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Abstract— A simple, new, variable-coupling technique is
presented in this paper. The aim of the design is to optimize the
coupling between a microwave source and a microwave resonator
in which the resonator (in our case a cylindrical cavity resonator,
for demonstration purposes) can be used either as a microwave
applicator or sensor. Our technique involves the inclusion of a
variable capacitor in the coupling loop that terminates the
cavity’s coaxial feedline. . For proof-of-concept, the proposed
approach was applied to a 2.45 GHz TM 010 cylindrical cavity for
heating and sensing of several types of solvents. The experimental
results show the capability to reach any coupling value when the
resonator is loaded with various liquid samples by adjusting the
value of the terminating capacitor. Hence, the critical coupling
condition can be achieved by electronic, rather than mechanical,
means.
Index Terms—Microwave applicator, heating, resonator, sensor.

I. INTRODUCTION

O

NE of the key requirements in medical, biological, and
chemical applications is the combination of the
microwave heating and sensing techniques, where the same
microwave resonator is used for heating and characterization
of the sample at the same time. In [1] and [2], a planar
structure based on a split ring resonator was used to design
dual sensor which can be operated for sensing the dielectric
properties of the organic tissue as well as for executing
thermal ablation therapy. The simultaneous sensing and
heating of individual nanoliter-sized droplets in microfluidic
devices was presented in [3], where an electrically small
resonator was able to distinguish between materials with
different electrical properties. A TE011 cylindrical cavity was
designed at 2.45GHz in [4] to heat and measure the
temperature dependence for thin materials. A microwave
cavity and heating system for microwave processing and in
situ dynamic measurements of the complex permittivity of
dielectric materials at high temperatures (1000 ºC) has been
developed in [5], where a dual-mode cylindrical cavity was
used with two different swept frequency microwave sources
for heating and testing.
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Fig. 1. Cross section of the cylindrical waveguide cavity with one input
variable coupling circuit,

Another requirement in microwave heating applications is
the improvement of the heating efficiency as the coupling
varies for different samples (i.e. electrical loads). Also the
coupling varies with temperature because the sample’s
permittivity is often highly dependent on temperature, as is the
case with common polar solvents. Improved electromagnetic
heating of a load was demonstrated by increasing the isolation
(or decoupling) factor between two electromagnetic feed
elements [6]. An electronically adaptive coupling technique is
presented in [7] for a microwave microstrip resonator to
improve the efficiency of liquid heating in a microfluidic
system, where the resonator is fed with two synchronized
inputs with a variable phase shifter between them.
In this paper, we propose a new coupling structure for a
resonator used for simultaneous heating and sensing
applications by using a variable coupling circuit, as shown
schematically in Fig. 1. Moreover, the variable coupling
circuit can be adjusted to obtain maximum coupling during the
heating when the load (sample) changes its dielectric property
with temperature. This approach was applied to TM010 mode
in a cylindrical cavity at 2.45 GHz loaded with several liquids
to verify the variable coupling topology.
II. DESIGN OF VARIABLE COUPLING STRUCTURE
To achieve our goal, the coupling circuit must have the
ability to reach critical coupling with the resonator working as
an applicator so that maximum power can be delivered to the
sample. Additionally, the coupling circuit should have the
ability to reduce the coupling strength in the case when the
resonator is switched into its sensing mode (i.e. for complex
permittivity characterization) to increase the loaded quality
factor to improve the accuracy of the measurement.
The voltage reflection coefficient at the input of the
coupling circuit with one-port resonator can be expressed as:
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Fig. 3. The equivalent circuit of the variable coupling resonator shown on Fig.
1.
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Fig. 2. |S11| calculated from (1) for three values of the coupling coefficient
when the loaded quality factor is equal to 100.
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where 𝜔𝑜 is the resonant frequency, 𝑄𝑜 is the unloaded
quality factor of the resonator, 𝑚 is the mutual inductance
between the coupling loop and the resonator, 𝑅 is the
resistance of the resonator (assuming a series RLC equivalent
circuit for the resonator), and 𝑍𝑜 is the characteristic
impedance of the input/output transmission lines (here 50 Ω).
According to (1), if we assume that the unloaded quality factor
of the cavity with a water sample is 100 and the resonant
frequency is equal to 2.45 GHz, then the change in |𝑆11 | with
respect to the coupling coefficient g can be plotted as shown in
Fig. 2. For g in (2) to be variable, 𝑚 needs to change. The
radius of the coupling loop cannot be modified once it is built,
but the electrical length of the coupling loop can be changed
by terminating the loop with a variable capacitor. This can
also offset changes in g due to changes in 𝑄𝑜 , thus ensuring
the condition for maximum power transfer (i.e. g = 1, critical
coupling) can be maintained. As a proof of concept, a
cylindrical cavity with a resonant frequency of 2.45 GHz for
TM010 mode is used. The electric field at the center of the
cavity is parallel and equal to the internal electric field of the
sample [8], therefore, the depolarization is a minimum and the
maximum delivery of power to the sample will occur.
Fig. 3 shows the equivalent circuit of variable coupling
structure shown in Fig. 1. The variable admittance is modeled
as in [9] by means of the coupling variable element made up
of the loop segment and the transmission line terminated with
variable capacitor as:
𝑌 = 𝑌𝑣𝑐 +

𝑌𝑐
𝑗tan(𝜃𝑐 )

,
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Fig. 4. Photograph and 3D drawing of the proposed variable coupling
structure.

where g is the coupling coefficient, defined as:
𝑔=

SMA
connector

(3)

where 𝑌𝑣𝑐 is the input admittance of the transmission line
terminated with variable capacitor. 𝑌𝑐 and 𝜃𝑐 are the

characteristic admittance and the electrical length of the
coupling loop, respectively. The coupling can be controlled by
changing the value of the variable capacitor.
An aluminum cylindrical cavity resonator was designed and
fabricated with an internal radius of 46 mm and height of 40
mm. The input was coupled from an inductive loop with
diameter of 13 mm, made from a silver-coated wire of 0.8 mm
diameter. A liquid sample in a quartz capillary, which has an
inner diameter of 1 mm and outer diameter of 1.2 mm, was
inserted through a hole along the cavity’s axis. An air trimmer
capacitor (47273, Johanson Manufacturing) with a tuning
range of 0.6-4.5 pF was used to vary the coupling. A
photograph of the cylindrical resonator and the variable
coupling circuit is shown in Fig. 4.
To find the value of the capacitance at a certain frequency,
measurements when using open and short circuit loads
(instead of the capacitor) are performed to find the Zparameters of the equivalent circuit as shown in Fig. 3.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Sensing mode resonator
The sensing mode can be achieved by reducing the value of
the coupling coefficient to increase the sensitivity (increase
the quality factor). The magnitude of the S11 was reduced to 10 dB by adjusting the value of the capacitor to 1.931 pF at
2.499 GHz, as shown in Fig. 5. The corresponding |S11| when
using various liquids (water, methanol, ethanol, and
chloroform) are shown in Fig. 5, the changes in the resonant
frequency and quality factor being due to the effects of
polarization and dielectric loss of the sample on the cavity
resonance. The value of the complex permittivity of the
sample can be extracted by using perturbation theory as in
[10], [11].
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in Fig. 6 (b). Critical coupling (|S11| between at least -40 dB) is
achieved for all solvents by setting different values of the
capacitor. Critical coupling will make sure the power available
from the source is delivered effectively to the sample,
resulting in high efficiency and, therefore, fast heating. The
values of the terminating capacitor are shown in Fig. 6 (b).
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Fig. 5 Measured |S11| for several solvents at 25ºC when the terminating
capacitor is 1.931 pF at 2.499 GHz (for the sensing mode).

B. Heating mode resonator
As shown in Fig 6 (a), first, the capacitor is adjusted to give
critical coupling (S11= -40 dB at C=1.878 pF) in case of an
empty capillary. When the sample is introduced into the
cavity, chloroform (a weakly polar liquid) reduces the
coupling to -15 dB. Strongly polar liquids such as water,
methanol, and ethanol reduces the coupling down to -1.5 dB,
since 𝑄𝑜 Is much lower. Now, the amount of coupling can be
adjusted by tuning the terminating capacitor as illustrated

In this letter, a new technique for a variable coupling
resonator is proposed. This technique not only shows the
ability to maximize the coupling (reaching critical coupling) in
the case of using the resonator for heating applications, but
also provides the facility to use the resonator as sensor for
liquid permittivity characterization. These two functions are
required together in many medical, biological, and chemical
applications. A cylindrical waveguide cavity at TM010 and
resonant frequency of 2.45 GHz was used to verify the
variable coupling concept where the coupling loop was
terminated by a variable capacitor to tune the coupling. Here,
we used screwdriver tunable capacitor type to proof the
validity of the new coupling technique. A varactor diode can
be used instead to provide the facility to control the coupling
electronically. The experimental results validated the concept
of variable coupling technique.
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Fig. 6. Measured |S11| for several solvents at 25ºC. (a) before tuning, and (b)
after tuning.

