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Abstract: Electrical resonators are usually characterized by their resonance frequency, attenuation
and quality factor. External quantities can affect these parameters, resulting in a characteristic change
in the resonator, which can be used as a sensor effect. This work presents a new concept and electronic
device for the continuous recording of resonator characteristics using single-sideband modulation. A
test signal consisting of a center frequency and two sidebands is generated and the center frequency is
set close to the resonator’s resonance frequency while the two sidebands are adjusted symmetrically
around the center frequency. By exiting the resonator with the test signal and demodulating the
resulting output into individual frequency components, a continuous measurement of the attenuation
is possible. The center frequency is adjusted so that both sidebands have equal attenuation, resulting
in a center frequency that corresponds to the resonance frequency of the resonator. If the resonator
does not show a symmetrical frequency response, the sideband attenuation ratio can be adjusted
accordingly. Continuous recording of the resonator characteristics at a sampling rate of 100 Sps was
verified using a digitally tunable RLC series resonator with resonance frequencies between 250 MHz
and 450 MHz, resulting in a maximum error below 1.5%.

Keywords: split-ring resonator; SRR; tracking electronics; readout electronics; demodulator; single
sideband; SSB

1. Introduction

Resonators, such as split-ring resonators [1–12], are widely used in sensor applications
to detect even the slightest changes in ambient conditions. The characteristic parameters of
a resonator, namely its resonant frequency, the damping at resonance and its quality factor,
can be measured using a vector network analyzer (VNA). The VNA records the frequency
response by performing a defined frequency sweep and determining the scattering, from
which the resonance frequency, quality factor and attenuation can be derived [1,13]. This
results in a characteristic frequency response, from which the resonance frequency and
attenuation can be derived. Depending on the VNA and measurement parameters, this
method allows highly accurate determination of the resonator parameters, but it comes at
the expense of measurement speed. However, this lack of measurement speed may not be
suitable for applications requiring continuous monitoring, as the temporal resolution of the
measurements achieved with a VNA is too low. To overcome this limitation, Hitzemann
et al. [14] have developed simple electronics to continuously measure the attenuation of
a resonator at a specific frequency. Any change in attenuation infers a shift in resonance
frequency and/or attenuation and thus a variation in permittivity and/or conductivity of
the split capacitor of a split-ring resonator (SRR). However, relying on a single frequency
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limits the detectable frequency shift of the resonator and makes it difficult to attribute the
measured attenuation to a change in resonance frequency or general attenuation.

Another approach to determining a resonator’s characteristics involves measuring the
exponential decay of a resonator excited to oscillation, which is often used for resonators
such as quartz microbalances (QCMs) [15]. This method requires rapid and precise data
acquisition operating at at least twice the resonator’s resonance frequency to capture the
exponential decay.

While various other techniques exist for low-frequency resonators like QCMs, as
shown by Alassi et al. [16], limitations arise for higher-frequency resonators such as SRRs
due to electronic component constraints.

Using SRRs as detectors in high-performance liquid chromatography (HPLC) and ion
chromatography (IC) requires rapid sensor response and thus new concepts capable of fast,
accurate and continuous tracking of the resonator’s characteristics. In this case, a response
time of 1 s or less is required to capture the narrow peaks eluting from the chromatographic
column [8,9,17]. The same applies for various other applications, where SRRs are employed
as sensing elements, e.g., fast analysis of liquids [2,4,7], the detection of biomarkers [5,6]
and the identification of defects and cracks in metal objects [3]. This highlights the necessity
for fast, accurate and continuous tracking of SRR characteristics.

A promising approach to determining the quality factor was outlined by Kuzikov
et al. [18]. This approach determines the quality factor of a resonator from the signal of the
reflection of two amplitude-modulated frequencies with equal amplitude.

Inspired by the Pound–Drever–Hall technique [19,20], which is based on measuring
the phase change in the emitted light to a reference oscillator and subsequent control
of the light source, a new concept using two simultaneously measured attenuations in
the frequency response of the resonator has been proposed by Lippmann et al. [21]. A
comparable methodology for tracking the resonance frequency has already been proposed
in the field of atomic force microscopy [22–24] and is now to be transferred to the domain
of electrical resonators, utilizing the concept presented in this work.

Concept of Continuous Recording of Resonance Frequency, Attenuation at Resonance and
Quality Factor

The proposed concept for the continuous recording of the resonator characteristics
relies on a transmission measurement with a periodic test signal xT(t) = xT(t − nT), n ∈ Z.
The frequency spectrum XT(j2πf) of this signal consists of a variable center frequency fCN
and two sidebands, symmetrically positioned around the center frequency with a frequency
difference of fBW. This results in the frequency of the lower sideband fLSB = fCN − fBW/2
and the frequency of the upper sideband fUSB = fCN + fBW/2. Figure 1 shows the concept
of the transmission measurement segmented into the signal generation, excitation of the
SRR and analysis of the received signal. By separately analyzing the amplitude at these
frequencies after transmission, the position of the test signal in the resonance curve can
be derived.

In a first approximation, an SRR can be modeled by a damped RLC bandstop filter as
shown in Figure 1b with the amplitude response |G(j2π f )|RLC according to Equation (1). A
detailed derivation of this equation can be found in the Appendix A.

|G(j2π f )|RLC =

√(
f 2
0 − f 2

)2
+ ( f f02D)2√(

f 2
0 − f 2

)2
+ (α f f02D)2

(1)

Here, f0 represents the resonance frequency of the resonator and D the damping factor
of the RLC series circuit, while α represents the relative attenuation of the resonator at
resonance. The resonator would transmit the components of the test signal accordingly with
|G(j2π fCN)|RLC, |G(j2π fLSB)|RLC and |G(j2π fUSB)|RLC. For the calculation of the amplitude
responses, a resonator based on the equivalent circuit diagram depicted in Figure 1b
was used, assuming f0 = 500 MHz, D = 0.01 and α = 2. The two frequencies of the
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sidebands were symmetrically centered around the center frequency fCN with a constant
bandwidth of fBW = 10 MHz. Consequently, the frequencies of the two sidebands are
directly dependent on the center frequency. Figure 2 illustrates the amplitude response for
the lower sideband (LSB), the center frequency (CN) and the upper sideband (USB) relative
to the center frequency.
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Figure 2. Attenuation at the center frequency fCN, the lower sideband frequency fLSB and the upper
sideband frequency fUSB for a given center frequency fCN.

At the intersection of the curves of the two sidebands, the attenuation of the sidebands
is equal and fCN ≈ f0. Under the condition that the sidebands are located left and right
of the resonance frequency, a closer analysis of the transfer function |G(j2π f )|RLC shows
that the value of this transfer function is always identical at the frequencies fLSB and fUSB if
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f0 represents the geometric mean of these two frequencies. This relationship is defined by
Equation (2).

0 < fLSB < f0 < fUSB →
(
|G(j2π fLSB)|RLC = |G(j2π fUSB)|RLC ↔ f0 =

√
fLSB· fUSB

)
(2)

If the ratio of the transfer function at fLSB and fUSB is formed as shown in Equation (3),
an error function e( fCN) in decibels is obtained. This enables the adjustment of the test
signal to the resonance frequency.

e( fCN) = 20· log
( |G(j2π fUSB)|RLC
|G(j2π fLSB)|RLC

)
(3)

Figure 3 shows the influence of the parameters fBW, f0, D and α on this error function.
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Unlike α and D, only f0 and fBW affect the zero crossing of the curve. However, the
effect of fBW is very small and thus not visible in the figure. The frequency fCN,0 at which
the error curve intersects the abscissa can be derived from Equation (4).

fCN,0 =
√

f 2
0 + f 2

BW/4 (4)

Equation (4) shows that fCN,0 depends solely on the resonance frequency f0 and the
configured bandwidth fBW of the test signal. Consequently, changes in the damping D
and the damping coefficient α do not affect the position of fCN,0. This makes the presented
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method suitable for damping-independent tracking of the resonance frequency. In other
words, resonance frequency and damping can be derived independently, which is the
major benefit compared to Hitzemann et al. [14]. In addition, it is notable that the error
curve exhibits an approximately linear trajectory around the intersection point on the
abscissa. Thus, within this frequency range, the linear system behavior of the system can
be inferred. Assuming negligible distortions of the test signal resulting from changes in
the SRR transmission behavior, this linear behavior facilitates using a linear controller
for tracking this point. The operating range of the controller is thereby limited by the
two extreme points around the abscissa interception point. This also defines the maximum
detectable change ∆ f0,max of the resonance frequency within a sampling interval ∆Ts. The
concept presented can also be applied to resonators with a non-symmetrical amplitude
response, as the discrepancy between fCN and f0 can be rectified by first measuring the
non-symmetrical frequency response of the resonator and then using individual frequencies
for the lower and upper sidebands or keeping symmetrical sidebands and adjusting the
targeted amplitude ratio of the sidebands for fCN = f0. Assuming that the non-symmetrical
frequency response remains constant over a certain frequency range, the accuracy of the
measurement method is comparable to the results obtained with symmetrical resonators.
As the primary focus of this work is on the basic concept, this is not discussed in detail here.

2. Materials and Methods

To implement the concept described above, custom-designed electronics have been de-
veloped to generate and split the high-frequency test signal into its frequency components.
Illustrated in Figure 4a, the concept operates by first generating an intermediate-frequency
(IF) test signal, which is then upconverted to the resonance frequency range of the res-
onator through single-sideband (SSB) modulation. Following transmission, the test signal
is downconverted to a consistent IF range, aligning with the superheterodyne principle.
Notably, this frequency range is identical to the frequency range from which the test signal
was initially upconverted. Each stage of the modulation process is shown in Figure 4b.

The superheterodyne principle, with its constant IF range, has the advantage of avoid-
ing variable filters for separating the frequency components when the test signal is shifted
in the frequency range. Additionally, this method facilitates the use of a consistent high-
frequency carrier signal for both upconversion and downconversion processes, ensuring
coherence in signal processing. This means that for tracking the resonance frequency, only
the frequency of the carrier signal SLO needs to be adjusted according to e( fCN) whenever
the attenuations of the sidebands deviate from each other, simplifying the control process
considerably.

Using single-sideband (SSB) modulation [22] eliminates the need for a filter before the
downconversion mixer, which would be essential in scenarios involving amplitude modu-
lation (AM) or double-sideband-suppressed carrier (DSSC) modulation for upconversion.
By avoiding this filter, the test signal can be shifted over a wide frequency range, making it
possible to track the frequency over a wide frequency range.

The final analysis of the separated signal components and the subsequent adjustment
of the high-frequency carrier signal were carried out digitally on a measuring computer.

The IF test-signal generation and conversion into the high-frequency range mainly
relied on the Weaver method [25] with minor modifications. As shown in the upper signal
path in Figure 5, the first step is the amplitude modulation of a baseband signal sBB with an
IF frequency carrier signal sIF,I using the MC1496 mixer (On Semiconductor, Phoenix, AZ,
USA). sBB represents a simple cosine signal that is generated by an DDS AD9914 (Analog
Devices, Wilmington, NC, USA). The frequency fBB can be varied in a range from 0 MHz
to 10.7 MHz.
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Figure 4. The figure illustrates the generation of the test signal, its transmission through the SRR
and the downstream downconversion. Figure (a) depicts the individual frequency spectrum in each
phase of the concept, commencing with the test signal before upconversion, the test signal frequency
spectrum, the frequency spectrum after the SRR and finally, the downconversion. Figure (b) shows
the frequency spectrum prior to the SSB modulation (I), after the SSB modulation (II), following the
damping of the SRR (III), and after the downconversion (IV).
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sCN,I is also a simple cosine signal, with a fixed frequency at fCN = 10.7 MHz derived
via a divide-by-four, 50% duty cycle Johnson counter [26,27], which also generates the
quadrature signal sCN,Q corresponding to sCN,I. For this purpose, a flip-flop SN74HCS74DR
(Texas Instruments, Dallas, TX, USA) was used. The rectangular output signals of the flip-
flop were converted into cosine signals with the ECS-10.7-30A (ECS Inc., Lenexa, AR, USA)
crystal filter, and afterwards amplified and filtered by an active all-pass filter for fine-tuning
of the phase shift.

The product of the amplitude modulation is thereby the IF test signal sIF,I, whose
spectrum corresponds qualitatively to that in Figure 4b and consists of the following
signal components:

sIF,I(t) = A· cos(2π( fCN − fBB)t + φa)︸ ︷︷ ︸
lower IF−sideband

+ B· cos(2π fCNt + φb)︸ ︷︷ ︸
IF−center

+ C· cos(2π( fCN + fBB)t + φc)︸ ︷︷ ︸
upper IF−sideband

(5)

While the IF carrier signal sIF,I and the upper IF sideband are typically undesired in
the conventional Weaver method and therefore suppressed, here, they serve as essential
components of the final test signal. The low-pass filter shown in Figure 5 is only required
to suppress the unwanted IF frequency carrier signal harmonics at the output of the mixer.

In the lower signal path of Figure 5, sBB is mixed with the quadrature signal sCN,Q of
the IF carrier signal, resulting in the signal sIF,Q with signal components showing a phase
shift of 90◦ with respect to the signal components of sIF,I. Both the sIF,I and the sIF,Q are then
upconverted to the frequency range of the resonator’s resonance frequency by mixing the
sIF,I and the sIF,Q with the high-frequency carrier signal sLO in the IQ modulator ADL5385
(Analog Devices, Wilmington, NC, USA). sLO is generated using a setup proposed by Hitze-
mann et al. [14] with a phase-locked loop (PLL) MAX2871 (Analog Devices, Wilmington,
NC, USA). Due to the phase relationship between sIF,I and sIF,Q, the lower sideband of the
mixing products is suppressed when the upconverted signals are superimposed at the end
of the IQ modulator. Thus, the upconversion with the IQ modulator effectively increases
the frequency of all signal components of sIF,I by the frequency fLO of the carrier signal
sLO. After SSB modulation, the test signal xT,out is post-amplified and provided to an SMA
socket for the transmission measurement.

Following the transmission through the resonator, the transmitted signal xT,in is first
amplified by the amplifier ADL5330 (Analog Devices, Wilmington, NC, USA) and then
downconverted into the IF range through mixing with sLO using the mixer AD8342 (Analog
Devices, Wilmington, NC, USA), as shown in Figure 6. Subsequently, the signal components
are separated from each other to determine their amplitudes.

Separation of the IF center sCN is straightforward; given its fixed frequency at 10.7 MHz,
a narrow-band crystal filter can be used that is identical to the one employed after the
Johnson counter, generating sCN,Q and sCN,I. To isolate the two sidebands, suppression of
the IF center is necessary using a bandstop filter. Subsequently, the lower sideband sLSB
is separated from the other signal components using an active low-pass filter. However,
the separation of the upper sideband sUSB poses a different challenge. While theoretically
possible with a suitable bandpass filter, an alternative approach was adopted here to enable
the phase comparison of the sidebands, reserved for future exploration.

In our setup, the signal with a suppressed IF center underwent mixing with a cosine
signal with twice the frequency of the IF center. This cosine signal, generated by a phase-
locked loop (PLL) utilizing the isolated IF center signal as a reference, output a signal with
doubled frequency. The subsequent crystal filter transformed the square wave signal from
the PLL into a sine wave signal for the mixer. Consequently, the mixing process caused
a spectrum inversion of the input signal so that the amplitude information of the upper
sideband was then present in the output signal at the frequency of the original lower side-
band. This allowed the same low-pass filter as that used for separating the lower sideband
to be used. Finally, the amplitudes of the separated signal components were analyzed by
converting all signals into equivalent DC voltages using the logarithmic amplifier AD8310
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(Analog Devices, Wilmington, NC, USA), which were then finally digitized by the ADC
AD7175 (Analog Devices, Wilmington, NC, USA). A photo of the tracking electronics is
shown in Figure A1.
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Figure 6. Block diagram of the downconversion electronics, including filtering and detection of each
individual frequency component sLSB, sUSB and sCN.

A bandstop filter based on the circuit depicted in Figure 7a was developed as a
resonator dummy for testing the tracking electronics. While the inductance L was set at a
fixed value of 68 nH, the series-connected capacitance CSRR was provided by the digitally
tunable capacitor (DTC) PE64904 (pSemi, San Diego, CA, USA). In this configuration, R1
and R2 were not assigned a fixed value and were only present in the form of parasitic
resistors. This resonator dummy allowed for 32 different amplitude responses, spanning a
resonance frequency ranging from 252 MHz to 459 MHz for the bandstop filter. Figure 7b
shows a photo of the resonator dummy.

Before using the developed resonator dummy, it was tested using a Through–Open–
Short–Match (TOSM)-calibrated VNA ZNL6 (Rohde & Schwarz, Munich, Germany) with
matching cables ZV-Z192 (Rohde & Schwarz, Munich, Germany). For the calibration of
the VNA, a matching calibration kit ZN-Z23 (Rohde & Schwarz, Munich, Germany) was
used. Therefore, each of the 32 different amplitude responses of the resonator dummy
were recorded. Afterwards, the tracking electronics were tested in conjunction with the
resonator dummy to evaluate the new concept of continuously recording the resonator’s
characteristics. For this purpose, the resonator dummy was connected to the tracking
electronics with 25 cm long SMA cables 135101-01-M0.25 (Amphenol RF, Houten, The
Netherlands). Some of the measurements were repeated with 50 cm long SMA cables
135101-01-M0.50 (Amphenol RF, Houten, The Netherlands). The complete measurement
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setup containing the tracking electronics, the microcontroller board and the resonator
dummy is shown in Figure A2.
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Figure 7. (a) Schematic of the RLC test resonator using a digitally tunable capacitor (DTC) for
setting defined resonance frequencies, (b) photo of the assembled resonator with 32 adjustable
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3. Results and Discussion

For clarity, Figure 8 shows the amplitude response of just every other DTC setting.
The resonance frequency of the adjustable resonator dummy varies between 250 MHz
and 460 MHz, depending on the DTC settings. The maximum attenuation is observed at
the highest capacitance, with an attenuation of approximately −18 dB at resonance and a
quality factor of 27.7. As the capacitance decreases, the attenuation at resonance drops to
around −13 dB.
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Figure 8. The amplitude responses of the adjustable resonator dummy at different DTC settings were
measured with a TOSM-calibrated VNA ZNL6 (Rohde & Schwarz).



Electronics 2024, 13, 2247 10 of 21

In order to test the tracking electronics, the amplitude responses of the adjustable
resonator dummy were also recorded with the tracking electronics (in the same way as
with the VNA). For this purpose, the center frequency of the test signal was swept over
the frequency range shown, and the attenuation of the center frequency was recorded. The
amplitude responses were recorded for all 32 settings of the resonator dummy. Figure 9
shows the amplitude response of just every other DTC setting as in Figure 8.
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Figure 9. Amplitude responses of the adjustable resonator dummy at different DTC settings were
measured with the tracking electronics connected with two 25 cm SMA cables.

Despite notable deviations in the attenuation curves compared to the VNA mea-
surements in Figure 8, the qualitative shift in resonance frequency remains similar. The
measurements reveal a maximal error of 1.5 MHz, corresponding to a relative error of
less than 0.6% within the lower frequency range. With increasing frequencies, there is a
reduction in both absolute and relative errors. Specifically, for the DTC capacitance of
0.6 pF, the error is only 59 kHz, leading to a relative error of only 13 ppm.

In order to investigate the deviations from the measurements with the VNA, the out-
put power of the tracking electronics was measured. As depicted in Figure A3, the output
power remains constant at approximately −15 dBm across the entire frequency range, with
a slight decrease towards higher frequencies of about 0.5 dBm. The influence of this slight
decrease on the observed deviation can be considered negligible. Likewise, the amplitude
response measured on an attenuation element with a constant damping factor of −15 dB, as
shown in Figure A4, exhibits no significant deviation from the expected −15 dB across the
entire frequency range. In contrast, using longer cables (50 cm) connecting the resonator
dummy to the tracking electronics yielded differing attenuation results, as depicted in
Figure A5. Furthermore, a comparison of the impedance measurements of the Z11 parame-
ter between the resonator dummy terminated with 50 ohms, from the calibration kit, as
shown in Figure A6, and, alternatively, coupled with the demodulation stage of the tracking
electronics, as shown in Figure A7, reveals that the demodulation stage induces additional
deviation in the impedance curve, resulting from additional reflections of the test signal.
As depicted in Figure A8, the input impedance of the demodulation stage of the tracking
electronics is approximately 56 ohms at 200 MHz and drops to approximately 38 ohms over
the frequency range up to 550 MHz. Therefore, it can be assumed that reflection-induced
errors lead to the observed deviation in attenuation compared to the VNA.
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Next, the amplitude response of the resonator dummy using a capacitance value of
the DTC of 0.6 pF was recorded for the lower and upper sidebands generated with the
tracking electronics. Figure 10a illustrates the amplitude response for the lower sideband
(yellow), the center frequency (orange) and the upper sideband (blue) plotted against the
set center frequency, as in Figure 2. The resonance frequency of the dummy resonator in
this measurement was 459.259 MHz.
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In this case, the minimum of the upper sideband is observed at a center frequency of
445.746 MHz, while the minimum for the lower sideband is reached at a center frequency
of 465.766 MHz with a set frequency difference of 12.84 MHz between the sidebands
generated by the tracking electronics. Consequently, a discrepancy of 0.507 MHz between
the minimum of the lower sideband and the theoretically expected value results and a
discrepancy of 7.513 MHz between the upper sideband and the theoretically expected value
were found. Across the investigated frequency range, the mean deviation of the upper
sideband from the theoretically expected value is 1.277 MHz; for the lower sideband, it is
0.334 MHz.

Furthermore, it is also evident that the maximum attenuation of the lower sideband is
less than that of the upper sideband and the center frequency, while the upper sideband
exhibits clear oscillations outside the resonance frequency of the resonator dummy.

Figure 10b plots the error signal derived from both the upper and lower sidebands
against the center frequency. The curve shows the linear range of the error signal between
the minimum at 443.243 MHz and the maximum at 468.268 MHz. The observed waves
outside the linear range are artifacts resulting from the non-optimal measurement of the
upper sideband. However, this does not impede the feasibility of resonance frequency
tracking, as the resonance frequency is constrained within the linear range during tracking
mode and thus prevented from shifting outside the linear range.

Due to the capability of measuring a shift in the resonance frequency despite the
deviations observed in the amplitude responses, the setup remains suitable for validating
the concept of resonance frequency tracking. To demonstrate the feasibility of resonance
frequency tracking, the resonator dummy was first set to the setting with the lowest
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resonance frequency and the test signal of the tracking electronics was adjusted accordingly.
Subsequently, the 32 settings of the DTC were systematically cycled through, first in
ascending and then in descending order, with each step lasting for 4 s.

Figure 11 compares the value of the set resonance frequencies (orange), which were
previously determined with the tracking electronics (Figure 9), and the resonance frequency
determined by the tracking electronics in resonance frequency tracking mode (blue). As
expected, the tracking electronics readjusted the center of the test signal to match the new
resonance frequency of the adjustable resonator dummy when the DTC setting was altered
and only minor deviations from the designated resonance frequency were observed. The
observed discrepancies are likely attributable to the differing attenuation of the upper and
lower sidebands, as shown in Figure 10. Consequently, the error curve, with its 0 dB value,
does not correspond precisely to the theoretically expected frequency fCN,0, resulting in
slight discrepancies when leveling.
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The discrepancies between the expected resonance frequency and the resonance fre-
quency determined by the tracking electronics in resonance frequency tracking mode are
illustrated in Figure A8. The observed discrepancies range from −3.7 MHz to +1.2 MHz,
with even the greatest discrepancy corresponding to a relative error of less than 1.5%.

Finally, the same measurement was used to check whether the change in the damping
parameters D and α could also be detected with the tracking electronics. Alongside
monitoring the attenuation of the sidebands, the attenuation of the center frequency was
also measured during resonance frequency tracking. This allowed three data points for a
non-linear fit of Equation (1) to be acquired, enabling the calculation of an approximation of
the parameters D and α. The current center frequency is taken as the resonance frequency,
which corresponds to Equation (4) under the condition of f 2

0 ≫ fBW.
As a reference, the two parameters were determined using the fits of the amplitude

responses from the measurements shown in Figure 9. While Figure 12a shows the approxi-
mated damping coefficient D (blue) compared to the true damping coefficient D (orange),
Figure 12b shows the approximated damping coefficient α compared to the true damping
coefficient α (orange).
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Figure 12. (a) Damping coefficient D derived from the measurements shown in Figure 11 compared
to the true damping coefficient D; (b) damping coefficient α derived from the measurement shown in
Figure 11 compared to the true damping coefficient α.

As can be seen, the parameters approach a constant value after each step, which
corresponds to the qualitative progression of the expected values in some areas. However,
high deviations for the damping coefficients D and α in the form of spikes during the
adjustment process of the tracking electronics to the newly set resonance frequency of the
adjustable resonator can be observed, presumably resulting from an incorrect assumption
of the resonance frequency at these points in time due to the control’s time constant in
response to a resonance frequency step.

Furthermore, it becomes evident that especially the calculated damping factor D
exhibits considerable discrepancies from the expected value. The propagation of errors
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associated with the imprecise measurement of attenuation and the fitting process plays
a pivotal role in this regard. The largest absolute deviations, occurring at approximately
50 s and 250 s, may be attributed to the fact that the amplitude response of the tracking
electronics, as illustrated in Figure 9, exhibits the greatest deviations in the frequency range
from 250 MHz to 300 MHz in comparison to the reference measurements conducted with
the VNA. Thus, the reflection-induced errors cause, especially in these points, the fit of the
attenuation parameter to deviate significantly from the expected value. If the reflection-
induced errors in the measurement of the attenuations are minimized, the outcome of the
fitting process and, consequently, the determined attenuation factors will also improve.
This will be addressed next.

4. Conclusions

In this study, we introduce a new concept for the continuous tracking of the resonance
frequency as well as attenuation at resonance and quality factor of an electrical resonator.
The concept uses a radio frequency signal with a center frequency and two sidebands in
the frequency range of the resonator, thereby enabling the individual demodulation of all
signals. Due to the symmetry of the resonator, the sidebands have identical amplitudes,
while the center frequency corresponds to the resonance frequency of the resonator. Conse-
quently, any shift in the resonance frequency results in changes in the measured attenuation
of the two sidebands, prompting the error signal for the controller to readjust all three
signals to the new resonance frequency.

Moreover, the demodulated amplitudes of the sidebands and center frequency can be
used to determine the quality factor and attenuation of the resonator under test. To show
the feasibility of the concept, corresponding electronics were developed and tested with
an adjustable resonator dummy. The experimental results demonstrate that the concept
operates effectively, although with minor deviations in the measured resonance frequency
and amplitude. These deviations primarily arise from the signal reflection present in the
first setup of the tracking electronics. The measurement times could be reduced from
several seconds up to minutes using a VNA (depending on the settings and analyzed
frequency range) to 50 ms using the concept and electronics presented here.

While the current setup predominantly employs analog components for straight-
forward implementation, it holds the potential for digitization with the integration of
sufficiently fast digital-to-analog converters and analog-to-digital converters. The analog
electronics presented here allow the resonance frequency to be tracked in the range of
200 MHz to 1 GHz with an adjustable bandwidth of 8 MHz to 21.4 MHz. The maximum
resolution of the measured resonance frequency is 1 kHz. The resolution of the resonance
frequency is highly dependent on the noise of the two sidebands, as this noise directly leads
to a control deviation, which then leads to the noise of the tracked resonance frequency.
Furthermore, this noise of the tracked resonance frequency also affects the determination
of the attenuation. For the electronics presented in this work, the standard deviation of the
noise of the upper sideband is 0.04 dB, and it is 0.02 dB for the lower sideband. However,
the presented method is limited to resonators with a certain quality factor, depending on
the above-mentioned bandwidth range. Here, the adjustable bandwidth range of 8 MHz
to 21.4 MHz is designed for resonators with a quality factor of 10 to 125. In addition,
the presented method reaches its limits if the symmetry of the resonance curve of the
measured resonator changes significantly over the frequency range considered or has
multiple resonances in the same frequency range. However, given a suitable resonator,
the specifications of the analog electronics presented in this work can be extended and the
resonance frequency resolution can be further improved by further digitizing the concept,
which will be part of future work.
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Appendix A

Equation (1) can be derived from the transfer function A1 derived from the equivalent
circuit of an SRR as shown in Figure 1b.

G(jω) = Ua
Ue

=
1

jωCS
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+RSRR+RL+jωLSRR
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(A1)

The definition of the resonance frequency ω0 and the damping coefficient D of a series
resonant circuit, as shown in Equation (A2), leads to the transfer function presented in
Equation (A3).
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The amplitude response |G(jω)| according to Equation (A4) can be obtained from
Equation (A3). This finally leads to Equation (1).
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(A4)

The photo in Figure A1 shows the assembled tracking electronics, including the test
signal generation and the demodulation section for measuring the attenuation.
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𝐺(𝑗𝜔) = jଶ𝜔ଶ 1𝜔଴ଶ + j𝜔 2𝐷𝜔଴ + 1jଶ𝜔ଶ 1𝜔଴ଶ + j𝜔 ቀ1 + 𝑅௅𝑅ௌோோቁ 2𝐷𝜔଴ + 1 = 1 − 𝜔ଶ 1𝜔଴ଶ + j𝜔 2𝐷𝜔଴1 − 𝜔ଶ 1𝜔଴ଶ + j𝜔𝛼 2𝐷𝜔଴  (A3)

The amplitude response |𝐺(j𝜔)| according to Equation (A4) can be obtained from 
Equation (A3). This finally leads to Equation (1). |𝐺(𝑗𝜔)| = ඥ𝜔ସ + (4𝐷ଶ − 2)𝜔଴ଶ𝜔ଶ + 𝜔଴ସඥ𝜔ସ + (4𝛼ଶ𝐷ଶ − 2)𝜔଴ଶ𝜔ଶ + 𝜔଴ସ = ඥ(𝜔଴ଶ − 𝜔ଶ)ଶ + (ωω଴2𝐷)ଶඥ(𝜔଴ଶ − 𝜔ଶ)ଶ + (αωω଴2𝐷)ଶ (A4)
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The photo in Figure A2 shows the measurement setup containing the tracking elec-
tronics, the microcontroller evaluation board for data acquisition and resonance frequency
control, and the resonator dummy.

The output power of the center frequency of the tracking electronics was measured
over the frequency range from 200 MHz to 550 MHz with a Keysight Technologies
N9030A PXA Signal Analyzer including the phase noise application Keysight Technolo-
gies N9068EMOD with software version A.24.57. Figure A3 shows that the amplitude of
the output power decreases only slightly from −15.05 dBm at 200 MHz to −15.7 dBm at
550 MHz.
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set. The damping element was connected to the tracking electronics using two 25 cm SMA
cables. The measured attenuation using the tracking electronics varies from −14 dB to
−17 dB.
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The measurements for the following two figures were conducted using the VNA ZNL6.
Figure A6 shows the impedance parameter Z11 of the resonator dummy terminated with
50 ohm.
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