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Abstract — Photoacoustic effect has increased application as
a non-destructive method for characterization of thermal and
optical properties of materials. Since the measurement of
photoacoustic signal requires use of an electronic system,
knowledge of the transfer function of the measurement system
is a prerequisite for its application. This paper presents two
different experimental techniques for the determination of the
transfer function of a PA measurement system.

1. INTRODUCTION

The PA effect is the generation of sound waves in a sample
and its surroundings due to the exposure to modulated optical
radiation [1]. The effect was discovered and reported by A.G.
Bell at the end of the 19" century, but the proper explanation
was given almost one hundred years later [1]. The
explanation and further theoretical studies were based on the
classical heat propagation theory, and they boosted
experimental research and practical applications [2] of the PA
effect.

A conceptual diagram of the PA measurement system is
presented in Fig. 1. The light source emits light under control
of the modulator. The modulated light beam irradiates the
sample that absorbs a part of the light, and a part of the
absorbed light is converted into heat.
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Fig. 1 Photoacoustic measurement setup

Heat transfer through the sample causes deformation of the
sample and heat transfer to the surroundings causes expansion
of the thin layer of the surrounding medium. Both the
deformation of the sample and the expansion of the
surrounding medium cause sound emission. The emitted
sound waves propagate through a closed space of a PA cell
and are detected by a microphone [3-4]. The majority of
microphones used in the PA experiments are audio
microphones with the frequency range 20 Hz-20 kHz. The
signal of the microphone transducer is conditioned by the pre-
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amplifier of the microphone and led by a cable to an
amplifier. The amplified microphone signal is led to one input
of the lock-in detector. The amplified signal of the photo-
detector that is illuminated by the same optical beam as the
sample is led to the other input of the lock-in detector. The
output of the lock-in detector consists of two signals: 1) the
ratio between the amplitudes of the signals of the microphone
and the photo-detector A, and 2) the phase difference between
the signals P[4].

The described measurement system may be separated
excitation part and detection part, where the excitation part
consists of the light source, the modulator and the sample,
while the detection part consists of the photodetector, the
microphone, the amplifier and the lock-in detector. The
excitation part has the variable light intensity I(f) as the
input, and the acoustic pressure ppa(f), which represents the
PA response, as the output. The detection system has the
acoustic pressure as the input, and if the two outputs of the
lock-in detector at modulation frequency f, A(f) and P(f),
are considered in the form Y(s=i2zf) = A(f )-exp(i2zfP), the
Laplace transform of the output of the detection part and the
complete PA measurement system may be represented as

X(S):EPA (S)Q(S) 1)

where ppa(S) stands for the Laplace transform of PA response
and G(s) stands for the transfer function of the detection part
of the PA measurement system. If G(s) is known, then the
amplitude ppa(f) and the phase ppa(f) of the PA response may
be extracted from the PA measurement data as

XE) ()= A
Pea(s) = G(s) pPA(f)_|(_3(i27zf)| )

Pon(f)=P(f)-argG(i2zf)

Since the optical processes in the excitation part of the PA
measurement system are much faster than the processes in
the detection system, the transfer function of the complete PA
measurement system (which has the modulated light as input
and the outputs of the lock-in detector A(f) and P(f) as the
ouputs), may be considered to be proportional to G(s). The
transfer function of the PA measurement system may be
determined using various techniques. The experimental
characterization of a measurement system, also known as the
calibration of the measurement system, comprises
measurement of the output of a system that is exposed to a




known input. Various calibration methods use different types
of input signals. Acoustic systems are usually calibrated by
harmonic input and white noise input.

The analysis given in the paper presents two different
techniques for calibration of the PA system that is being
developed at the Faculty of Mechanical and Civil Engineering
in Kraljevo. The results obtained by the two techniques are
compared, and the conclusion on their applicability and
further directions of research are derived.

2. EXPERIMENT

Due to the small amplitudes of the PA generated sound, the
distance between the sample and the microphone should be as
small as possible. Microphones with small dimensions are the
most suitable for the purpose, and in this research small
commercial microphones manufactured by the company
Kingstate Electronics Corp are studied, two KEEG1538WB-
100LB microphones with 4 mm diameter (Fig. 2a) and one
KECG2742TBL-A microphone with 6 mm diameter
(Fig. 2b). The manufacturer declares the same frequency
response for both types of microphone (Fig 2c.), which is flat
in the range 20 Hz — 7 kHz. The power supply for the
microphones is provided by a 9V battery and a LM78L
voltage regulator, as presented by the section designated with
dashed lines in Fig. 5.
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Fig. 2 The microphones with 4 mm (a) and 6 mm (b)
diameters and c) their frequency response

The response of the PA measurement system was measured in
the anechoic room of Faculty of Electronic Engineering,
University of Ni§, located in Svrljig. The excitation used for
the calibration of the PA measurement was simultaneously
measured using the reference acoustic measurement system
that consists of the microphone B&K 4188-A-021 and the
data acquisition system B&K 3560-B driven by the Time data
recorder application of the Pulse software package. The aim
of the measurement of the excitation signal is to take into
account the influence of the frequency response of the sound
sources that converted electric excitation signal into acoustic
excitation. The same excitation setup and the same positions
of the microphones were used in all measurements (Fig. 3).
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The frequency response of the B&K 4188-A-021, shown in
Fig. 4, is flat in the range 10 Hz — 10 kHz. However, the data
acquisition system B&K 3560-B has the built-in high-
frequency filter with cut-off frequency 22.4 Hz that reduced
the passhand of the reference measurement system. The
sampling rate was set to be 65536 Hz, as it is the highest
sampling rate supported by the Time data recorder
application. The driver application stores data in the PTI
format, but has built-in capability to convert the output data
into MAT format used by the data processing software
package Matlab.

Fig. 3 The sound source and the PA measurement system at
the anechoic room during the experiment

Two types of the excitation were used, resulting in two
methodologies for characterization of the PA measurement
system.

dB3

Fig. 4 Frequency response of microphone of the
reference measurement system

2.1. Excitation by white noise

In theory, white noise is a random signal that has a frequency
characteristic with constant amplitude, [Xwn(f)=C, and
random phase over all frequencies. Consequently, the
amplitude spectrum of the output of a measurement system
excited by white noise signal, [Yyn(f)|, is proportional to
amplitude of the transfer function of the measurement system,
|G( )|, since

M (S =[G (X () =CB() @

Therefore, the white noise signal is suitable excitation signal
for experimental determination of amplitude of transfer
function of measurement systems.




The white noise signal is generated using B&K Power
Amplifier Type 2734 with embedded white noise signal
generator, whose output was led to B&K Omnipower Sound
Source Type 4296. According to the manufacturer
specification, the white noise signal generated by the power
amplifier has the flat amplitude of frequency characteristic in
the frequency range 50 Hz — 5 kHz.

The output of the microphones was recorded using M-Audio
Fast Track Pro USB digital sound card with the internal
amplifier. The 24-bit resolution and 88200 Hz sampling rate
were selected. The measurement was carried out using the
Adobe Audition software package and the results were stored
in WAV format.

For each of the microphones, seven measurement sessions
were performed, each with duration of 16 s. The amplitude
spectra of the microphone output signals, as well as the
amplitude spectra of the outputs of the reference measurement
system, recorded during the all seven sessions, were
averaged. Finally, the amplitude spectra of the output of the
reference measurement system (in dBs) were subtracted from
the amplitude spectra of the microphone outputs (also in
dBs), and the obtained result represents the transfer function
amplitude of the PA measurement system.

2.2. Excitation by sweep signal

The sweep signal is the signal with constant amplitude and
frequency that uniformly increases (sweeps) during the time
[5]. In many practical applications, such as echolocation
systems, sweep signals are used instead of impulses. With that
inspiration, the idea presented in this paper is to use the
sweep signal to determine the impulse response of the PA
measurement system. If the spectrum of a measured system
response to the sweep signal is Ys(f), then the impulse
response of the measured system in frequency domain, H( f)
as well as in the time domain h(t) may be determined using an
appropriate digital filter function with frequency response
F(f) called the inverse filter and subsequent convolution [6]:

H(f)=F(f)-Ys ()

h(t) = real {iFFT[H(f)]} @

The transfer function of the PA measurement system is
Laplace transform of the impulse response G(s) = L[h(t)].

The sweep signal amplified by a commercial Sony TA-
FE510R amplifier was radiated using the omnidirectional
dodecahedron-shaped sound source of the Laboratory for
Acoustics of the Faculty of Electronic Engineering,
University of Ni§. The exponential sweep signal with
frequency range 20 Hz — 22050 Hz was recorded in digital
WAV format as a file onto a computer. The excitation was
reproduced using the 16-bit D/A card NI USB 6351 with
sampling frequency 65536 Hz.

The amplifier of the PA measurement system is made using
OPOQ7 CP operational amplifier, as presented in Fig. 5. Using
the resistor series, the gain of the amplifier may be selected to
be 2, 4.9, 7.8, 11, 19, 48, 70 and 101. The bandwidth-gain
product of the amplifier may be estimated to be close to the
bandwidth-gain  product of the OPQ07 CP operational
amplifier, which is close to 0.5 MHz.
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Fig. 5 Experimental setup for measurement of the
microphone impulse response

The output of the amplifier is led to the NI USB 6351 data
acquisition card that enables 16-bit A/D conversion.

For each of the microphones, five measurement sessions were
performed, each with duration of 16 s, as in case of white
noise excitation. The amplitude spectra of the microphone
output signals as well as the amplitude spectra of the outputs
of the reference measurement system recorded during all five
sessions were averaged. Finally, the amplitude spectra of the
output of the reference measurement system (in dBs) were
subtracted from the amplitude spectra of the microphone
output (also in dBs), and the obtained result represents the
transfer function amplitude of the PA measurement system.

3. RESULTS AND DISCUSSION

The transfer functions of the three studied PA measurement
systems with different microphones are presented in Fig. 6.
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Fig. 6 The amplitude of the transfer function of the studied
PA measurement systems using excitation by
a) the white noise and b) the sweep signal




The transfer function amplitude in the frequency range
50 Hz — 5kHz determined using the white noise shows
variation about 10 dB in the range 2-3 kHz, and about
+20 dB close to 3 kHz, see Fig. 6a.

When the sweep signal was used to determine the transfer
function in the frequency range 20 Hz — 22050 Hz, the
variations about £5 dB appear in the range 2-2.6 kHz, with
several approximately equidistant peaks with 50 Hz
difference. However, the large variations at the frequency of
3 kHz are not observed indicating that the feature may be an
artifact of the experimental setup with white noise excitation
and not an intrinsic characteristic of the PA measurement
system. If the variations in the frequency range 2-2.6 kHz are
also considered to be an artifact of the experimental setup
with sweep excitation because they do not appear in the
transfer function obtained by the white noise excitation, then
the transfer function of the studied PA system may be
considered flat (with variations less than *3dB) in the
frequency range 20 Hz — 6 kHz.

Since the gain of the amplifier used in the experimental setup
for characterization by the sweep signal was set to be 70, it
can be estimated that the cut-off frequency of the amplifier
was around 6 kHz, which probably explains the drop in the
amplitude of the transfer function of the PA measurement
systems observed at frequencies higher than 6 kHz, which
may be observed in Fig. 6b.

4. CONCLUSION

The paper presented the characterization of three PA
measurement systems with the same concept and difference in
the microphone only. Two methodologies for experimental
determination of the transfer function of the PA system were
used, the first based on excitation by the white noise and the
second based on excitation by the sweep signal.

The results have shown that the obtained results differ at high
frequencies, and there is an indication that each of the
methodologies introduces its own artifacts into the obtained
transfer function of the PA measurement system. Therefore,
the application of both methodologies in the process of
determination of the PA system transfer characteristic seems
to be the most reliable approach.

The described process of development of the methodologies
for calibration of the PA measurement systems shows that
many variations in the experimental setups were made: sound
sources, amplifiers and data acquisition systems used to
implement the two methodologies were different. These
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variations represent additional sources of unreliability. The
presented study can be used for comparison of different
measurements approaches. In further research, uniform
solutions and techniques will be used that will open the
possibilities to compare the methodologies in a controlled
manner, and to define the procedure for calibration of the PA
measurement systems in a better way.
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