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Fig. 16. Photograph the bench-top experimental assembly. The microwave
source was provided by an Agilent E5071B network analyzer. Other compo-
nents are labeled.

to have a resonant frequency of 2.861 GHz and an unloaded
quality factor of 150.
To deliver the power to the adaptive coupling resonator cir-

cuit, a power amplifier ZHL-42 (manufactured by Mini-Cir-
cuits) was used to amplify the signal from an Agilent E5071B
network analyzer. The power amplifier gain is 29.6 dB and the
range of delivered power from the network analyzer is from 10
to 0 dBm. The resulting input power to the circuit is from 20
to 30 dBm, which covers the power range required to boil the
chloroform sample. A circulator was used to protect the power
amplifier from the reflected power. Fig. 16 shows the bench-top
assembly of the adaptive coupling resonator with the power am-
plifier and the network analyzer.

IV. RESULTS AND DISCUSSION

To verify the ability of the resonator with adaptive coupling
to increase the heating efficiency, as well as controlling strength
of the coupling, tests were undertaken, firstly by feeding only
one input port of the resonator, which incorporated a chloroform
filled capillary. This was heated to boiling at different values of
input power.
Due to the difficulty of measuring the liquid temperature in-

side the resonator-integrated capillary, the shift in the resonant
frequency was used to measure the temperature of chloroform,
as the permittivity of a polar liquid is a strong function of
temperature [27]. The complex permittivity of heated chloro-
form can be calculated by applying an optimization routine
based on matching the simulated and experimental results (see
Section II-D). The temperature can then be determined from
the new value of liquid permittivity.
As previously mentioned, a separate microwave cavity was

used to measure the complex permittivity of chloroform using
standard cavity perturbation analysis [23] and [28]. This can be
done over a variable temperature range by placing the cavity
in an oven (Memmert, Model: IPP 400) with a high degree of
temperature control ( 0.1 C).

Fig. 17. Cavity measurements of the complex permittivity of chloroform with
temperature. (a) Real part and (b) imaginary part at frequencies of 2.5 and
5.7 GHz. The values shown at 2.861 GHz are linearly interpolated between
these two measurement frequencies.

The complex permittivity of chloroform was measured over
the temperature range of 25.0 C–61.5 C (i.e., to boiling) at
the two resonant frequencies of the and modes
of the cylindrical cavity (at 2.5 and 5.7 GHz, respectively). Re-
sults at 2.861 GHzwere found by linearly interpolating the com-
plex permittivity between 2.5 and 5.7 GHz. These are plotted as
a function of temperature in Fig. 17. By knowing the complex
permittivity of chloroform as a function of temperature, the tem-
perature of the chloroform can be inferred with a high degree of
accuracy from measuring the resonant frequency of the DSRR
(or indeed any type of resonant applicator used to heat it).
As shown in Fig. 18, the resonant frequency is 2.8610 GHz

when 1 mW of power was applied to only one input port of
the DSRR. This means that there was negligible heating of the
chloroform at such low powers and the chloroform tempera-
ture remained at 25 C (room temperature). By increasing the
input power to 180 mW, boiling occurred when the resonant fre-
quency increased to 2.8631 GHz, which accurately predicts the
boiling point of chloroform of 61.5 C (where the real permit-
tivity is 4.10).
In the second part of the experiments, the DSRR was fed with

two input signals of variable phase difference with the circuits
shown in Figs. 14 and 16. The phase shift between ports 2 and
3 shown in Fig. 14 was measured with variable bias voltages
applied to the varactor diode, as shown in Fig. 19. Here the
DSRR was removed and the output was terminated with a 50-
load. At the resonant frequency of the DSRR (2.861 GHz) with
the chloroform at 25 C, the circuit provides a range of phase
shifts from 128 at 0 V to 190 at 25 V.
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Fig. 18. Simulated and measured magnitudes of the voltage reflection coeffi-
cients for the single-port DSRR at different temperature degrees.

Fig. 19. Measured phase of between Ports 2 and 3 of Fig. 14 for different
values of the applied bias voltage.

This covers the condition for maximum power transfer into
the DSRR that occurs at 180 according to the simulation shown
in Fig. 5.
To determine the performance of the adaptive coupling res-

onator shown in Fig. 14 for optimum heating efficiency, mi-
crowave power was fed to the input port of the circuit shown
in Fig. 16. At each input power, the bias voltage was adjusted to
give the maximum coupling, i.e., maximum power transfer, cor-
responding to a phase difference of 180 , as shown in Fig. 20.
The input power required for boiling (where the DSRR’s reso-
nant frequency was shifted to 2.6831 GHz due to the change in
permittivity), was 45 mW at each port (port 2 or 3) of the DSRR,
or 90 mW when fed at both ports. After heating the chloroform
to 61.5 C, the return loss decreased by 4 dB due to a combina-
tion of the increase in resonant frequency and increased value
of quality factor.
The coupling can be readjusted to return to the same value of

return loss (49 dB) attained before heating. Moreover, as shown
in Fig. 20, the three dotted lines and maximum coupling line
correspond to the magnitudes of with different values of

Fig. 20. Measured values of of the adaptive coupling resonator in Fig. 16.

TABLE III
PERFORMANCE COMPARISON BETWEEN THE TWO TYPES OF POWER FEEDING

Fig. 21. Simulated temperature distribution over the channel for the one input
DSRR with 180 mW, or two input DSRR with 45 mW at each input.

diode dc voltage and 0-dBm input power. This means that the
coupling changes with the value of the dc-bias voltage, demon-
strating the ability to control the coupling electronically.
A summary of the adaptive coupling circuit performance is

illustrated in Table III. As shown in Fig. 20, there is a change
in resonant frequency due to the coupling variation. The res-
onant frequency changes are approximately 2.0 0.1 MHz,
which is well within the bandwidth of the power amplifier. Fi-
nally, a simulation of the heat distribution along the chloroform
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sample was undertaken using COMSOL Multiphysics to illus-
trate the distribution of the temperature along the gap area, as
shown in Fig. 21. This simulation is when the DSRR is fed with
180 mW at one port, or 45 mW at two ports, with a phase shift
of 180 between them (total input power is 90 mW). In both
cases, the chloroform was heated to boiling along the center re-
gion (61.5 C).

V. CONCLUSION
A novel adaptive coupling method that provides the ability to

change (and, in principle, control) the coupling of a microwave
resonator electronically has been presented in this paper. This
approach can be exploited in microfluidic heating applications,
where the heating rate can be optimized without changing the
source power. The power gain, or the extent of heating, can
be increased to double the power value of that used to feed
a one-port resonator. For example, with chloroform, the total
power (applied to both ports) required to reach the boiling tem-
perature was half the value needed in the one-port configuration.
The verification of this new concept was achieved by simulation
and experiment, including the dissipated power, the heat distri-
bution of the liquid, S-parameter measurements, and the asso-
ciated shifts in resonant frequency. The proposed topology is
used for proof-of-principle, and as a future work, miniaturiza-
tion will be achieved by using commercially available power
dividers and quadrature hybrid couplers.
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