowledge, this is

the first time that a center frequency and bandwidth tunable

LC bandpass filter is presented. First, the general properties

of LCs are highlighted and the theory for the reconfigurable
filter is explained. Afterwards, the design process for a two
pole bandpass filter with tunable main and coupling resonators
are shown. In addition, a novel electrode design is presented
that allows electrical tuning of the LC molecules in a closed
metallic waveguide. Finally, the simulated filter manufactured
and the measurement results are analyzed. The measurement
results show a high bandwidth and center frequency variation,
where the center frequency can be varied between 29.8 GHz
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to 30.7 GHz, while the 3-dB bandwidth can be changed be-
tween 660 MHz and 870 MHz. This results in a maxiumum
bandwidth variation of over 24%.
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