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Abstract. An approach to signal-to-noise ratio improvement for an optical wave mi-
crophone is presented. In the optical wave microphone, ultra-weak diffraction light, which
results from phase modulation by a sound wave, is converted to an electrical signal by a
photodetector. The diffraction light pattern has two intensity peaks with opposite tem-
porary phase, which are generated at the increasing and the decreasing density gradients
of a sound wave, respectively. Differential detection of these by using a dual photodiode
is effective to increase the signal intensity. In this study, we adopted an independent
component analysis to the two signals in order to improve the signal-to-noise ratio. In
the next stage, this method is to be applied to measurement of body-sounds related to the
disease and mental stress.
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1. Introduction. Stethoscope is the most common way to diagnose disorder through
sounds from human bodies such as heart beat, breathing, and digestion. Recently there is
a study identifying the amount of stress using such sounds [1], which requires microphones
to be placed on the thoracic or abdominal part of the body for measurement on a constant
basis. Such microphones adopt an oscillation membrane, which is oscillated by a sound
and transforms it into an electrical signal. Since its sensor part is a solid object, there are
various restrictions and disadvantages such as the disturbance in a sound field caused by
a microphone itself, or the matter of the membrane durability.

In contrast, an optical wave microphone can directly detect a sound by a laser beam
without disturbing airflow and sound field. In this method, ultra-weak diffraction light
generated by a sound wave entering into the laser beam is detected and converted to
electrical signal. It has a large bandwidth from audio to ultrasonic waves and can also
detect the high sound pressure. Though it can solve various problems of the oscillating
membrane microphone [2-4], the Signal-to-Noise (SN) ratio of it still needs to be improved
to realize a standard microphone.

Since two diffracted lights in reversed phase appear from a probing laser beam in an
optical wave microphone, these can be detected simultaneously by using a split type
photodiode. Then, Independent Component Analysis (ICA) [5,6] is used in this study to
separate original sounds and noises from two electrical signals in order to improve the SN
ratio. Also, the ICA output signal is compared with the signal obtained by the difference
detection of two signals [7] to evaluate its performance. The theory of the optical wave
microphone is described in Chapter 2, and an experimental result and consideration to an
obtained result is described in Chapter 3. The last chapter is a conclusion of this study.
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2. Optical Wave Microphone.

2.1. Principle and theory. The fundamental principle and theory of the optical wave
microphone have been already established [2], but an abstract is shortly introduced in
this chapter to explain the background of research and to use the theoretical equation in
the later discussion for experimental results.

Figure 1 shows abstract of the model for theoretical analysis. When an incidence prob-
ing laser beam crosses a sound wave, diffraction light waves are generated and propagate
with and in the penetrating beam through the Fourier optical system and reach the detec-
tion plane, which is set in the back focal plane of a receiving lens. The diffracted light is
homodyne-likely detected there by using the penetrating laser light as a local oscillating
power. In such a condition, the intensity of diffracted light of higher orders and multi-
ple diffractions are much smaller than that of the first order diffraction light and can be
neglected. In the practical machine, the electrical output from a photo detector includes
both the DC component and the AC component relating to diffraction light Doppler-
shifted by sounds. The DC component is removed in the electric circuit and only the 1st
AC component is used. The spatial intensity of diffraction light signal for the theoretical
model shown in Figure 1 is given by the following equation [3,4].
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2] [W/m2], ∆φ = ki(µ0 − 1)∆Z∆p/γp, µ0: refrac-
tive index of air, γ: specific heat ratio, ∆Z: width of sound, p: atmospheric pressure, ∆p:
sound pressure, ki: wave number of laser light, ωa: angular frequency of sound wave, P0:
laser power, u = xf/wf : the normalized x-coordinate in the back focal plane, θ = kaw0/2:
the normalized wave number, ka: wave number of sound wave, w0: radius of laser beam
waist in sound incident region, wf , xf , yf : radius of the beam cross section, x-coordinate
and y-coordinate in the observing plane, respectively.

Figure 1. Optical setup for theoretical analysis

Based on the equation, numerical calculations of the diffraction pattern are carried out,
in which a visible laser was assumed as a probing laser beam. Figure 2 shows examples
of spatial distributions of the intensity and the phase of the diffraction light pattern. The
spatial profile of diffracted light pattern (I) oscillating at the sound frequency has two
peaks, where spatial positions do not change with frequency in the audio-wave or the low
frequency ultrasonic band. On the other hand, the temporal phase difference (Φ) between
the right and left diffraction patterns oscillating at ωa is π, as shown in Figure 2 (right).

2.2. Experimental setup. A laser diode (685nm, 28mW) is used as the light source.
The laser beam diameter at the sound detection region is 4mm and the spot size (diame-
ter) at the observing plane is 2.4mm. A sound wave (5kHz) vertically enters to the laser
beam. The sound pressure is set to 100dB on the center axis of the laser beam. Diffraction
signal light produced by the sound wave propagates through the optical receiving system
and then is detected by a photo-detector together with penetrating laser light, which is
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(a) Spatial intensity profile (b) Spatial phase profile

Figure 2. Theoretical profiles of diffracted light distribution

Figure 3. Shape of detecting plane of dual photo diode

used as a local power of heterodyne detection. In this experiment, the photo-detector
is the divided dual photo diode with two elements, as shown in Figure 3. The distance
between both elements is 0.02mm. Cathode edges of both elements are electrically con-
nected (short-circuited), as shown in the circuit figure. Two signals in reversed-phase can
be obtained when each element receives the both side diffraction lights separately, and
then output of the dual detector is input to a differential amplifier.

3. Experimental Result and Discussion. Fast ICA [6] is adopted for signal process-
ing. Under the condition that multiple signal sources are each statistically independent,
ICA is recommended as one of the Blind Source Separation; a statistical method that
estimates a signal source only by using data observed with a sensor while its signal trans-
mission characteristic to a sensor is unknown. Figure 4 shows the image of blind source

Figure 4. Blind source separation using an optical wave microphone
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separation using an optical wave microphone. As mentioned in the prior section, an opti-
cal wave microphone can measure two diffracted lights; two sounds, with one laser. Signal
and noise components are separated using this characteristic.

Figure 5 shows part of two signals observed with an optical wave microphone when
single sound is input at 100dB of sound pressure and at 5kHz of frequency. Reversed
phase is shown as mentioned in the prior section. Since the device used in this study had
difficulty in adjusting beam diameter and the dual photodiode used was multi-purpose,
positions of the diffracted light and the diode do not match. Although the amplitudes of
the two signals were tried to be adjusted, there was a limitation in mm-scale adjustment.

(a)

(b)

Figure 5. Two signals observed with optical wave microphone (with input
signal at 100dB, 5kHz)

(a)

(b)

Figure 6. Signal separated using ICA (with input signal at 100dB, 5kHz)



ICIC EXPRESS LETTERS, PART B: APPLICATIONS, VOL.7, NO.2, 2016 473

Figure 6 shows the result of ICA using a signal measured with an optical wave micro-
phone as an input signal. Sine wave shown in Figure 6(a) is much clearer than that in
Figure 5, and a lot of noise components can be expected according to Figure 6(b). Figure
7 shows a differential detection wave of a signal measured with optical wave microphone.
In this microphone, a signal in reversed phase is observed on a measurement plane while
a noise applied in a position near the measurement plane is expected to be the component
in the same phase. By reversing one of the signals and combining both signals offset the
noise component in the same phase, and it could lead to SN ratio improvement. As same
as Figure 6(a), sine wave which is clearer than input signal is shown in Figure 7.

Figure 8 shows the result of spectrum analysis on the signals measured with optical wave
microphone (Ch1, Ch2), original signal component separated by ICA, and differential
detection signal. 200Hz high-pass filter is used against the noise generated in the low
frequency area due to the characteristic of optical wave microphone and problems unique
to the measurement device. Therefore, all signals show local peak at around 200Hz.
In all areas at 200Hz or higher, SN ratio is improved by about 10dB in both ICA and
differential detection methods. Furthermore, ICA succeeds in removing noise about 5dB
larger than differential detection near 300Hz-1kHz, suggesting that ICA is more effective
than differential detection for SN ratio improvement. In the next stage, we try to remove
noise, especially in low-frequency area, to improve the total SN ratio.

Along with this, we will try to develop another measurement device using an optical
fiber sensor as shown in Figure 9 [8]. In this measurement system, the length of a fiber
sensor part is very short within 50mm and the reference local power is not needed. It
has a high degree of flexibility in installation as a stable detection technique measuring
sounds from a human body.

Figure 7. Differential detection signal (with input signal at 100dB, 5KHz)

Figure 8. Result of spectrum analysis (with input signal at 100dB, 5KHz)
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Figure 9. Optical wave microphone with optical fiber sensor

4. Conclusions. In this study, the ICA is applied to the signal processing of the optical
wave microphone to improve the SN ratio. The SN ratio is improved by about 10dB in
the audio frequency areas, and by 15dB near 300Hz-1kHz, and also the reasonable and
good result is obtained for the differential detection method. In the present experiment,
the laser beam diameter at the detection plane was not matching with the size of the dual
photodiode. The better result will be obtained by matching these.
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