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Abstract: This study compares the performance of a quartz tuning fork (QTF) with a
highly sensitive ultrasound microphone in the context of acoustic measurements, apply-
ing the substitution calibration method. QTF sensors are increasingly used for high-preci-
sion tasks due to their sensitivity and stability, while microphones are still the standard
in general acoustic measurements. The aim of this study is to evaluate both technologies
across several key performance metrics, including linearity of response, sensitivity, noise
characteristics, and acoustic detection limit. Which sensor is better suited to which acous-
tic and physical condition? The results show that QTFs perform exceptionally well in ap-
plications requiring high precision, especially in high-frequency and narrow-band meas-
urements. The signal-to-noise-ratio (SNR) of the QTF at its resonance frequency is 14 dB
higher than that of the microphone, whereas the detection limit and linearity are compa-
rable. The findings suggest that QTF sensors are particularly advantageous for specialized
applications like photoacoustic spectroscopy (PAS).

Keywords: QEPAS; measuring microphone; acoustic sensors; QTF; ultrasound;
photoacoustic spectroscopy

1. Introduction

In their standard formation, quartz tuning forks (QTF) are two silica (silicon dioxide)
prongs that are connected at one end. This creates a resonator whose resonance frequency
is determined by the geometry and the properties of the piezoelectric material. With
standard dimensions, their resonance frequency is 32,768 Hz. They are commonly used
as the time—frequency standard in watches and digital electronics [1,2].

However, the reverse piezoelectric effect results in the generation of electrical
charges via the deformation of the crystalline structure. This allows us, for instance, to
measure soundwaves at the QTFs resonance frequency. Since QTFs are small and inex-
pensive compared to measuring microphones and have a highly selective frequency re-
sponse, they represent a compelling option for applications that undertake acoustic meas-
urements at a fixed frequency. One example of such an application is quartz-enhanced
photoacoustic spectroscopy (QEPAS). This technique employs QTFs as detectors for the
photoacoustic signal and enables laser spectroscopic gas sensors with extraordinarily
high detection sensitivity [3-5]. The most common configuration is the on-beam configu-
ration, which involves guiding the laser beam centrally through the gap in between the
QTF prongs. On the other hand, there is the so-called off-beam configuration, in which
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the light does not pass through the prongs. The QTF is typically located outside a reso-
nance tube, with a narrow opening in the center. In recent years, there has been a notable
increase in the application of QTFs in QEPAS [6-8].

However, their response to pressure waves has, so far, not been properly character-
ized. Several articles on QEPAS demonstrate QTFs’ high detection sensitivity, but this
usually concerns the concentration limit of trace gases and not pressure levels [9-11]. Man-
ufacturers provide only the QTF’s frequency response (voltage or normalized value over
frequency). One approach to measuring the sensitivity of a QTF as voltage per um deflec-
tion was based on measurements with an atomic force microscope [12]. However, since
the actual deflection is usually unknown, it is difficult to relate the results to pressure
levels. Another approach used coulometry and delivered the sensitivity of a QTF as reso-
nance frequency change over charge, which was used to determine the mass—charge rela-
tionship for electrochemical processes [13]. Unfortunately, this is not directly relevant for
acoustic measurements.

In this study, we calibrated a standard QTF for the first time, applying the well-es-
tablished substitution calibration method to relate its response to an actual sound pressure
level. We used a highly sensitive ultrasonic measuring microphone as a reference sensor.
This allows us to determine the QTFs acoustic detection sensitivity, the linearity of its
response, and its limit of detection. For the latter, the noise of the sensor and its amplifier
was measured.

The following Section 2 describes the experimental setup and the measurement meth-
ods. Section 3 presents the results of this investigation. The characterization of the micro-
phone used is followed by a calibration of the QTF and, successively, a comparison of the
level-dependent performances of the microphone and QTF. A discussion of the results
concludes this article.

2. Materials and Methods
2.1. Experimental Setup

Figure 1 shows the experimental setup for the calibration of the QTF. The ultrasonic
piezo loudspeaker L010 from Kemo Electronic GmbH (Geestland, Germany), with a mem-
brane diameter of 41 mm, was used to generate an adjustable sound pressure wave. An
aperture with an adjustable round opening in the center was placed in front of the loud-
speaker to dampen the wave and to achieve a precise alignment in front of the sensors.
The acoustic sensor (microphone or QTF, respectively) was placed at a distance of
(2.00 £ 0.05) mm, centrally, in front of the opening. The distance between the loudspeaker
and the aperture was 3 cm, whereas the dimensions of the aperture plate were (12 cm)?.

The signal generator 33220A from Agilent (Santa Clara, CA, USA) produced the si-
nusoidal excitation voltage. Respective preamplifiers boosted the sound detector signals,
while the Lock-In-Amplifier (LIA) Signal Recovery 7265 from AMETEK Scientific Instru-
ments (Oak Ridge, TN, USA) recorded the signal at the excitation frequency with a time
constant of 2 s. The entire experiment was controlled by a self-programmed MATLAB
(9.14.0.2306882 (R2023a) Update 4) script on a PC.
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Figure 1. Measurement setup.

The investigated QTF R38-32.768-12.5-EXT-5PPM from Raltron (Doral, FL, USA) had
standard dimensions and a bandwidth of 4.72 Hz [14]. The electronic Q-factor of the QTF
in a vacuum is 60,000, according to the manufacturer. Based on our own measurements,
we have obtained an acoustic Q-factor of q = 6939 [14] in air. The QTF prongs each have a
length of 6.00 mm, a width of 0.65 mm, a depth of 0.30 mm, and a gap of 0.20 mm (meas-
ured with microscope Stereo Discovery.V12 from Zeiss, Jena, Germany). The resonance
frequency of the QTF of fz = 32,758 Hz deviates slightly from the above-mentioned
standard frequency (within the manufacturing tolerances). When excited with sound, the
oscillations of the QTF generate a small piezoelectric current. This current is converted
into an output voltage using a homemade transimpedance amplifier with a feedback im-
pedance of 2.2 MQ). The electrical circuit of the QTF transimpedance amplifier is shown in

Figure 2.
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Figure 2. Electrical circuit of the homemade QTF transimpedance amplifier.

The operational amplifier (OPA) 134PA from Texas Instruments (Dallas, TX, USA) is
the central component of the circuit. The typical electrical noise is specified by the manu-
facturer to be 0.00008% total harmonic distortion plus noise (THD+N). The resulting tran-
simpedance for the circuit is Z = —2.2kV/mA. Its gain-bandwidth product (GBP) is
8 MHz, and the THD+N for 32 kHz is less than 0.001%. It is therefore reasonable to assume
that the main source of noise is the tuning fork.
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The calibration of the QTF was undertaken using a highly sensitive ultrasonic meas-
uring microphone as a reference sensor. To do so, the QTF in Figure 1 was replaced with
the 46BD 1/4" CCP microphone set for pressure measurements from GRAS Acoustics
(Holte, Denmark). It has a frequency range of 5 Hz to 70 kHz, a dynamic range of 44 dB
(A) to 168 dB, and an average sensitivity of 1.45 mV/Pa. We operated it with the standard
preamplifier 12AL 1-Channel CCP Power Module from GRAS Acoustics.

2.2. Methods

The main goal of this investigation is to relate the QTF signal to sound pressure. For
this, it is essential to know the sound pressure at the location of the QTF. This measuring
task is carried out with the above-mentioned microphone. The first step, therefore, is to
determine the exact sensitivity of the microphone used at the resonance frequency of the
QTF.

In the next step, the QTF signal as a function of pressure was measured. To do so,
medium and high sound levels were generated with the ultrasonic loudspeaker in front
of an aperture diameter of 1 mm (see Figure 1). The microphone and the QTF were placed
(one after the other) at a 2.00 mm distance from the aperture. The lateral distance to the
aperture was controlled using a high-precision vernier caliper from Mauser Inox (Isny,
Germany), with an accuracy of 0.05 mm. The microphone was positioned using an ad-
justable holder. The alignment was ensured by a marking on a mechanical guide. The
sound wave hit the QTF approximately 2 mm below the tip, corresponding to approxi-
mately one-third of its total length, where the largest deflection is to be expected [15]. The
microphone was placed with its most sensitive spot, the midpoint of its membrane, cen-
tered in front of the aperture opening. The setup was placed in a controlled environment
with sound-absorbing walls to minimize external noise and environmental variability.
The sensor signals were then recorded while the sound level was linearly increased. The
measurements were averaged over several repetitions to ensure reliability and reduce ran-
dom errors.

Subsequently, the background noise levels of the QTF and microphone were meas-
ured using the setup described in Figure 1. The signal of the QTF and the microphone
were measured without a loudspeaker signal using their respective preamplifiers and the
LIA. The random ambient noise levels were then compared in terms of distributed devia-
tions.

In a final step, the acoustic detection limits of the microphone and the QTF were de-
termined. To do so, the QTF sensitivity measurements were repeated at extremely low
sound levels.

3. Results
3.1. Microphone Sensitivity

For the QTF calibration, the sound pressure at its location must be measured with a
reference detector. This has been accomplished using an extremely sensitive ultrasound-
measuring microphone. The sound pressure was determined from its signal and its sen-
sitivity, i.e., the proportionality constant between output voltage and sound pressure.

The microphone manufacturer provided a general sensitivity of the model series.
However, for accurate results, the exact sensitivity of the microphone used is required.
For this, the Multifunctional Sound Calibrator 42AG (Class 1) from GRAS Acoustics was
used. This device mechanically generates a reference soundwave with a pressure ampli-
tude of 1 Pascal (L, =94 dB SPL) at a frequency of 1 kHz. The calibrator was put on the
microphone head. Figure 3 shows the microphone signal as a function of time. The meas-
ured root-mean-square (RMS) was as follows: V; = 1.0657 - 1073 V. Accordingly, the
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sensitivity of 1.0657 =¥ can be transferred into decibel levels using the following equa-
tion [16].

Vo Pa
SMic(l kHZ) = 20 '10g10 - Ic 7 dB (1)
2-1075Pa- 1020

This leads to Sy;.(1 kHz) = —59.4679 dB.
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Figure 3. Microphone signal of calibrator at 1 kHz and 94 dB SPL.

The manufacturer’s calibration certificate was used to adapt the 1 kHz sensitivity to
the QTF resonance frequency: fr = 32,758 Hz. Linear interpolation of the given values
leads to a correction of —0.2950 dB, resulting in a sensitivity of Sy;.(fz) = —59.7629 dB,
which corresponds to 1.0277 n;—:.

3.2. QTF Sensitivity

In the next step, we investigate whether the QTF signal is linearly dependent on the
sound pressure; if this can be confirmed, a sensitivity will be determined.

Figure 4 shows the QTF output voltage as a function of medium and high sound
pressure levels. Since the same measurements were carried out with a microphone of
known sensitivity (see Section 3.1), the result can be presented in terms of sound pressure.

The coefficient of determination of the linear regression R? describes how well the
model fits with the measured data. With R? = 99.97%, it is in excellent agreement. The
sensitivity corresponds to the slope of the graph, which is Syre(fz) = 6.4730 r;—:. This cor-

responds to a level of —43.78 dB. The QTF sensitivity is therefore a factor of 6.3 higher
than that of the measuring microphone.
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Figure 4. QTF signal as function of sound pressure (medium/high levels).

3.3. Microphone and Qtf Background Noise

The electrical and the ambient acoustic background signal interfere with the wanted
signal. Their statistical fluctuation determines the detection limit of the sensors and should
therefore be examined more closely. Figures 5 and 6 show the background signals of the
QTF and the microphone, respectively, as functions of time. The summed average devia-
tion from the arithmetic mean ¢ is a measure of the background noise:

1
n n
i=1|%i T Li=1%i
e="10 . @
n&i=1%i

with n being the number of samples. One sample corresponds to 2 s averaging time.
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Figure 5. QTF background signal.
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Figure 6. Microphone background signal.

For the QTF, ¢ is 15.15% of the mean value 1.51-107° V, whereas for the micro-
phone, it is 4.86% of 3.63-1077 V. The noise relative to the mean background signal is
therefore lower for the microphone by a factor of approximately 3.

3.4. Microphone and QTF Detection Limit

The results of the background noise levels raise the question of whether the micro-
phone exhibits a better detection limit than the tuning fork when acoustically stimulated
at the QTF resonance frequency. Therefore, a sound signal, as low as possible, was gener-
ated with the loudspeaker behind the aperture and then successively increased.

Figures 7 and 8 show the signal of the QTF and microphone, respectively, as func-
tions of the sound pressure at the location of the sensors. Both graphs cover the range
between 0.330 and 0.596 mPa. This corresponds to loudspeaker voltages between 0 and
5V, whereas the signals at a loudspeaker voltage of 0 V are in accordance with the RMS
of the background signals from the previous measurements. They are shown as dashed
lines, while the 95% percentile of the noise are marked with dash-dotted lines.
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Figure 7. QTF signal as a function of sound pressure (low levels).
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Figure 8. Microphone signal as a function of sound pressure (low levels).

The investigated sound pressure range corresponds to levels between 24 and 30
dBSPL, which is well below the specified limit for the microphone set with a preamplifier
of 44 dB (A). However, with the help of the LIA, it was possible to clearly measure a linear
signal increase with an increasing pressure level. For the QTF, R?qpp = 92.89%, while for
the measuring microphone, R?y;. = 82.49%.

The signal-to-noise-ratio (SNR) in dB is defined as the difference between the signal
level and the background noise, both in dB. For the QTF, the highest SNR, based on the
linear fit in Figure 7, is 17.58 dB, whereas for the microphone in Figure 8, it is 3.84 dB. The
same sound pressure level leads for the QTF, therefore, to a higher SNR compared to that
of the microphone. Although the QTF has a larger standard deviation for repeated
measurements at a single measurement point, it has a higher sensitivity and SNR for an
acoustic signal at f5.

The detection limits of the microphone and the QTF can be determined from their
sensitivities, S, and the standard deviations of the background signal, o.

o

xchn,a'g

©)

The factor @,, results from the significance level a and the number of the
measured values n. For a significance level of a =05 and four measurement
repetitions, ®,, = 2.6 [17]. The standard deviation of the baseline measurement o
corresponds to the mean standard deviation of the background signal from Section 3.3,
and the sensitvities from Sections 3.1 and 3.2, respectively, lead to the following detection
limits for the microphone and the QTF:

3.3133-1078V
Xpic = 2.6 1| ————— | =8.3824-10"° Pa,
mV
1.0277P—
a
4.7386-1077V .
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6.4737 5—

Pa



Appl. Sci. 2025, 15, 3655

9 of 11

The detection limit of the microphone is lower than that of the QTF by approximately
a factor of 2.

4. Discussion

The performance of the QTF as a sound detector was investigated and compared to
a highly sensitive measuring microphone. The investigation revealed several distinct ad-
vantages and limitations for each sensing device. Table 1 shows the results in direct com-
parison.

Table 1. Key parameter for microphone and QTF in comparison.

Parameter Unit Microphone QTF
Bandwidth Hz 5...70,000 (£2 dB) 4.72 (FWHM)
Dimension mm 537 63

(incl. preamplifier) (length x width)
Price (ca.) Euro 2700 0.20
Sensitivity S(fz) mV/Pa 1.03 6.47
Linearity of resp. R? % .52 92,89
at low level
Linearity of resp. R” % 100.00 99.97
at high level
Background noise ¢ % of RMS 4.86 15.15
Detection limit x Pa 8.38 x 107° 1.90 x 10™*
SNR at 0.596 mPa dB 3.84 17.58

In summary, the microphone offers sound detection over an extremely wide
frequency range. The QTF, on the other hand, is limited to its resonance frequency. A
microphone is therefore recommended for all applications that require sound detection at
multiple frequencies or over a frequency range. There are also MEMS microphones
suitable for the ultrasonic range [18].

Within its resonance band, the QTF, however, is extremely sensitive to acoustic
stimulation. It exhibits a higher SNR at a given sound pressure than the measuring
microphone, although the QTF’s background noise relative to its RMS is higher than that
of the microphone. However, since the QTF features a higher sensitivity, its linearity of
response and detection limit is comparable with the microphone. This makes the QTF
particularly suitable for detecting weak signals at its ultrasonic resonance frequency,
which is interesting for applications such as PA spectroscopy or PA imaging [14]. The fact
that the detection limit of the microphone is better than that of the QTF but the SNR is
significantly lower seems contradictory. However, this is easily explained because the
QTF shows a faster increase in SNR after reaching its detection limit

A particularly notable advantage of QTFs is their cost-efficiency. They are approxi-
mately four orders of magnitude less expensive than measuring microphones. Further-
more, their compact dimensions make them ideal for use in small setups. Both properties
suggest the use of QTFs for applications aimed at mass production and cost optimization
that tolerate the bandpass limitations.

Manufacturing tolerances causing slight variations in resonance frequency in QTFs
can be easily addressed through simple calibration measurements enhancing the practi-
cality of QTFs for targeted applications [19]. This variability is less impactful in tunable
frequency systems but could limit fixed-frequency applications. To further enhance the
performance of the QTF, the utilization of sophisticated amplifiers, exhibiting superior
SNR characteristics in comparison to transimpedance amplifiers, can be employed [20,21].
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In a standard substitution calibration, sensors of the same type are compared with
one another. However, the QTF presents a unique challenge due to its different surface
and vibration characteristics compared to the microphone. This discrepancy in excitation
surfaces could result in the signal from the QTF rising to a higher relative extent than the
signal from the microphone, even though the sound intensity is identical. This could be
of additional benefit for applications with particularly low levels as it increases the SNR.
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