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Micromechanically Tunable
Dielectric Rod Resonator

Kostiantyn Savin, Irina Golubeva, Victor Kazmirenko,
Yuriy Prokopenko, and Guy A. E. Vandenbosch

Abstract—A resonant frequency control method for dielectric
rod resonators is discussed. A dielectric rod of cylindrical shape is
placed inside a metal cavity. The bottom face of the dielectric rod
is fixed at the metal base plate. Resonant frequency tuning is
achieved by lifting the top metal plate above the dielectric rod
upper face. The paper presents simulations using the mode
matching technique and experimental study of this tunable
resonator. Resonant frequency of the basic mode can be tuned by
more than an octave with displacements of only tens of
micrometres, which is in range of piezoactuators, MEMS, etc. A
distinct feature of the proposed tuning technique is that the quality
factor of the system does not degrade throughout the tuning range.

Keywords—dielectric resonator, resonant frequency,
electromechanical tuning, quality factor, mode matching technique

I. INTRODUCTION

IELECTRIC resonators (DRs) are widely used in modern

radiofrequency equipment because of their small size and
high quality (Q) factor [1]—[4]. The tunable DR with high-Q
performance within the whole tuning range is highly demanded
for various components of communication devices, like filters,
phase shifters, oscillators, etc.

One of the most common ways to obtain tunability is adding
varactors to the electric circuit of a resonant element [5]. This
approach leads to additional loss of electromagnetic energy.
Thus, it is not appropriate for high-Q applications. On the other
hand, using a mechanical tuning allows maintaining the O-
factor of the initial resonant element [6], [7]. As all electric ways
of control are desired in practical applications, there are
attempts to combine mechanical and electrical control [8]. Fast
tuning can be achieved by using piezoelectric, electrostrictive
actuators. However, their fast operation speed comes at the
expense of a rather small displacement. Thus, the design should
show a high sensitivity of the resonant frequency to the
mechanical displacement of the device’s parts in order to benefit
from the actuator’s operation speed.

The dielectric rod resonator short circuited at both ends is
well studied and widely used thanks to its small dimensions and
superior quality factor [9]. The research presented here adds
tuning capability to the considered resonator.

A dielectric rod with relative permittivity € of cylindrical
shape with radius R and height % is fixed at the bottom plate of
a surrounding metal cavity of radius R,. The upper metal plate
of the cavity can move above the dielectric rod top surface,
opening an air gap of height d, Fig. 1.

A variation of the air gap height d causes an electromagnetic
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Fig. 1. Tunable schielded cylindrical dielectric resonator.

field redistribution, which results in a resonant frequency shift.
Therefore, tuning is achieved by moving the perturber, i.e. the
upper metal plate above the dielectric rod face.

Certain resonant modes are very sensitive to the air gap
height, i.e. the metal plate displacement. The following report
demonstrates the wide range resonant frequency tuning with
displacement of a few percent of the rod height. In X-band a
tuning over an octave could be achieved with displacements of
just tens of micrometres. Such a displacement is in the range of
available piezo motors, MEMS etc. Thus, an electromechanical
type of tuning can be implemented.

This paper reports on the innovating tunable resonator, and
presents a study of the resonant frequency tunability and quality
factor of the multiple modes with respect to the design
parameters, such as, dielectric rod and cavity radii, dielectric rod
permittivity and height, dielectric and metal losses. A
comparison of the proposed tunable resonator with literature is
presented in Table 1. This shows that our proposal provides a
high-end solution, usable in case when performance is crucial
and cost is less of an issue.

TABLE I

COMPARISON OF STUDIED RESONATOR WITH LITERATURE

Operational .
Ref frequency Unlfoa(tied Tuning Robustness Cost

[GHZ] Q-factor range

[9] ~5 ~25-50 ~15% high low
[ty ~3 ~50 ~20% high low
[12] ~4 ~120 ~1.2%  high medium
[13]  ~3 ~10 ~50% high low
[14] ~15 ~50-200 ~20% low high
[15] ~11.5 ~300 ~43%  high low
This ~24 ~2000 ~100% medium high
work
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II. RESEARCH TECHNIQUE

A. Simulation

The resonator topology under consideration was simulated by
using the mode matching technique (MMT), similarly to [16].
This technique was adapted to cope with the very small air gap
height. These adaptions are briefly described, without going into
full detail. Unlike in [16], the problem was formulated in terms
of a reduced set of Fredholm’s integral equations of the first
kind with respect to auxiliary functions, which are proportional
to the z-component of the electric and magnetic field [17].
Auxiliary functions were used to describe the electromagnetic
field distribution. The Galerkin method was applied to solve this
set of integral equations. The auxiliary functions were expanded
with respect to a specific basis. This transforms the problem into
a homogenous system of linear equations in the coefficients of
the series expansion. The requirement of finding a nontrivial
solution of this system results in a nonlinear eigen value
problem. This eigen value defines the resonant frequency, and
the eigen vector defines the respective electromagnetic field
configuration, i.e. the resonant mode [18].

According to [9], at zero air gap d =0 resonant modes are
classified as HE,u;, EHum, TMom, TMumo and TEgu. In the
presence of the air gap, d#0, the last index in the mode
classification is not an integer any more. However, we keep the
Kobayashi notation [9] as these modes have a similar field
configuration in the cross section.

The Galerkin method was implemented using two sets of
basis and test functions. One set employs axial eigen functions
of domains, representing volumes inside and outside of the rod,
i.e. for ¥ <R and r > R, respectively. Solutions obtained in this
way coincide well with those of [16]. Another set accounts for
the singularity of the electromagnetic field distribution near the
dielectric edge E ~r'™* [19], where r is the distance to the

edge, and
1 g +6e+1 | 1
Vv =—arccos| ————— |——.
i 2¢° +4e+2) 2

To arrange basis and test functions with similar singularity
the ultraspherical (Gegenbauer) polynomials C;,(2),C;,.,(2)

were used. These polynomials are orthogonal with weights
(I—Ez)H/2 and complete on the interval [0, 1].

Because these basis and test functions are very close to the
actual distribution of the electromagnetic field, the numerical
method converges extremely fast, with a very small number of
functions, see Fig. 2.

As will be demonstrated later, a better tunability is achieved
as the R/ ratio increases. Still, for most practical applications,
even in case of higher permittivities or higher order modes, a
sufficient accuracy for the TM- and HE-modes is reached with
less than 10 basis and test functions.

As also seen in Fig. 2, the relative error of the technique is
much smaller in case of TE- and EH-modes. The convergence
of the simulation results for these modes is fast due to the
continuity of the axial component of the electric field in the axial
direction, which in turn results in a poor resonant frequency
tunability. In general, the simulation of highly tunable modes
requires a larger set of basis and test functions to achieve a target
accuracy.

The presented simulation technique gives results very close
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Fig. 2. Relative computational error of resonant frequency f for 7M;o and
TEy1; modes versus the number N of basis and test functions. d/A = 0.02,
R/R=2,¢e=280.

to other methods, such as the finite elements method, and the
finite integration technique [17].

B.  Experimental study

The experimental prototype is shown in Fig. 3. Its basic
component is a brass enclosure of inner radius 12 mm (Fig. 3,
top left) which provides the bottom plate and the metal shield.
There are two coaxial ports in the side wall of the enclosure
which provide resonator excitation using coupling loops. Two
cylindrical dielectric rods were used in the experiment (Fig. 3,
bottom left). The first rod is of radius 7 mm, height 4.5 mm and
permittivity 37.7. The second rod is of radius 5.5 mm, height
5 mm and permittivity 79.

A brass piston of radius 11.75 mm was used as a movable
upper plate. This piston is attached to a Digimatic micrometre
head, series 350 (Fig. 3, right). A N5247A PNA-X Microwave
Network Analyzer was used to measure the two-port S-
parameters of the device.

Fig. 3. Experimental setup. Top left: metal enclosure, bottom left: dielectric
resonators used in experiment, right: metal cylinder attached to the
micrometer head.
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Note that the upscaled dimensions of both resonator and
cavity were used intentionally in the experiment in order to
ensure the accuracy of the displacement setting with the
micrometre screw. A practical design using a real
electromechanical way of controlling can be implemented at a
much smaller scale, where the displacement can be kept within
arange of tens of micrometres. Other design considerations will
be presented in the next section.

The measured frequency dependencies of the S-parameters
near the resonance were approximated using circuit theory
models [20]:

1+ j§
Si (fa): 1T 7 >
JjE+K
K
S =,
u (/) 1+ jE+K
where & =0, (%—QJ, f, 1s the operating frequency; f is

the resonant frequency; Q, is the unloaded quality factor; K is

the coupling coefficient at the resonant frequency. The resonant
frequency f, unloaded quality factor Q,, and coupling

coefficient K were derived as solutions of the minimization
problem:

min 3 (1)) + (5. (1)) ]

min

where 7", S5 are the values of the scattering parameters,
measured at the operating frequency f, .

The theoretical and experimental results for the resonant
frequencies of the 7Moo and the TEo; mode are compared in
Fig. 4. Measured results are in good agreement with simulated
results. For the TMy1o mode, the tuning range of sample 1
reaches 0.9 GHz (38%) at a displacement of the moving metal
plate of about 300 um, while for sample 2 a tuning range of 0.95
GHz (43%) is obtained by moving the metal piston about
350 pm. Similarly, for the 7E¢;1 mode a resonant frequency shift
of 0.3 GHz (7%) is obtained by moving the metal plate
over 800 pm.

III. DiscussIoN

A number of distinct modes can be excited in the structure
under consideration, such as HE,ui, EHyumi, TMomi, TMumo and
TEow. From a tunability point of view, these modes exhibit a
different sensitivity to the variation of the air gap. This depends
on the configuration of the electric field along the direction of
the perturber movement. In general, modes having a dominant
component of the electric field normal to the resonator face
adjacent to the moving plate, i.e. in 0z direction, demonstrate a
larger frequency shift for the same displacement of the metal
plate. In such a configuration the electric field distribution
experiences a strong discontinuity at the air-dielectric boundary,
which also strongly depends on the air gap height. Thus, a small
displacement of the plate above the resonator face causes a
significant redistribution of the electromagnetic field, which is
observed as a resonant frequency shift. Among all mentioned
modes, this requirement is best satisfied for the 7M,,,o family.

The resonator tuning under the form of a resonant frequency
shift is caused by the redistribution of the electromagnetic field
along the axis of the plate movement, i.e. in 0z direction. As
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Fig. 4. Resonant frequency of TM,o and TEy;; modes versus normalized air
gap thickness calculated using MMT and measured experimentally in case of
R¢=12 mm and: 1) R=7 mm, 4=4.5 mm, €=37.7, 2) R=5.5 mm, ~A=5 mm, &=79.

seen in Fig. 5, the electric field of the 7Moo mode outside the
dielectric rod experiences a significant reconfiguration if the air
gap varies. TM,,0 modes with larger m, n indices have
significant components in the other directions, which do not
participate in the field redistribution. Therefore, these modes
exhibit a smaller tunability compared to the 7Moo mode.

As seen in Fig. 6, the resonant frequency of the 7M1 mode
is very sensitive to variations of the air gap height d. An
alteration of d in the order of only a few percents of % leads to a
resonant frequency shift in the order of tens of percents. Such
sensitivity gives an opportunity to apply piezoelectric actuators
or MEMS for resonant frequency tuning.

At the same time, the sensitivity and tuning range of the
nearest TMi10 mode is smaller compared to 7Moo, see Fig. 6.
Nevertheless, this mode is of great practical interest, as it is
excited in the resonator placed into a rectangular waveguide
without any additional coupling elements [21]. However, for the
TM10 mode over half the maximum possible tuning is achieved
with a displacement under 5% of the rod height. Both sensitivity
and tuning range versus air gap height increase with larger
values of the dielectric rod permittivity, see Fig. 6.

The tuning range and the resonant frequency sensitivity of the
TMoy1o mode both rise as the R/h ratio increases, see Fig. 7.
Considering the limit R/A—o one may get extreme tuning
characteristics. In this case, the problem reduces to a one-
dimensional dielectric discontinuity situated between infinitely
wide conductors, and the wavelength tuning can be described
using the effective permittivity. The effective relative
permittivity €er is defined as the permittivity of a uniform
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Fig. 5. TMpo mode normalized z-components of electric field in radial direction: (a) at z = /4/2; (b) at z = h+d/2. RJyR =2,&=80, R/h =2.

structure with the same wavelength as the non-uniform structure

under consideration. The problem has an analytical
solution [22]:
h+d
€, =¢ . 1
T T h+ed M

A maximum possible frequency tuning can be estimated by
using the technique presented in [9] for a uniform shielded
resonator, but substituting the permittivity defined in (1). As
illustrated in Fig. 8, the maximum possible tuning limit is
achieved for R/h—o. The value of that limit depends on the
dielectric rod permittivity, see Fig. 6.

The resonant frequencies of the 7My,; and HE,,; modes can
be tuned by movement of the metal plate as well. However, as
is the case for the sensitivity, the tuning range is smaller
compared to the 7Moo or TM110 modes. In contrast, the resonant
frequencies of the TEo, and EH,,; modes demonstrate a very
small variation with the air gap height, see Fig. 4. Moreover,
their variation trend is opposite to those of the TM,umo, TMomi,
and HE,,, modes. These modes demonstrate a poor tunability,

Af IS,

Fig. 6. Normalized TMg;0, TM;10 modes resonant frequency tuning versus
gap to rod height ratio with R/R =2, R/h =2.

as they have no dominant z-component of the electric field at
the rod face.

It is important to point out that the resonant frequency tuning
range can be limited by the presence of closely spaced
neighbouring modes, which could result in unsolicited
transmission or rejection bands. However, as the air gap changes
the resonant frequency shift direction depends on particular
mode peculiarities. For instance, as the air gap grows the
resonant frequency of the 7M or HE-mode increases, but it
decreases for the TE or EH-mode. This means that there can be
values of the air gap for which resonant frequencies of different
modes degenerate and change their position in the spectrum as
the gap continues to grow. This case is illustrated in Fig. 9.
Besides the just considered situation, adjacent 7M modes, as
well as HE modes can swap their spectral positions if the air gap
grows. Thus, the device should be designed and constructed in
such a way that neighbouring modes do not degenerate
throughout the working displacement range.

As an example of a design rule one may require that in the
absence of the air gap the wavenumbers of the neighbouring
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Fig. 7. Normalized 7Moo mode resonant frequency tuning versus gap to
cylinder height ratio. Rg/R = 2, € = 80.
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Fig. 8. Maximum possible normalized 7My;o mode resonant frequency tuning
versus air gap to cylinder height ratio; R¢/R =2, R/h —0.

modes should exceed the wavenumber of the operating mode
with a margin large enough to avoid their degeneration during
d/h tuning. The dependencies of the lowest modes’ initial
wavenumbers depicted in Fig. 10, Fig. 11 give an idea about a
proper design parameter selection. For instance, with R/A < 0.5
and R¢/R <2 the EHi11 mode degenerates with 7M1, see Fig.
10, Fig. 11. To avoid such limitation on the 7M|o-mode tuning
range one has to:
e reduce the cylinder height in order to rise the EH, TE
modes’ wavenumbers;
e increase the cylinder to shield distance (Rg/R ratio) to
reduce the TM-modes’ wavenumbers.

This described design freedom is possible, because the
resonant frequencies of the FEH, TE modes weakly depend on
the dielectric permittivity, while the resonant frequencies of the
TM,un0 modes practically do not depend on the R/A ratio.

IV. QUALITY FACTOR

The unloaded quality factor Qo of the resonator, defined by
the dielectric loss and the metal loss, can be expressed as

R/h

Fig. 10. Normalized resonant wavenumber of EH;,, and TE,;; modes versus
dielectric cylinder height to radius ratio in the absence of air gap d = 0, e=80.

619

Fig. 9. Degeneration of EH;,; mode with TM,o when gap exceeds d/h = 0.05;
R/h=1,Rs/R=2.

0,'=0,'+0,, &)
where Qyis the unloaded Q factor caused by the dielectric loss,
and O, is the unloaded Q factor caused by the metal loss. The
metal loss is concentrated in the parallel plates rather than in the
shield. Q; and Q,, were obtained with the mode matching
technique used to calculate the electromagnetic field
distribution [23].

As seen in Fig. 12, the Q factor caused by the dielectric loss
increases as the air gap height increases. The fundamental
reason of this behavior is a redistribution of the electromagnetic
energy from the dielectric rod to the air gap. Since air has very
low loss this decreases the dielectric loss.

It also follows that an increase of the dielectric rod height
results in a decrease of the Q factor caused by the dielectric loss.
The reason is the internal reflection effect inside the dielectric
cylinder. Thus, a change of the geometrical or electrical
parameters which results in a wider tuning range also leads to a
higher Q factor caused by the dielectric loss. Considering the
limit R/h—o0, one may note an extreme quality factor, which is
not reachable in any practical design.

The dependency of the normalized quality factor of the
TMoy10 mode caused by the metal loss versus normalized air gap

I
3 ,,,,,,\,,,,,,,,,,i ,,,,,,,, - =10 1
; cmg=120
| —=£=100
2.5 7m0 Pt L ittty

- oy | b LT
=

---d-------------

Ve kR

Fig. 11. Normalized resonant wavenumber of 7Mg;oand TM;;o modes versus
shield to dielectric cylinder radius ratio in the absence of air gap d = 0.
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Fig. 12. Normalized Q factor of the TM;o mode caused by dielectric loss
versus normalized air gap dimension for tunable shielded cylindrical metal-
dielectric resonator with following parameters: Rs= 2R, & = 40.

height for various values of the normalized height is presented
in Fig. 13.

It is seen that the Q factor caused by the metal loss increases
as the air gap height increases. The reason is an increase of the
overall height of the resonator. Thus, the volume of the
resonator increases while the area corresponding to the parallel
metal plates remains constant. The result is a redistribution of
the electromagnetic energy from the metal plates to the volume
of the cavity.

It is also seen that an increase of the dielectric cylinder height
results in an increase of the Q factor caused by the metal loss.
Thus, a change of geometrical or electrical parameters which
results in a wider tuning range leads to a lower Q factor caused
by the metal loss. So, a trade-off between wider tuning range
and Q factor caused by dielectric loss on the one hand and Q
factor caused by metal loss on the other hand is necessary.

V. CONCLUSION

It has been shown that in a tunable schielded cylindrical
dielectric resonator only modes with a predominant component
of the electric field in the direction normal to the moving metal
perturber exhibit superior tuning capabilities. The 7Moo mode
demonstrates a maximum tuning range and sensitivity to the
control factor: in an X-band device, the resonant frequency
shifts more than an octave with a displacement of only tens of
micrometres. In practice, such a small displacement requires the
use of micromechanical drivers such as piezoelectric
components, MEMS, etc.

For waveguide type applications the TMj;p mode is of
particular interest. Despite of the somewhat smaller tuning
range and sensitivity compared to 7Moo, this mode is reliably
excited in a rectangular waveguide without extra coupling
elements.

It has been shown that the tuning range of an operating mode
is limited by the vicinity of neighbouring modes. This limitation
can be relieved by reducing the height of the dielectric rod, or
by increasing the shield radius. The unloaded Q factors caused
by metal loss and dielectric loss both grow as gap height
increases. Therefore, the presented tunable resonator is able to
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Fig. 13. Normalized Q factor of the TMoio mode caused by metal loss versus
normalized air gap dimension for tunable shielded cylindrical metal-dielectric
resonator with following parameters: Ry = 1.5R, € = 30.

maintain its high level of O factor when the resonant frequency
is tuned.
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