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We propose an optical sound standard in which the sound pressure is directly measured by using an
optical cavity to observe the induced change in the refractive index of air (acousto-optic effect). In
this method, an optical cavity is coupled with an acoustic cavity, with a device to be calibrated (e.g.
a microphone) inserted into one wall of the acoustic cavity. We propose that the method can achieve
low-uncertainty pressure-field calibration from infrasonic (e.g. 0.1 Hz) to ultrasonic (e.g. 100 kHz)
frequencies. At the lower frequencies a coupler configuration is suitable, in which the sound field
is uniform in the acoustic cavity, while at higher frequencies a resonator configuration is suitable, in
which a standing wave is maintained in the acoustic cavity. The method could also be incorporated
into inherently traceable optical microphones. We have designed a system to demonstrate sound
measurement and microphone calibration at 1 kHz using an acoustic resonator. We are constructing
this system and will report on progress.
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1. Introduction

The lowest-uncertainty acoustic standards at present are laboratory standard condenser microphones
calibrated by the reciprocity method [1], with a calibration accuracy of about 0.04 dB (0.5 %) at acoustic
frequencies around 1 kHz [2]. The reciprocity method does not realize sound pressure directly, but
determines the pressure-voltage sensitivity of each of three microphones installed pairwise in a special
coupler. Two of the microphones must be reciprocal, i.e., linear, passive, and capable of use as sources,
noting that the magnitude of the sensitivity is the same for reciprocal devices whether used as receivers or
sources. The useful frequency range (10 Hz to 20 kHz) is established by the models used to correct for the
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effects of confounding phenomena. Generally, the best accuracy is achieved only by laboratory standard
reciprocal microphones, although recent work [3] showed that reciprocity can be used to calibrate micro
electro-mechanical microphones.

Directly measuring the sound level by optical methods can free acoustic calibration from the con-
straints of reciprocity, allowing primary calibration of a wide variety of devices (thus shortening the
calibration chain) and also expanding the frequency range over which low uncertainty can be achieved.
The development of optical sound measurement can be traced to the work of Taylor [4] in the 1970s, and
has predominantly taken the form of measurements of acoustic particle velocity, achieved by seeding the
air in the region of interest with small particles that scatter light. Photon correlation analysis has been
developed [5] as a technique for extracting the acoustic velocity, and the method has been developed [6,7]
for primary free-field acoustic calibrations. Recent work has shown high-accuracy secondary calibration
using laser Doppler vibrometer measurement of diaphragm motion [8].

The variation of the refractive index of air due to sound pressure, known as the acousto-optic ef-
fect, has been exploited as a means of acoustic sensing and imaging [9–11] but low-uncertainty sound
measurement has not been demonstrated. On the other hand, optical cavities are used to perform low-
uncertainty measurements of refractive index [12], and also thereby of static pressure [13]. We propose
that optical cavities can employ the acousto-optic effect to provide measurements of acoustic pressure,
with potential accuracy sufficient to serve as primary acoustic references. In comparison to pressure
and length measurement applications, an accurate measurement is required only of the change in the
refractive index, not its absolute value, significantly alleviating the challenge.

A further benefit of this method of primary sound measurement is that it is traceable to quantum
standards, specifically to the refractive index of helium calculated ab initio [14], as the refractive index
of air can be measured by comparison to that of helium [15].

2. Measurement Concept

The optical refractive index of air varies with density, and will therefore depend on the varying pres-
sure in an acoustic field. The dependence of the refractive index on the sound pressure is fairly indepen-
dent of optical wavelength in the visible and near-infrared, and is 2.65× 10−9 Pa−1 at 1550 nm [16]. To
accurately measure the small refractive index changes due to acoustic pressure variations, we enhance
the optical phase shifts induced by the index change using a high-finesse optical cavity. By tracking the
shift in the optical cavity resonance frequency we sensitively track the shift of the refractive index of the
cavity medium (air). This in turn provides us with the acoustic pressure in the cavity. In order that this
be useful for calibrating acoustic devices, we arrange that this pressure be the same as (or at least have a
known relationship to) the sound pressure at the location of the device to be calibrated.

The phase change ϕ of light of wavelength λ over distance l in a medium of refractive index n is

ϕ = n l
2π

λ
. (1)

Thus, perturbations δl and δn in the distance and index respectively cause a phase perturbation δϕ of

δϕ = (n δl + l δn)
2π

λ
. (2)

The dependence of the refractive index of the medium on density thus leads to an optical phase shift
induced by pressure, which can be used to measure the sound level. The change in index may vary along
the optical path, and the observed index-driven optical phase change is the path-integrated value.
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To increase the sensitivity ∂ϕ
∂p

of the acoustic pressure measurement, the distance l over which the
index changes and is probed by the light should be maximized,

∂ϕ

∂p
=

2π

λ
l
∂n

∂p
. (3)

A convenient way to do this is to enclose the optical path through the acoustic medium between two high-
reflectivity mirrors, forming a Fabry-Pérot cavity. The effective optical path length is thereby increased
by a large factor (the cavity finesse F ), F ≈ 2π

2−(R1+R2)
, where R1 and R2 are the power reflectivities

of the mirrors. The optical phase change can conveniently be read out as the resulting change in cavity
resonance frequency νr

δνr = −νr

(
δl

l
+

δn

n

)
= −νr

(
δl

l
+

δñ

n

)
(4)

where ñ is the refractivity, i.e. n = ñ+ 1, and the cavity resonance frequency is on the order of 1014 Hz
for visible and near-infrared light. The sensitivity of the output signal to the acoustic pressure is

∂νr
∂p

= −νr

(
1

n

∂n

∂p
+

1

l

∂l

∂p

)
. (5)

For high-reflectivity mirrors, the optical resonance frequency shift for acoustic pressure amplitudes in the
range of 10 Pa (114 dB) can be significantly larger than the cavity optical linewidth. An upper limit to
the mirror reflectivity is set by the requirement that the optical cavity response is rapid compared to the
acoustic frequency, i.e. that its linewidth is large compared to the acoustic frequency. Table 1 shows that
for a finesse 10,000 optical cavity we expect a resonance frequency shift more than 30 times the cavity
linewidth. We assume that we shall be comfortably able to detect a cavity resonance frequency shift of
2 % of the linewidth. This yields an expected acoustic pressure sensitivity of 0.006 Pa, corresponding to
0.06 %. As equation (5) indicates, the acoustic pressure will also cause the cavity resonance frequency
to change via the effect of the pressure on the cavity length l, given the finite mechanical impedance of
the mirrors and their support structure. While this can provide an alternative avenue for acoustic sensing,
for primary calibration using the refractive index change it is a confounding effect.

Table 1: Parameter values and projected measurement sensitivity for an acoustic resonator type system
operating at an acoustic frequency of 1 kHz and an optical wavelength of 1550 nm.

Parameter Value

Refractive index pressure dependence, 1
n
∂n
∂p

2.65× 10−9 Pa−1

Acoustic pressure amplitude 10 Pa (114 dB)
Acoustic resonator length 0.345 m
Acoustic frequency 1 kHz
Optical wavelength 1550 nm
Cavity resonance frequency shift 5.04 MHz
Cavity finesse 10 000
Cavity length 100 mm
Cavity linewidth, Γ 150 kHz
Cavity resonance shift sensitivity 0.02× Γ
Acoustic pressure detection sensitivity 0.006 Pa (0.06 %, 0.005 dB)
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Figure 1: (a) Illustration of acoustic resonator configuration of optical sound standard. The blue curves
indicate the distribution of acoustic pressure along the resonator length at different time instants; the
acoustic pressure is probed at a pressure antinode of a standing plane wave. (b) Acoustic coupler config-
uration of optical sound standard, in which the acoustic pressure within the coupler volume is uniform.

2.1 Configurations

We consider a few different acoustic field configurations in which this method can be applied. The
first is an acoustic plane-wave resonator, as used for particle velocity measurements [4]. This is a closed
tube with a length equal to an integer number of half-wavelengths of the acoustic field at the chosen
frequency of operation. When driven at such a frequency, the acoustic field in the resonator will be a
standing wave. By choosing the length to be an integer number of whole acoustic wavelengths, the sound
pressure amplitude at the midpoint will be nearly equal to that at the ends. By locating an optical cavity at
the midpoint to probe the sound pressure there, we can also measure the sound pressure on a microphone
diaphragm embedded flush with one end of the resonator. A resonator constructed in this manner will be
suitable for calibration at a fundamental acoustic frequency equal to v/L, where L is the is the resonator
length and v is the sound speed, and at integer multiples of this frequency. We show in Table 1 the
parameters of a system designed to measure the sound pressure at 1 kHz using an acoustic resonator and
an optical cavity operating at 1550 nm.

An alternative configuration is to make the dimensions of the acoustic cavity small compared to the
acoustic wavelength, so that the sound pressure is nearly uniform throughout the acoustic volume. This
sort of acoustic volume is called a coupler [1]. In this case the location of the optical cavity relative to the
device being calibrated is relatively unimportant. A coupler of a given size will be increasingly accurate
(i.e. have decreasing deviations of the sound field from uniformity) as the acoustic frequency decreases,
and have an upper acoustic frequency limit of applicability.

The method can also be incorporated into a traceable optical microphone, which uses a small optical
cavity (e.g. an open Fabry-Pérot cavity or a solid-state cavity that interacts with the surrounding air via
an evanescent wave [19]) to track the local refractive index fluctuations. Such a device would not require
calibration, being traceable via the refractive index dependence on pressure.

3. Readout Methods

There are several possible techniques for measuring the cavity resonant frequency and phase shift.
We consider two approaches: a Pound-Drever-Hall lock and an electro-optic frequency comb.
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Figure 2: Pound-Drever-Hall readout system for cavity resonance frequency tracking. A gated counter
with a high-repetition rate is used to make instantaneous readings of the cavity resonance frequency shift.

3.1 Pound-Drever-Hall lock

In the Pound-Drever-Hall (PDH) method [17, 18], the laser light is phase-modulated before it is
incident on the optical cavity. The reflected light is detected by a photodiode, on which the promptly-
reflected beam beats against circulating light in the cavity that has leaked back out through the input
mirror. Demodulation of the photodiode output yields a first-order error signal as the laser frequency is
detuned from the cavity resonance frequency. This allows the laser frequency to be servoed to the cavity
resonance, oscillating with it as it varies sinusoidally due to the sound wave in the cavity.

We illustrate our implementation of PDH readout in figure 2. We use an acousto-optic modulator
to apply the frequency shift to the laser light, the acousto-optic frequency offset being provided by a
voltage-controlled oscillator (VCO) driven by the servo controller output. We measure the frequency of
the VCO output using a frequency counter [20] with a narrow gate (≈ 10 µs) and a high repetition rate
(≈ 50 kHz). The modulation depth ∆νr of this frequency-modulated signal is the oscillation amplitude
of the cavity resonance frequency, and provides us the sound pressure amplitude ∆p according to

∆p = −∆νr
νr
/
(
1

n

∂n

∂p

)
, (6)

where we have assumed that change in the cavity length at the acoustic frequency is negligible.

3.2 Electro-optic frequency comb readout

Another approach that we are considering is readout by an electro-optic frequency comb. In this tech-
nique [21] an electro-optic phase modulator is driven with a repeating linear chirp waveform, generating
a frequency comb on the output light. This light impinges on the optical cavity, and is detected in reflec-
tion. All comb teeth are fully reflected except for any that is within the cavity resonant peak width. With
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Figure 3: Frequency response of the radial position of a cavity mirror mounted on the acoustic resonator
that is driven by a 1000 Pa internal pressure oscillation, from finite element simulation.

an appropriate selection of comb tooth spacing and width, the location of the the cavity resonant peak
can be tracked rapidly, allowing oscillation amplitudes at frequencies in the 100s of kHz to be measured.

4. Mechanical Deformation

For static elastic deformation of an infinitely long, thick cylinder of isotropic material under internal
pressure, the strain u is radial and is given by [22]

ϵ(r) ≡ u(ri)

ri
=

1− ν

E

(
r2i + r2o
r2o − r2i

)
∆P (7)

where (ν, E) are the Poisson’s ratio and Young’s modulus of the material, (ri, ro) are respectively the
inner and outer radii of the cylinder, and ∆P is the pressure difference between the inside and the outside
of the cylinder. Thus, the ratio of cavity resonance shift due to geometrical length change to that due to
refractive index change is given by

dl

l
/dn

n
=

u(ri)

ri
/dn

n
=

1− ν

E

(
r2i + r2o
r2o − r2i

)
/ 1

n

dn

dP
(8)

where we have assumed that the cavity mirror surfaces are located at the inner surface of the resonator,
and that the mirror is strongly adhered to the cylinder material. For a steel cylinder with an inner diameter
of 100 mm and an outer diameter of 160 mm, and 1550 nm light in air at standard atmospheric conditions,
we obtain a geometrical cavity frequency shift that is ≈ 0.3 % of the index cavity frequency shift.

To obtain an improved estimate of the geometrical effect, we perform a finite element simulation of
the frequency response of the cylinder when driven by a pressure acting on its inner surface. We use
the COMSOL [23] software package, and a geometrically accurate model of the stainless steel acoustic
resonator that we have fabricated. Using a 1000 Pa acoustic pressure amplitude, we find the radial
displacement amplitude at the mirror location plotted in figure 3. We see no resonant effects below ≈
3 kHz, validating our rough static estimate above (at very low frequencies, we see a rigid-body recoil
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effect). The optical cavity length change amplitude for a 10 Pa acoustic pressure amplitude, which taking
into account the motion of both mirrors is 0.02 times the plotted value, is 1.7× 10−11 m at 1 kHz. Given
our cavity length of 124 mm, the geometrical cavity frequency shift is dl

l
= 1.38 × 10−10, which is

0.52 % of the index cavity frequency shift. While this was obtained with a uniform acoustic pressure
distribution on the inner surface of the cylinder, subsequent simulation using a pressure field with the
spatial distribution of the 1 kHz resonant mode yielded a cavity length change that agreed within a few
percent. Estimating the uncertainty of the finite element simulation as 20 %, this geometrical effect
introduces an uncertainty of 0.1 % to the acoustic pressure measurement. With accurate measurements
of the resonator material properties we estimate that this would be reduced by a factor of ≈ 5.

5. Discussion

A strong motivation for an optical primary standard is that it is practical for use in calibration of a
wide variety of sound sources and receivers, as opposed to specially-designed reciprocal microphones.
Additionally, it has the potential to achieve low uncertainty over a broader frequency range than reci-
procity. The lower acoustic frequency limit will likely be set by drifts, and we estimate that electronic
drifts may set a limit of ≈ 0.01 Hz for low-uncertainty (1 %) measurements. The upper frequency limit
may be set by distortions of the sound field due to small geometrical features and imperfections; the
requirement that the cavity linewidth be large compared with the acoustic frequency but small compared
with the optical resonance frequency shift will also lead to an upper frequency limit. We speculate an
upper acoustic frequency limit for low-uncertainty measurements in the range of ≈ 100 kHz. Within the
core acoustic frequency range, electronic resolution of the cavity resonance frequency shift may be the
largest source of uncertainty.

In comparison to photon correlation spectroscopy [6] our cavity-enhanced index-based method is less
suited to free-field calibration. On the other hand, it has some important advantages: (1) The sound field
measurement and the calibration are performed simultaneously, not sequentially, which is of increasing
importance as the acoustic frequency decreases; (2) The acoustic pressure measurement is not dependent
on knowing the acoustic impedance of the air, which is an environmentally-sensitive quantity. An optical
cavity may also be advantageous for measuring particle velocity using light-scattering particles within
the cavity mode volume.

In conclusion, we believe that sound standards based on measuring refractive index change using an
optical cavity have the potential to realize acoustic pressure with low uncertainty from infrasonic to ultra-
sonic frequencies, are traceable to quantum standards, and can be developed as traceable microphones.
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