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A reliable calibration procedure is crucial for obtaining a physical quantity related to a sensor out-
put signal. Unlike microphone calibration, the lack of standardized procedures for characterizing
particle velocity sensors has triggered the development of several techniques based on different
criteria. Most common methods rely on measurements of a known quantity linked to acoustic par-
ticle velocity through a well-defined mechanism. Alternatively, photon correlation spectroscopy
has emerged as a powerful method of directly quantifying acoustical parameters in an absolute
manner. Photons scattered due to sound-propagating oscillating particles within a small optical
volume created by crossing two laser beams are captured by a single photon counter and analysed.
This enables the particle velocity to be measured and thus the acoustic pressure to be calculated.
By repeating this process over discrete frequencies, a full calibration can be achieved. In this
paper, photon correlation spectroscopy is used to calibrate a particle velocity transducer. A com-
parison with other calibration procedures shows a good correlation between them, demonstrating
the feasibility of this novel absolute calibration method.

1. Introduction

For several years the direct measurement of acoustic particle velocity in air has been possible
using a particle velocity transducer known as the microflown sensor [1]. Particle velocity sensors
have extensively been used in combination with sound pressure microphones for multiple applica-
tions [2] such as sound intensity measurements [3], sound visualization [4, 5], near-field acoustic
holography [6], acoustic absorption and impedance [7], or sound energy analysis [8].

A reliable calibration procedure is crucial for relating sensor output to the physical quantity per-
ceived. Unlike microphone calibration, there are no standardised procedures yet defined for char-
acterizing the broadband response of particle velocity sensors. Microflown sensors were originally
calibrated using a sound pressure microphone as a reference in a standing wave tube [9], where the ra-
tio between sound pressure and particle velocity (i.e. acoustic impedance) is well understood. Novel
methods were later proposed for covering a wider frequency range, such as the "Piston-On-a-Sphere"
technique (POS) [10]. This approach relies on a sound source of known impedance measured in
free field conditions and achieves good results at mid and high frequencies. Thereafter, the POS was
extended to lower frequencies by also measuring the acoustic pressure inside the sound source [11].
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As a result, a full-bandwidth calibration procedure is now available by combining two measurement
steps.

Many optical techniques have been developed in the last decades [12], including laser Doppler
anemometry (LDA), laser Doppler velocimetry (LDV), particle image velocimetry (PIV) and pho-
ton correlation spectroscopy (PCS). Optical methods for measuring particle velocity were introduced
by Taylor [13] and first adapted for calibrating particle velocity sensors in a standing wave tube by
Raangs et al. [14]. Although Raangs et. al. utilized a direct approach to determine acoustic particle
velocity, the use of a standing wave tube limited the effective frequency range of the calibration pro-
cedure. In this paper, a novel optical technique proposed in [15] based on gated photon correlation
spectroscopy is adapted for calibrating a microflown sensor in a free-field environment. In the follow-
ing sections, the foundations of the calibration procedure are introduced along with an experimental
validation of the method.

2. Acoustic particle velocity sensor: the microflown

Acoustic particle velocity sensors, or microflown sensors, are transducers which are able to mea-
sure the acoustic particle velocity field in air. Similarly to hot wire anemometers, the measuring
principle relies upon a pair of wires that are heated up by an electrical current and are cooled down
when exposed to an acoustic flow. Due to temperature changes in the wire, its resistance changes
accordingly, producing a variable electrical signal proportional to the incident flow. A measure of
the acoustic particle velocity can be estimated from the difference in temperature between the two
closely-spaced heated wires. The small size of this device allows multiple orthogonal sensors to be
placed close to each other to characterize the acoustic particle velocity vector of the sound field. A
picture of a microflown sensor is shown in Figure 1 along with the probe used for the present work.
The sensitivity response of a microflown sensor varies with frequency. The highest sensitivity fre-
quency range is between 200 Hz and 300 Hz. At higher frequencies the sensitivity progressively
decreases due to thermal diffusion and heat capacity (thermal mass), whereas at lower frequencies the
sensitivity drops due to the thermal boundary layer [16]. The complex frequency response Su(f) can
be approximated in terms of magnitude and phase by [17, 18]
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Figure 1: Microscope picture of a microflown sensor (left) and microflown sensor mounted in a p-u
match probe (right).
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where f1, f2,f3 and f4 are the characteristic amplitude corner frequencies, sr is an amplitude offset and
c1, c2,c3 and c4 are the characteristic phase corner frequencies. It should be noted that all parameters
described above are unique for each sensor element and therefore they must be obtained through
calibration. Typical examples of the frequency response in terms of both amplitude and phase of a
particle velocity sensor and a sound pressure microphone are shown in Fig. 2. In this paper, only
magnitude calibration of a particle velocity sensor is studied.
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Figure 2: Typical frequency response of a sound pressure microphone and a particle velocity sensors
in terms of magnitude (left) and phase (right).

3. Conventional calibration of particle velocity sensors

The Piston-On-a-Sphere (POS) [10, 11] method is the current industry standard for calibrating
microflown sensors. It covers the full audible frequency range and it can be used to calibrate both
sound pressure and particle velocity sensors. The best calibration results are achieved in anechoic
conditions, however satisfactory results are obtained in an ordinary room, which makes this approach
very attractive.

The calibration procedure relies on the combination of a sound source of known impedance with
a calibrated reference microphone. For lower frequencies (<1 kHz), the particle velocity sensor
is positioned very close to a loudspeaker membrane whilst the reference microphone measures the
interior of the spherical loudspeaker cabinet. The membrane motion can then be related to changes in
the enclosed air volume. For higher frequencies (>100 Hz) both the particle velocity sensor and the
reference microphone are positioned certain distance away from the spherical loudspeaker (≈ 0.3m)
keeping them aligned with the radiation axis. The influence of room reflections can be reduced by
using a moving average filter in the frequency domain. Low and high frequency results, obtained
with the same calibration setup, can then be combined yielding the complex sensitivity response in
the entire audible frequency range.

4. Laser-based calibration with PCS

The measurement technique hereby studied, is based on photon correlation spectroscopy (PCS) [19,
20] which is used to measure the periodicity of scattered photons due to propagating sound at the in-
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tersection of two laser beams [15, 21, 22] which produce an interference fringe region. The captured
photons are auto-correlated and the time to the first minimum of this function, τmin, is related to the
amplitude of the acoustic particle velocity am(f) by the following relationship [23]

am(f) = |ur(f)| =
3.832fλ

4 sin(θ) sin(πfτmin)
, (3)

where ur is the radial component of particle velocity, f is the excitation frequency of the sound
source, λ is the wavelength of the laser light and θ is the half angle of the intersection between two
lasers beams. The sensitivity of a particle velocity sensor Su(f) can then be determined, in terms
of amplitude, by the ratio of the raw transducer signal µr to the estimated acoustic particle velocity
measured via PCS. Thus,
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5. Experimental investigation

An experiment was carried out to evaluate the performance of the laser-based calibration technique
described above. The loudspeaker is driven by an function generator and amplifier, while the photon
counts are saved as measurement data using a digital oscilloscope. Post-processing analysis allows
for the gating of each acquired sequence in order to identify the part of the acoustic cycle that yields
the maximum velocity component.

5.1 Measurement setup

An overview of the measurement setup is shown in Figure 3. The system can be separated into 4
main sections: the optical delivery system, the acoustic source and environment, the photon collection
system, and the processing and control system. The components for the optical delivery and photon
collection are both fixed onto a shared optical table which is placed outside the free field chamber.
Inside the chamber the acoustic source is placed in one corner and aligned to the intersection of
the two coherent laser beams. The acoustic velocity detected by a PCS system is the same for all
directions of propagation as long as the measurement point is in the far field of the acoustic source.
The setup is controlled from two signal generators and a PC fitted with a hardware correlation board.

Figure 3: Sketch of the calibration setup (left) and picture of the probe during alignment (right).
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5.2 Test results

A summary of the results obtained using PCS is presented in Table 1, including the uncertanty
of each estimation. As shown, the random error was less than 1% in the entire frequency range
studied, guaranteeing the reliability of the measurement system. The overall sensitivity was calculated
following Eq. 4, using the averaged response of the two laser beam monitors to estimate the particle
velocity amplitude.

Table 1: Measured particle velocity sensitivities using PCS, including measurement uncertainty.

Monitor A Monitor B Averaged

f |SA
u | Unc. |SB

u | Unc. |Su| Type A Unc.
(Hz) (V/ms−1) (%) (V/ms−1) (%) (V/ms−1) (%) (%)

501 5.02 0.03 4.96 0.09 4.99 0.66 0.09
1000 3.09 0.03 3.21 0.04 3.15 1.84 0.05
1995 1.76 0.03 1.77 0.02 1.76 0.37 0.03
3980 0.78 0.16 0.78 0.03 0.78 0.06 0.16
7940 0.3 0.15 0.28 0.6 0.29 2.71 0.62

Sentivity results obtained via PCS and POS are compared in Fig. 4. The relative error between
both results, denoted as εr, was computed as εr = 20 log10(|Su|PCS/|Su|POS). As shown, both tech-
niques provide remarkably similar results along the whole frequency range evaluated (from 500 Hz
up to 8000 Hz).

Two main conclusions can be drawn from these results. Firstly, it is demonstrated that PCS can
be used to calibrate the amplitude response of particle velocity sensors in an absolute manner, in-
troducing a method with traceability to the definition of the metre. Secondly, although there is no
standardized calibration procedures suitable for particle velocity sensors, the accuracy that can be
achieved with either the conventional POS method or PCS are in a very good agreement, within
±1 dB. It is however not yet possible to characterize the phase response of the transducer using PCS.
Further research should be undertaken in order to incorporate phase information in the sensitivity
calibration procedure.
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Figure 4: Comparison of the amplitude sensitivity calibration obtained with the conventional (POS)
and laser-based (PCS) calibration techniques in terms of sensitivity (left) and relative difference
(right).
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6. Conclusions

Photon correlation spectroscopy has been proven suitable for calibrating particle velocity sensors
in free field conditions in a frequency range from 500 Hz up to 8000 Hz. The main advantage of the
studied system is the ability to measure particle velocity in an absolute and non-invasive way with
traceability to the definition of the metre. A comparison between the magnitude of the sensitivity of
a particle velocity sensor measured using PCS and the conventional POS calibration shows remark-
ably small differences between the two methods. Further research will be undertaken to expand the
frequency range of the method as well as to calibrate phase response of particle velocity sensors.
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