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Current standards for the measurement of the SI derived unit of sound-in-air pressure, the pascal, are based
upon microphone reciprocity calibration and are achieved indirectly through microphone sensitivity. These methods
require microphones of speci�c geometry and performance characteristics, e�ectively artefacts, and are traceable
through standards for electrical and dimensional units. Measurement of acousto-optic interactions can provide
a direct approach to measuring sound pressure. One acousto-optic interaction is the periodic scattering of photons
caused by particles moving in a sinusoidal manner due to propagating sound across interference fringes formed at
the intersection of two coherent laser beams. The sequence of these scattered photons, which is collected using
telescopic optics and generated by a single photon counting device, can be autocorrelated to yield the periodicity of
the photon events. Through mathematical analysis of the autocorrelation function it has been shown that acoustic
particle velocity is inversely proportional to the time of the �rst minimum. This has e�ectively been shown for
measurements in acoustic standing wave tubes and has been developed into a method which can be applied in
an anechoic chamber. This paper describes the design and implementation of such a system which allows for
a comparison of sound pressure measurements using optical and microphone based techniques.
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1. Introduction

The current standards for microphone calibration are
based on the reciprocity principle [1, 2]. These standards
require microphones of speci�c geometry and accurate
modelling of transfer functions between acoustically cou-
pled microphones. This is true for all types of calibra-
tion including free �eld. Since the standards are achieved
through the use of reciprocal microphones pressure is in-
directly realised with reference to electrical and dimen-
sional standards. These special microphones can be con-
sidered calibration artefacts. They are analogous to the
platinum�iridium blocks that form the current standard
for the unit of mass, the kilogram. Within the �eld of
metrology there is a strong initiative of de�ning all SI
units in terms of fundamental constants. For the example
of mass this could be a de�nition based on Planck's con-
stant or Avogadro's number [3]. For the unit of sound this
can be achieved through the use of optical techniques, in
particular photon correlation spectroscopy (PCS), which
would be traceable through the de�nition of the metre
and the second.

2. Photon correlation spectroscopy

for measuring acoustic particle velocity

There are a number of optical methods that exist for
measuring �ows in �uids. An acoustic �eld can be con-
sidered an oscillating �ow and therefore some of these
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methods are applicable for measuring acoustic particle
velocity. In the simpli�ed environment of standing wave
tubes laser Doppler anemometry (LDA) [4, 5] and ve-
locimetry (LDV) [6], particle image velocimetry (PIV) [5]
and PCS [7, 8] have all been applied to measure acoustic
particle velocity with varying degrees of success. It has
been shown that PCS can be applied with minimal seed-
ing [9] meaning that the acoustic properties of the mea-
surement medium are not changed and that it is possible
to adapt this technique for use in a free �eld (anechoic)
chamber [10, 11].

PCS is a technique which can be adapted to measure
the periodicity of a sequence of photons that are scat-
tered by two intersecting beams of coherent laser light.
The intersection of two coherent beams creates optical
fringes. As a particle moves through these fringes pho-
tons are scattered with a periodicity that is a function of
the velocity of the particle and the spacing of the fringes.
The time to the �rst minima, τmin, of the autocorrela-
tion function (ACF) of the photon sequence is directly
related to the acoustic particle velocity, um, as shown in
Eq. (1) [12], where f is the acoustic frequency, λ is the
wavelength of the laser light and θ is the half angle of the
intersection between two coherent lasers beams.

um =
3.832fλ

4 sin (θ) sin(πfτmin)
. (1)

Acoustic pressure can be calculated from the acoustic
particle velocity using Eq. (2) where ρ is the density of
air and c is the speed of sound in air, assuming the mea-
surement point is in the acoustic far �eld

p = ρcu. (2)

(128)
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3. Photon correlation spectroscopy setup for

measurements in a free-�eld chamber

An overview of the PCS setup for measurements in a
free-�eld chamber is shown in Fig. 1. 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 sys-
tem. The components for the optical delivery and pho-
ton collection are both �xed onto a shared optical table
which is placed outside the free �eld 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 �eld of the acoustic
source. The setup is controlled from two signal genera-
tors and a PC �tted with a hardware correlation board.

Fig. 1. Overview of PCS setup for measurements in a
free-�eld chamber.

3.1. Optical beam delivery system

A signi�cant challenge of applying PCS in a free cham-
ber when compared to a standing wave tube is the need
to focus and cross the laser beams several metres from
the laser source whilst maintaining the quality and coher-
ence of the beams. The system shown in Fig. 2 has been
carefully designed to give a Gaussian interference region
that has dimensions of 1 mm ×3.4 mm ×1 mm and a
fringe spacing of 895 nm. The laser unit is a frequency-
doubled Nd:YAG source. The beam passes through a
pair of plano-convex lenses, the �rst with a focal length
of 22 mm and the second with a focal length of 80 mm,
which expand and then focus the beam at a distance of
approximately 2 m. The exact focal point is adjusted by
changing the distance between the two lenses. The beam
is then routed through a polarising beam splitter that, in
conjunction with a wave plate placed in front of the laser
source, removes any trace of horizontally polarised light.
This is followed by a second beam splitter which gives
two beams that are separated by 90◦. These are directed
to the intersection point inside the chamber using a pair
of mirrors, through small openings in the chamber walls.
The half angle of intersection is 17.3◦ and the optical
intensity of the volume is approximately 200 mW.

Fig. 2. Optical beam delivery system.

3.2. Acoustic source

The minimum acoustic pressure that can be detected
using this system is de�ned by the measurement window
and increases with frequency. For the audible range of
frequencies the minimum detectable sound pressure level
(SPL) ranges from 98 dB at 500 Hz to 123 dB at 20 kHz.
In order to generate these pressures at the intersection
point whilst maintaining spherical radiation a small and
highly e�cient source is needed. A Faital Pro HF14AT
compression driver coupled to a Faital Pro LTH142 horn
is used which has a sensitivity (1 W at 1 m) of 106�
110 dB between 500 Hz and 20 kHz. The speaker is
driven by an audio power ampli�er which is connected to
a function generator.

3.3. Photon collection system

Figure 3 shows the layout of the photon collection sys-
tem. A Keplerian telescope attached to a tilting platform
is focussed on the interference region inside the chamber
through an opening in the wall. The image collected by
this telescope is focussed into a single mode optical �bre
using an aspheric lens. The �bre couples the collected

Fig. 3. Photon collection system.
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photon sequence to a photon counting module via a col-
limator. The output of this module is a sequence of TTL
pulses, each pulse corresponding to a single photon event,
which are measured using a correlation board. The re-
sults are then analysed in software as will be discussed.

3.4. Mean �ow and gating

In a standing wave tube the acoustic particle veloc-
ity at a point is �xed and there is very little mean �ow.
It is appropriate to measure a continuous ACF as the
measurement is focussed on a single velocity component.
In free �eld conditions the acoustic velocity at a single
point is sinusoidal in nature and therefore a continuous
ACF would give the mean velocity of the acoustic sig-
nal, assuming not any acoustic velocity components were
present. Due to the volume of air in a free �eld the ambi-
ent mean �ow is signi�cant in magnitude and will a�ect
the measurement of acoustic particle velocity. The ve-
locity of the mean �ow is superimposed on the acoustic
velocity such that the velocity in one half of a sine wave is
increased and the other half reduced. Because the ACF
can only give the magnitude of the velocity and not the
direction the mean �ow velocity and the acoustic veloc-
ity cannot be separated for a continuous measurement.
In order to decouple the acoustic velocity from the mean
�ow the correlator board is controlled using a gating sig-
nal. By measuring an ACF for ¼ of the acoustic cycle
centred on the positive and negative peaks the mean �ow
can be cancelled out as its contribution is the di�erence
between the 2 ACFs. Averaging alternate measurements
of the positive and negative velocity peaks allows the
mean �ow to be decoupled on a short time scale. As this
limits the measurement window to ¼ of the acoustic wave-
length the acoustic pressure required to measure an ACF
increases with acoustic frequency.

3.5. Example of a measured ACF

Figure 4 shows an example of an ACF measured for an
acoustic signal of 1 kHz. The time to the �rst minima
is 18.66 µs which corresponds to an SPL of 112.6 dB.

Fig. 4. Measured autocorrelation function for a 1 kHz
sinusoid with �rst minimum used for �tting highlighted
in bold.

In order to accurately identify the time to the �rst min-
imum a spline interpolation �tting function is used and
the section to which this is applied is highlighted in Fig. 4.

4. Comparison of microphone sensitivity

measured using PCS and pressure reciprocity

In order to assess the performance of the measure-
ment system the sensitivity of a Bruel and Kjaer 4134
microphone was measured and compared to the sensi-
tivity of the microphone measured using pressure reci-
procity. For each frequency 6 ACFs were measured and
the results averaged. The random error of the measure-
ments was less than 1% except for at 15850 Hz where it
was 1.6%. The microphone was then placed such that the
centre of its diaphragm was at the laser beam intersec-
tion point and aimed at the centre of the acoustic source.
The output of the microphone was measured using an os-
cilloscope and then the sensitivity was calculated based
on the pressure measured using the optical system.

TABLE

Comparison of LS2 microphone sensitivity measured us-
ing pressure reciprocity and photon correlation spec-
troscopy at 1/3 octave band centre frequencies.

f [Hz]

Sensitivity

measured

with pressure

reciprocity

[dB (ref. 1 V/Pa)]

Sensitivity

measured

using PCS

[dB (ref. 1 V/Pa)]

Di�erence

[dB]

501 �39.89 �40.57 0.68

631 �39.89 �40.25 0.37

794 �39.87 �39.91 0.04

1000 �39.84 �40.17 0.33

1259 �39.80 �39.94 0.15

1585 �39.73 �39.98 0.25

1995 �39.62 �40.05 0.43

2510 �39.44 �39.24 �0.21

3160 �39.18 �39.58 0.40

3980 �38.77 �38.81 0.04

5010 �38.14 �37.59 �0.55

6310 �37.22 �36.68 �0.54

7940 �35.90 �35.23 �0.67

10000 �34.16 �33.48 �0.68

12590 �32.24 �30.97 �1.27

15850 �30.91 �29.85 �1.06

Table shows a comparison between the sensitivities
measured with each method. As the optical measure-
ments were made in a free �eld and in order to compare
like with like, the standard free �eld correction [13] was
applied to sensitivity measured using the pressure reci-
procity technique. The agreement between the sensitiv-
ities is within 1 dB up to 10 kHz. There is a trend at
the higher frequencies for PCS to measure an increas-
ingly higher sensitivity than pressure reciprocity. This
could be due to a number of factors including uncertainty
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in the free �eld correction applied to the microphone mea-
surements, di�erences in the harmonic distortion mea-
sured by the microphone and the optical system, mis-
alignment of the microphone, particle inertia, artefacts of
the chamber and microphone mounting and non-linearity
of the transducers. Further investigation is needed in or-
der to understand these di�erences, which is the next key
step in establishing new primary standards based on the
optical method described here.

5. Conclusion

This paper described an optical system based on PCS
that can be used to measure the sound pressure at a point
inside a free-�eld chamber with full description of opti-
cal, acoustic, and signal processing given. The advantage
of such a measurement system is the ability to measure
sound pressure in an absolute and non-invasive way with
traceability to the de�nition of the metre. A comparison
between a microphone sensitivity measured using PCS
and pressure reciprocity is given where the agreement
between the two methods is good. There is a trend at
the higher frequencies for the optical method to measure
a higher sensitivity and this could be due to a number of
factors which need further investigation.
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