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Introduction

The use of high-intensity ultrasound in industrial and
medical settings has raised concerns regarding occupa-
tional safety, particularly due to the presence of airborne
ultrasound byproducts in the lower ultrasonic range
(16 kHz to 100kHz) [1]. Emerging research suggests po-
tential hazards associated with prolonged exposure to
these frequencies [2], [3]. Despite increasing awareness,
current research struggles to differentiate between the
effects of high-audible frequencies and lower ultrasound
frequencies, with methodological inconsistencies and low
statistical significance further complicating assessments.
Furthermore, regulatory frameworks addressing these oc-
cupational risks remain insufficient [4], [5]. In response,
recent efforts have led to the development of technical
solutions such as the High-Frequency and Ultrasound
Personal Exposimeter (HiFUSPEzx) project [6] and im-
proved measurement methodologies [7], [8]. Moreover,
primary standards and calibration methods for electroa-
coustic free-field ultrasound secondary references have
been established. However, a critical challenge persists:
the lack of secondary calibration methods for end-user
sound level meters (SLMs) operating above 20 kHz. This
gap limits the traceability of occupational ultrasound ex-
posure assessments, effectively making prototype SLMs
the de facto standards [9]. To address this issue, a
second-order free-field calibration process for end-user
SLMs must be developed. However, achieving the nec-
essary sound levels while maintaining a sufficient signal-
to-noise ratio (SNR) and enabling faster measurement
cycles presents significant challenges, introducing uncer-
tainties regarding feasibility. In this context, the Insti-
tute for Occupational Safety and Health (IFA) of the
German Social Accident Insurance (DGUV) has initiated
the development of a modular calibration platform. The
platform performs calibration by generating sound with a
tweeter speaker and measuring impulse responses using a
swept-sine method (deconvolution)[10]. The second part
of that calibration, an electrical voltage insertion tech-
nique, used to bridge the acoustically gained values to
the displayed values on the Sound Level Meter (SLM), is
not discussed in this paper. This study hypothesizes that
this calibration approach will meet the requirements of
existing standards (DIN EN 61672-1 [11], VDI 3766 [1],
and DIN EN 61094 [12]) while ensuring accurate and re-
producible measurement conditions. This paper presents
an overview of the calibration implementation, the un-
certainty evaluation based on principles of the Guide to
the Expression of Uncertainty in Measurement (GUM)
as described in the Bosch booklet "Messunsicherheit’ [13],

and the measurement system analysis (MSA) strategies,
drawing upon the concepts outlined in the Bosch booklet
"Fahigkeit von Mess- und Prifprozesse’ [14], for system
assessment. These methodologies were applied to evalu-
ate results obtained from existing measurement sessions
conducted at the IFA.

Hardware Setup

A calibration bench aligns a 1/4” reference micro-
phone (GRAS 46BF-1, grid removed) with a loudspeaker
(Scanspeak D2104/712000) at a fixed distance. The ref-
erence microphone (with Norsonic Nor336 preamplifier)
provides SI traceability through the National Metrology
Institute of Germany (PTB) standards. A DT9847-2-2
interface generates and converts a digital excitation sig-
nal, amplified by a B&K 2716C, to drive the loudspeaker.
The electrical (z; ycf(t)) and microphone (y; rer(t)) sig-
nals are simultaneously recorded at 216 kHz by the same
DT9847-2-2 interface. The reference is then replaced by
the Device Under Test (DUT), and its analog output
yi,pur(t) is recorded with the corresponding z; pyr(t)
pre-loudspeaker signal. In this study, the sole DUT uti-
lized was the HiFUSPEz prototype.
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Figure 1: Diagram of the calibration system, post processing

and uncertainty analysis. Reference signal path in lila and
DUT signal path in light blue.

Data Acquisition and Processing
A custom MATLAB application and hardware driver ex-
ecute the measurements and the post processing, inte-



grating functions from the AKTools library [15]. The
measurement procedure begins with the generation of a
logarithmic sweep sine signal in the frequency domain
that is then converted to analog to drive the loudspeaker.
The electric excitation signals (z; ,cf(t)) and the micro-
phone outputs (y;res(t)) are recorded simultaneously in
V. For both inputs, zero padding is applied using the
length of the longest sample before conversion to mV's in
the frequency domain, resulting in the signals X; yc¢(f)
and Y; ycs(f). The mean of a series m of n measure-
ments is then made for each input. The reference micro-
phone’s frequency-dependent transfer factor (s,.s(f)) in
mV Pa~! is applied to the mean reference input signal
(Yrer(f)) producing its equivalent (Y, rcf(f)) in Pas.
Since the provided microphone sensitivity data covers
sparse frequencies between 8 kHz and 100 kHz, spline in-
terpolation is used to match the frequency resolution of
the calibration. Additionally, missing sensitivity values
below 8 kHz are extrapolated considering the manufac-
turer’s nominal sensitivity (—49dB re 1 VPa™') and the
microphone preamplifier gain (10dB). This resulting in-
put signal is then deconvolved by a regularized and band-
passed (3kHz to 55kHz) version of the pre-loudspeaker
signal (Xreif(f)) to obtain the impulse response (hyef(t))
in PamV™". A time window follows this deconvolution to
eliminate reflections and distortion in the signal using an
asymmetric turkey window. This first step provides the
transfer function (H,.s(f)) representing the loudspeaker
and the direct propagation to the microphone.

This same process is repeated for the DUT, except that
no sensitivity is applied. The then unitless produced
transfer function (Hpyr(f)) is divided by the reference
impulse response (H,.(f)) revealing the transfer factors
of the measured DUT (Spyr(f)) in mVPa™'.

System Qualification Strategy

All excitation signal measurements were performed using
a 1 s swept sine wave from 3 kHz to 55 kHz within the IFA
semi-anechoic chamber (21°C £ 3°C). To ensure com-
pliance with the existing standards, the following eight
qualification criteria were addressed:

1. Sound Source Response: Visual inspection of the
frequency response H,.f(f) for flatness and range.

2. Signal-to-Noise Ratio (SNR) and Resolution:
Resolution target threshold < 5% based on pre-
measurement noise recordings.

3. Measurement Validity: Calibration of the refer-
ence standard against itself (s pyr(f) matching known
sensitivity), and preliminary verification of HiFUS-
PEz calibration sensitivity (=~ 3.6mV Pa™").

4. System Linearity: Total Harmonic Distortion
(THD) estimation using the swept sine technique [10].

5. Measurement Uncertainty and Acceptance
Limits: GUM-compliant analysis, focusing on the
real part of the signal, n = 30 measurements from a
stress test (150 iterations, 30s intervals, d = 18.5cm).
Uncertainty components:
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Type A uncertainties (mVs): Uy rer(f), Uyrer(f),
Uz.pur(f), Uy.pUT(f)-

Type B uncertainty (extended uncert., 95%):
Usensi,ref(f) (linearly interpolated working standard)
and SLM uncertaintny Upyr.

Interpolation uncertainty: Upierp(f) (spline in-
terpolation, Monte-Carlo simulation, max + 0.25dB

for A 1kHz, 5000 simulations).

Combined reference uncertainty (mV Pa™'):

Uref(f) = \/Usensi,ref(f)2 + Uinterp(f)2

Combined reference input uncertainty (Pas):

2 2
U e UT‘E
Uin,ref(f) = Yvin,ref(f)\/( ;;TE/E;L;)) + ( Sm:((}f)))
Propagated reference uncertainty (Pa mel):

Ut res(f) =VUV -r- UV’

where

UV = [ca Upres(f)s ¢y - Uinrer(f)]

and
Yvin,ref(f) 1

- Xref(f)

Cp = ————2 ¢y =
Xref(f)2 Y

(r is the correlation matrix from X;,.¢(f) and

Yiinrer(f)) [14, Chapter B and CJ.

Total DUT uncertainty: Uy pyr(f) (same model
as Up ref(f) without reference sensitivity uncertainty,

plus type B sound level meter uncertainty Upyr).

Final calibration uncertainty:

Ust,re 2 (U 2
Usativr () SDUT(f)~\/ (Gpeesifd) + Gz

. Stability and Time Invariance: MSA-compliant

analysis [14, Chapter 4.5]), n = 6 measurements
across m = 200 series, 60 s intervals, d = 17 cm. Refer-
ence Component (&) is syef(f), standard uncertainty

(8) is Ucalibr(f)'

. Significance: Cyy test [14, Chapter 1], expected val-

ues < 1.33, n = 30 measurement series (95 % confi-
dence level).

. Realistic Conditions: Measurements simulated re-

alistic conditions, but probe/analysis do not account
for operator/source directivity impacts. A feasibility
test was also conducted with the HiF'USPEx device
(n =5, d = 17 cm compared with the 18" serie of the
n = 6, d = 17 cm measurements sample and extended
Upyr = 1.31) to guide further research.
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Results

All observations were conducted within the frequency
range of interest, 3kHz to 55 kHz.

1. The Sound Source Frequency Response exhib-
ited variations of up to 10dB within the 3kHz to
45kHz range. Beyond 45kHz, a further 13dB de-
crease in spectral amplitude was observed, extending

to 55 kHz.
Signal-to-Noise Ratio (SNR) and Resolution

For the n = 30 measurement series, the SNR was de-
termined to be 59 dB, with a corresponding res-
olution below 3.42 % < 5 %.

The HiFUSPEx measurements (n = 5) yielded an
SNR of 54.6 dB, with resolution values generally
below 5 %, except for a single measurement point
at 6884 Hz with a resolution of 5.33 %.

The n = 6 measurement series exhibited similar SNR
and resolution characteristics.

Measurement Validity: The self-calibration of the
reference standard demonstrated the system’s ability
to accurately reproduce sensitivity values, with negli-
gible deviations from the calibration certificate. Fur-
thermore, the sensitivity measurement of the HiF'US-
PEz yielded values within the manufacturer’s speci-
fied range.

Total Harmonic Distortion (THD)

For the n = 30 measurement series, THD values were
predominantly below 1%, with an increase to
1.82% at frequencies exceeding 21050 Hz (am-
plifier gain: 12dB).

The HiFUSPEz measurements (n = 5) showed THD
values generally below 1%, with a peak of 1.53 %

at frequencies above 21050Hz (amplifier gain:
6dB).

The n = 6 measurement series exhibited THD values
consistently below 1% (amplifier gain: 6dB).

All THD measurements were limited to a frequency
range of up to 30kHz.

Calibration Compliance The calibration results for
the self-calibration (n = 30) complied with the accep-
tance levels specified in VDI 3766 across the entire
measured frequency spectrum (figure 3). However,
the maximum allowable uncertainty was exceeded be-
low 10kHz (figure 2). It is noteworthy that these re-
sults would remain compliant with DIN EN 61672-1
for Class 1 Sound Level Meters (SLMs) within the au-
dible frequency range. These observations were con-
sistent with the smaller series (n = 6).

Stability Assessment Both stability cards (figure 3)
demonstrated conclusive results across the measured
spectrum. The s-card exhibited a margin of approxi-
mately +0.5dB, while the x-card showed a margin of
approximately £0.31 dB, with MSA calculated limits.
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Figure 2: Extended uncertainty budget contributions and
maximum allowed uncertainty of the reference measured with
itself. Additional feasibility study excerpt in the upper frame.

The x-card limits were within the VDI 3766 accep-
tance criteria.
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Figure 3: Stability test results: Standard deviation card
(up) and average sensitivity card complemented with VDI
3766 acceptance limits (down).

Significance Analysis The C,; test yielded mini-
mum values of 43, significantly exceeding the recom-
mended threshold of 1.33

HiFUSPEx Uncertainty The HiFUSPEx demon-
strated non-compliance with standards below 40 kHz
(figure 2, as its expanded uncertainty exceeded 0.6 dB,
95 % confidence interval).

Discussion

While the calibration appears to have minimal uncer-
tainty, primarily influenced by the reference standard
and its associated interpolation uncertainty, a reassess-
ment will be necessary. Additional uncertainty factors,
including those from windowing and filtering operations,
as well as operator handling, must be accounted for and



are expected to increase the overall uncertainty. In the
medium term, concerns regarding the thermal instability
of the tweeter appear unfounded. However, mechanical
wear has not been ruled out yet and should be monitored
over time. Given the actual HiFUSPEz estimated un-
certainty (1.31dB (95 %) [6]), a VDI-compliant end-user
calibration remains inaccessible at this stage.

Conclusion

A novel free-field calibration methodology for ultrasonic
sound level meters, coupled with a robust uncertainty
and stability analysis framework, has been successfully
developed and implemented. The experimental results
confirm that the calibration, using a secondary reference
standard, achieves compliance with VDI 3766 within the
frequency range of 10kHz to 50kHz. While the cur-
rent uncertainty budget reveals areas for refinement, pri-
marily concerning the sound level meters and reference
standards, the demonstrated performance lays a solid
foundation for future advancements. Planned optimiza-
tions of the HiFUSPEzx system, alongside the account
of operator’s interaction uncertainty and a more gran-
ular approach to sensitivity discretization based on the
reference’s calibration certificate, are expected to yield
significant improvements. Furthermore, adjustments to
sweep parameters, such as duration and amplitude, offer
promising avenues for uncertainty reduction. The suc-
cessful validation of this calibration method, combined
with ongoing parallel developments, positions this ap-
proach as a highly promising and potentially fully oper-
ational solution for precise ultrasonic sound level meter
calibration, contributing to enhanced measurement ac-
curacy and reliability in ultrasonic occupational applica-
tions.
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