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Laser absorption spectroscopy by photoacoustic (PA) detection technique is increasingly
used in trace gas analysis. Our research group focuses on related instrument and applica-
tion development. In this paper the design and test results of a newly developed field pro-
grammable gate array based data acquisition and control system (DACS), are introduced. It
became necessary to develop this new system since the limits of the old one had been
reached; furthermore, it was challenging to implement new advanced measuring proto-
cols. The system was designed to be scalable in order to be able to implement further ideas
or measurement protocols without significant hardware or software modifications. In the
current configuration, approximately 60% of the resources of the system are used. A com-
plete PA measuring system was built around the new DACS to determine the analytical
properties: the normalized noise equivalent absorption is 7.5 � 10�10 cm�1 W Hz�1/2,
while the estimated dynamic range for measuring optical absorption is 7.5 orders of
magnitude.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction areas has been steadily increasing [1–4]. Amongst these
1.1. Motivation

In recent years the number of reported photoacoustic
(PA) instruments to prove their applicability in various
instruments are those which were developed by our
research group for various applications, including in the
natural gas industry [5–7], airborne hygrometry [8–9],
source apportionment of urban light-absorbing aerosols
[10–11], measurements of gas permeability [12], and clin-
ical research [13]. The main components of our instru-
ments are basically always the same: a data acquisition
and control system (DACS), one or more longitudinal dif-
ferential detection cells [14], (a) modulated light source(s)
which is/are either telecommunication-type diode lasers
[15] or frequency converted Nd:YAG lasers [10] and gas
handling units in various configurations.

The DACS has a fundamental role in a PA system. It
drives the laser: tunes and stabilizes its wavelength and
modulates its emitted light. It amplifies the microphone
signal(s) and calculates the PA signal (which is usually
defined as the amplitude of the microphone signal at the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2014.12.028&domain=pdf
http://dx.doi.org/10.1016/j.measurement.2014.12.028
mailto:tatraid@titan.physx.u-szeged.hu
mailto:zbozoki@physx.u-szeged.hu
mailto:zbozoki@physx.u-szeged.hu
mailto:gabor.hulyas@hilase.hu
mailto:gszabo@physx.u-szeged.hu
mailto:gszabo@physx.u-szeged.hu
http://dx.doi.org/10.1016/j.measurement.2014.12.028
http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement


260 D. Tatrai et al. / Measurement 63 (2015) 259–268
laser modulation frequency). It also calculates either the
optical absorption coefficient or the concentration of
light-absorbing components from the PA signal based on
pre-programmed calibration factors. In most cases, the
DACS has various additional functions such as controlling
the gas handling system and communicating with other
instruments. Our recently developed systems [5–13] were
based on a highly integrated target DACS. This system
turned out to be one of the bottlenecks during the applica-
tion developments due to its limited capabilities; there-
fore, a fundamental redesign of our DACS became essential.

It was decided that the new DACS would be based on a
general purpose industry standard, commercial off-
the-shelf development platform, which has to be supple-
mented with additional units only for those functions,
which cannot be performed by the platform itself. The
new system, its development, and the most important test
results are presented in this paper. This paper is organized
as follows: First, the salient points about PA spectroscopy
are introduced in Section 1.2, focusing on the hardware
and software necessities. The materials and methods sec-
tion (Section 2.) contains the descriptions of the new DACS
(hardware and software), the PA system into which it was
implemented, and experiments aimed at verifying the per-
formance of the new DACS. In the Results and Discussion
section (Section 3.), the most important test results, such
as dynamic range and detection limits, are introduced
and discussed. In Appendix A, the supplementary home-
made peripherals are introduced.
1.2. Basics of PA spectroscopy

1.2.1. The PA effect
The PA effect is the conversion of electromagnetic radi-

ation to acoustic waves through modulated absorption,
non-radiative molecular relaxation, local heating, thermal
expansion, and sound wave generation [16–18]. If a gas
sample is illuminated by a train of light pulses or by inten-
sity or wavelength-modulated light, which are at least par-
tially absorbed by the sample, the absorbed light energy
generates acoustic waves. In most of the PA experimental
arrangements, the gas sample being analyzed is introduced
into an acoustic resonator [14], which amplifies the acous-
tic signal (AS) that has been generated, which in turn is
measured by a sensitive microphone or by a quartz tuning
fork [19]. The amplitude of the signal generated is usually
determined by lock-in technique. The amplitude thus
determined is usually called as PA signal and will be
referred to as such in the followings. In most cases, the
PA signal is proportional to the power of the applied light
beam, the molar absorption coefficient, and the partial
pressure of the absorbing molecules. One multiplicative
parameter describes the measurement cell, and another
defines the sensitivity of the microphones [20].

PA ¼ MCPac ð1Þ

where M is the sensitivity of the microphone, C is the so-
called cell constant, P is the power of the light beam, a is
the molar absorption coefficient, and c is the concentration
of the absorbing molecules.
1.2.2. Tunable diode laser (TDL)-based PA spectroscopy
In selective and compact PA instruments nowadays,

mostly TDL-s are used as light sources especially the nar-
row linewidth fiber coupled distributed feedback (DFB)
[15] types. DFB diode lasers can be wavelength-tuned by
their temperature and by the applied current. Above the
operational threshold current, the wavelength and the
power of the lasers as the function of temperature and cur-
rent can be given as:

kðI; TÞ ¼ k0 þ aT þ bI ð2Þ

PlaserðIÞ ¼ P0 þ fI ð3Þ

where k0 is a virtual wavelength for 0 K temperature and
0 mA current, a is the temperature tuning coefficient (typ-
ical value: 100 pm/K), T is the temperature in K, b is the
current tuning coefficient (typical value: 5 pm/mA), I is
the applied laser diode current; P0 is the negative virtual
power at 0 mA current, and f is the slope of the power–
current curve above the threshold limit (typical value:
0.10–0.30 mW/mA).

The temperature of these lasers is used to stabilize their
wavelength, while current is used to fine-tune it [21].
These lasers have an integrated Peltier element and a neg-
ative temperature coefficient (NTC) thermistor, which can
be used for temperature stabilization through propor-
tional-integral (PI) or proportional-integral-derivative
(PID) control methods. The desired stability of the temper-
ature is 0.01 K or better. For highly accurate and precise
temperature and therefore central wavelength stabiliza-
tion, the temperature of the laser housing also has to be
stabilized. For this purpose, an externally placed Peltier
element, and an NTC thermistor should be used with PI
or PID control.

DFB lasers can be modulated with the modulation of the
driving current; such a modulation results in the modula-
tion of both the wavelength and the power. Both of them
can generate AS, and their mechanisms have previously
been discussed in detail [22–24].

1.2.3. PA cell
The PA cell [14] has three major functions: it isolates

the gas sample being analyzed, it amplifies the AS that
has been generated, and it detects it with the integrated
microphones. To do this effectively, the modulation fre-
quency of the laser has to be the same as one of the reso-
nance frequencies of the PA cell itself. During the
measurements, a single longitudinal mode differential type
was used. The pathlength in such a PA cell is around 10 cm,
so the light attenuation is hardly ever more than 10%;
therefore, the rest of the light beam can be introduced into
a second and maybe third or fourth measuring cell thus
making it possible to analyze the same gas multiple times
to increase the precision of the measurement by averaging,
or to analyze different gas streams simultaneously (Fig. 1).

The resonance frequency of the PA cell depends on its
geometry and on the sound velocity within the gas inside.
Besides the composition, the sound velocity also depends
on the temperature of the gas; therefore, the temperature
of the cell has to be stabilized and the sampling line also
has to be tempered. These types of PA cells require 0.5 K
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temperature stability; pulse width modulation PWM heat-
ing is usually appropriate for this purpose.

1.2.4. Optimization
While optimizing a PAS system, the goal is usually to

get as high a signal-to-noise ratio as possible, which is usu-
ally equal to as high a signal level as possible at a certain
concentration. The goal is to find the optimal laser temper-
ature, modulation depth, and modulation frequency
through PA spectrum and resonance curve measurements.
The calibration constants also have to be determined by
setting different concentrations and measuring the PA
signal.

1.2.5. Accessories
For proper operation, a PAS system, like any other spec-

troscopic system designed for gas composition analysis has
to be equipped with a gas handling system that consists of
flow rate regulation, gas temperature control, and gas
pressure stabilization or at least pressure monitoring. The
controlling electronics have to be ready to handle them.

1.3. Requirements for the new DACS

The new DACS has to fulfill several requirements
besides the basic ones, such as being able to be used for
PA measurements and having at least as good analytical
properties as the previously used system, including auton-
omous operation and the option of different self-checking
procedures:

Advanced measurement techniques: The new DACS has
to meet not only current requirements but further needs,
such as 2f detection and simultaneously handling several
lasers in the same PA cell.

Ease of testing and programming: Setting a PA system
for a new application usually requires intensive optimiza-
tion of its operational protocol, which can be achieved best
if a standard programming language is implemented on
the DACS. Since this was not the case with our previous
system, this is considered to be one of the fundamental
advantages of the upgraded DACS.

Size and weight: Our previously used integrated DACS
is 160 � 250 � 400 mm (height � depth �width) in size
Fig. 1. A basic PA system with differential single longitu
and 7.5 kg of weight. The new DACS has to be significantly
smaller and lighter in order to open up new application
possibilities such as operation on unmanned aerial
systems.
2. Materials and methods

2.1. The new DACS: Hardware

The new PA-DACS hardware (Fig. 2) is built out of a
National Instrument (NI) SBRIO 9642 controller which is
programmable in LabVIEW environment, an NI9234
analogue–digital converter (ADC) module, an NI9269
digital–analogue converter (DAC) module, and various
home-made auxiliary units. Practically the same system
without significant software modification can be built
based on NI CompactRIO systems, which can provide
advanced system integration features.

The controller contains a Xilinx Spartan3 field program-
mable gate array (FPGA) (2 million logic gates, 40 MHz); a
Freescale 5200 Microprocessor (32 bit, 400 MHz); several
integrated analogue and digital input–output (IO) channels
(CH); Ethernet and RS232 communication ports; and
256 MB for data storage. The integrated analogue IO CHs
are used for purposes requiring less precision measure-
ments, such as pressure sensors (typically 0.5 hPa preci-
sion is appropriate), PT100 temperature sensors for
0.05 K precision, to control flow regulators, and a complete
gas handling system. The digital IO CHs are used as PWM
sources, for serial peripheral interface (SPI) communica-
tion, and Boolean logic controls.

The ADC module has 4 CHs (24 bit resolution, ±5 V
range, �110 dB CH to CH isolation, 51,200 S/s/CH sampling
rate) while the DAC module has 4 CHs (16 bit resolution,
±10 V range; 250 V RMS CH to CH isolation, 100 kS/s/CH
sampling rate). These modules are used for precision-
and timing critical purposes, such as controlling the tem-
perature and the current waveform of the laser and mea-
suring the amplified microphone signals.

2.1.1. Peripherals
The designed laser controller, Peltier element driver,

and microphone amplifiers are introduced in Appendix A.
dinal mode PA cells in dual channel configuration.



Fig. 2. Schematic layout of the most important functions of the new DACS around a basic PA system. The different types of connecting lines were applied
only for better visibility.
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Signal conditioning and power circuits had to be designed
and constructed for different sensors, such as PT100 tem-
perature sensors, and for PWM-based heating units. These
latter components are not critical and so they are not
introduced in greater detail.

2.2. The new DACS: Software

The self-written software package has three layers: the
first is the FPGA code, the second is a Real Time (RT) appli-
cation that runs on the embedded microprocessor, and the
third is an optional Host user interface that runs on an
external PC. The FPGA code is responsible for all the timing
critical processes and for reading and writing signals from
and to each IO CH. The FPGA program also sends and
receives commands and messages to and from the RT
application. The RT application is responsible for the
Fig. 3. The block diagram of the functions of the different software layers a
directions.
organization of the measurement loops, for data storage,
and for complicated mathematical calculations. The Host
program is only a user interface which can be used to send
commands to set the desired measurement loop with the
proper parameters to the RT application. The Host program
can also acquire data that has been measured and evalu-
ated so that it can be saved and visualized on the host
PC, and it can be used for any user-desired purposes, such
as advanced data processing or integration into a complex
measuring system. The RT application can be configured
for autonomous operation without human interaction;
therefore, in such cases there is no need for the Host pro-
gram. As the Host program has no effect on the perfor-
mance of the system it is not introduced or discussed
greater in detail. The hierarchy of the different software
layers, their connections, and their functions can be seen
in Fig. 3.
nd the communication between them. Arrows represents the dataflow
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2.2.1. The FPGA program
The following main functions are implemented in the

FPGA (note: in the following description a one-laser, one-
cell configuration of the PA system is assumed, but the
DACS can be configured for several lasers and/or cells too).

2.2.1.1. Laser temperature stabilization. For each laser dri-
ven by the DACS two CHs of the DAC module are pro-
grammed to generate direct current (DC) voltage signals
to control the PI temperature regulators. One of them is
used to stabilize the temperature of the laser chip, and
the other to stabilize the temperature of the laser housing.
Similarly, for each laser two (DC coupling configured) CHs
of the ADC module are used to monitor the temperature of
the laser chip and of the laser housing.
2.2.1.1.1. Performance of the laser temperature regulator.
Test measurements, which are not detailed here, proved
that the laser temperature can be set with an accuracy of
0.5 mK which is equivalent to a wavelength accuracy of
about 50 fm. This resolution is sufficient for most PA appli-
cations and 20 times better than that of the old DACS.

The standard deviation of the temperature was 0.45 mK
during a ten minute period of measurement, while the long
term walk-off was less than 1 mK during one day of mea-
surement. The detection limit of these values with the pre-
vious DACS was 2.3 mK so the performance of the new
system shows a significant improvement.

The repeatability and the hysteresis of the temperature
setting were better than 1 mK. Whenever the temperature
setpoint was modified the temperature of the laser chip
was always within 10 mK of target within less than 20 s;
in the case of a small, lower than 0.2 K step within less
than 1 s, while the final stabilization sometimes took more
than 10 min, the stabilization time was mostly indepen-
dent of the integration time and was slightly dependent
on the proportional gain. The stabilization times should
probably be improved in the future.

2.2.1.2. Signal generation for driving the laser. The control
voltage signal for each laser is generated by one CH of
the DAC module. The waveform generated is determined
by a (DC) level, an alternating current (AC) level, the fre-
quency and the type of modulation signal which can be
set as a sine or square wave, while additional waveforms
can also be implemented [21,25]. The values of the modu-
lation part of the signal are calculated by a normalized
phase-locked-loop (PLL) based signal generator and multi-
plied with the (AC) level. The DC level is added to the mod-
ulation signal and limited to the 0–10 V range by software.
Afterwards the calculated signal is produced by the DAC
card at 100 kS/s.

2.2.1.3. Measuring and processing the signals from the
microphone amplifier(s). One CH of the ADC module is pro-
grammed to measure the AC coupled signal of the micro-
phone amplifier at a sampling rate of 51,200 S/s/CH.
These digitized signals are processed by PLL-based digital
lock-in technique simultaneously at the modulation fre-
quency and at its selected overtones. Test measurements,
which are not detailed here, yielded the following param-
eters for the digital lock-in amplifier implemented: the
lock-in amplifier has a linear performance of over
6.6 orders of magnitude dynamic range from 1 lV up to
4.5 V at 1 s integration time, which is approximately
150 times bigger than that of the old DACS. The optimal
averaging time of the lock-in amplifier is 4700 s where
the noise equivalent signal level is 750 pV which amounts
to 9.8 orders of magnitude dynamic range. The drift of the
signal generation and of the lock-in amplifier was less than
0.2r through 1.5 months. Furthermore, no significant
crosstalk between any measuring CHs of the lock-in ampli-
fier was observed. The schematic layout of the signal gen-
erator and of the lock-in amplifier can be found in Fig. 4.

2.2.1.4. Additional implemented functions. In the following,
the other functions implemented are listed without
detailed explanation; their function is either trivial or not
critical to PA applications.

– 6 differential analogue input CHs.
– 4 CHs for measuring temperature with PT100 sensors

through Wien-bridge.
– 20 CHs single ended analogue inputs.
– 4 CHs of analogue output for low response time units,

such as mass flow controllers.
– 5 PWM CHs at 3.3 V.
– 5 PWM CHs at 24 V.
– 8 SPI CHs.

2.2.2. The RT application
The various measurement protocols implemented are

coded as subroutines, which makes it possible to maintain
and scale the code. Now these routines can be called in a
multiple selection case structure. The RT application can
be configured to start measurements autonomously with
predefined parameters whenever the system is powered
up as well. In this operational mode, it is advantageous
to organize the different measurement protocols in state
machine architecture, which is easy to implement.

The RT microprocessor in the system can be used to run
many of the standard LabVIEW functions, including float-
ing point complex calculations. Thanks to these possibili-
ties, the data evaluation process can be automated more
easily than with the previous DACS, which was only capa-
ble of integer arithmetic calculations.

2.2.2.1. Implemented measurement protocols. Besides a fully
manual control mode when each parameter (laser temper-
ature, modulation frequency AC and DC values of the laser
driving signal, and averaging time) can be set manually
several others were implemented as subroutines such as
optical absorption spectrum measurement mode, modula-
tion optimization mode, and resonance frequency search
mode. In each case, the integration time of the PA signal
can be set in the 0.01–1000 s range.

2.3. The PA system into which the new DACS was
implemented

The PA system with which the developed DACS was
tested contained a single longitudinal mode differential
PA cell with integrated microphones (Knowles EK 3029).



Fig. 4. The schematic logic of the laser modulation signal generation and of the multiply f lock-in signal processing.
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The cell was temperature stabilized to 313.15 ± 0.1 K
(40 �C). A DFB diode laser (NEL NLK1E5GAAA) (24.6 mW
optical power at 120 mA DC current) was used as light
source, which is tunable in the 1392–1395 nm range,
where water vapor has several strong absorption lines
and methane has a weak broadband absorption. The differ-
ent parts of the gas handling system were connected by
6 mm stainless steel tubes using Swagelok tube fittings.
This PA system is identical to that used in our previous
study [8]; only the DACS has been changed, thus making
it possible to compare the performance of the two DACSs.
2.4. Verifying experiments

2.4.1. Spectral measurements
Amplitude and wavelength modulated optical absorp-

tion spectrums were measured and compared to a water
vapor absorption spectrum database [26]. The 2f measure-
ment mode was tested during spectrum measurements
only to demonstrate the proper operation of the written
FPGA code.
2.4.2. Calibration measurements
To determine sensitivity the system was calibrated for

water vapor from a homemade humidity generator [8]
which is capable of generating humidified gas in the
10–25,000 ppm range. First, calibration occurred on the
strongest water vapor absorption line (1392.5 nm,
3.7 � 10�5 ppm m�1) available in the tuning range of the
laser with optimized modulation parameters. The evalua-
tion of the calibration revealed that the measurement
range of the PA system exceeds the concentration i.e. the
absorption coefficient range which can be generated by
the generator considerably. Therefore, the calibration was
repeated by tuning the laser to a weaker absorption line
(1392.8 nm, 1.5 � 10�6 ppm m�1) and the light power
was simultaneously reduced from 24.6 mW to 5 mW by
reducing the laser current to 25 mA.

2.4.3. PA stability test
Pure methane was flushed through the PA cell from a

gas bottle and measurements were performed for one hour
with 1 s averaging time at two different wavelengths, i.e. at
different absorption coefficients, where the PA signals
were close to the lower limit of detection of the system.
The determined statistical parameters and the previously
determined sensitivity value were used to determine the
lower limit of detection.
3. Results and discussion

3.1. System load

The FPGA code utilizes 60% of the Slice Registers, 30% of
the Look Up Tables, 80% of the Multi 18 � 18 blocks and
70% of the Block RAMs of the FPGA without any timing
restriction. The average load of the RT CPU was 18% and
never exceeded 39%. These load results not only show that
the developed DACS is suited to handling present needs
but a significant portion of resources is also available for
further improvements.

3.2. Analytical performance of the system

3.2.1. Spectral measurements
The amplitude modulation spectrum (Fig. 5.) was com-

pared to database values and good agreement can be
observed. The 1f and 2f spectrums measured with low



Fig. 5. Comparison of PA spectrum measured with 90% of modulation depth and of database [26] values.
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modulation depth produce the characteristic first and
second derivate of the absorption lines (Fig. 6.). These mea-
sured spectrums indicate in a qualitative way that the
wavelength tuning and laser modulation operate according
to preliminary expectations.

3.2.2. Detection limits
The results of the calibration at both absorption lines

can be seen in Fig. 7. (Here the data which represent mea-
surements on the weaker absorption line and reduced light
power are scaled up with the light power ratio.) A linear
behavior was observed over 4.5 orders of magnitude varia-
tion in the absorption coefficient, while the highest PA sig-
nal was approximately 10 times below the upper detection
limit of the lock-in itself. This shows that one order of mag-
nitude higher absorption coefficient can still be measured
with the same laser without saturation. Therefore the
Fig. 6. 1f and 2f PA spectrums measured with 15% modulation depth. The P
dynamic range of the PA system is around 5.5 orders of
magnitude of absorption coefficient and thus of concentra-
tion at 1 s integration time. The sensitivity of the system is
0.64 V m�1.

Measurements at constant, low-level PA signals, i.e.
when methane was introduced into the cell, resulted in a
noise level (1r) of 6.1 lV in the case of 1 s integration time.
From the Allan deviation plot (Fig. 8), the minimum Allan
deviation is 2 � 10�7 V at 270 s integration time. Therefore,
the minimal detectable change of the absorption coeffi-
cient, which is defined as 3 � r sensitivity divided by ana-
lyzer sensitivity, is 2.9 � 10�5 m�1 at 1 s integration time
and 9.4 � 10�7 m�1 at 270 s. Combining these values with
the sensitivity and the upper detection limit of the lock-in
amplifier, the dynamic range of the system is 5.8 and
7.5 orders of magnitude in the case of 1 and 270 s integra-
tion times, respectively. These values correspond to
A signal of the 2f spectrum was multiplied by 50 for better visibility.



Fig. 7. Calibration curve of PA measurements at both absorption lines. Slope of the fitted calibration line (i.e. sensitivity) is 0.64 V/m�1.

Fig. 8. Allan deviation of PA measurements at low signal values on pure methane. Uncertainty of 210�7 V can be reached with 270 s averaging time.
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7.5 � 10�10 cm�1 W Hz�1/2 normalized noise equivalent
absorption, which is comparable to or better than the
previously reported values [2].

The old DACS has a dynamic range of 6000 and there-
fore can only be used in high dynamic range applications
several automatic sensitivity modifications are introduced
into its operation [8], but the new DACS, thanks to its
5.8 orders of magnitude dynamic range, can easily be
operated in such applications without the need to modify
its sensitivity.
3.3. Size and weight

Though the DACS is not yet assembled inside an instru-
ment rack, its size and weight can already be estimated at
only about one fifth of that of the old DACS. The size reduc-
tion attained makes it possible at least in the case of sim-
pler PA analyzers for the DACS, the laser, and the PA cells
can be assembled inside a standard instrument rack with
a width of 19 in., a height of 3 units, and a depth of 11 in..
4. Conclusions

In order to serve as a critical component of new PA mea-
suring instruments, a DACS was developed and success-
fully tested. The new DACS has improved measurement
capabilities, it is easy to use and to configure for further
applications, and its size and weight are significantly lower
than those of our old DACS. The most important analytical
properties have also been improved both with respect to
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sensitivity and dynamic range. These results make it possi-
ble for the new DACS to replace our old system with the
option of implementing new measurement techniques
and of further application developments.

Besides the improved PA measurement capabilities the
various functions of the new DACS, such as the highly
versatile signal generator and the implemented lock-in
amplifier, also make the new DACS attractive for non-PA
applications whenever high precision and extremely wide
dynamic range are important.
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Appendix A. The home made peripherals

A.1. Laser driver

The laser driver circuit is based on an ATLS250MA103
laser driver integrated circuit (IC) (Analog Technologies)
which is a voltage-to-current converter (0–2.5 V–0–
250 mA) designed for driving diode lasers; its current can
be limited with a resistor connected between two pins.
The laser used during the tests is a 0–120 mA drivable
type; the current limit was set to 118 ± 1 mA. Any ranges
can be set up to 250 mA with the same laser driver IC by
replacing three resistors on the printed circuit board (PCB).

A.2. Laser temperature stabilizer

The laser temperature stabilization circuit is based on a
HTC1500-62 controller (Wavelength Electronics), which is
a PI control loop based 1.5 A Peltier-element driver spe-
cially designed for diode laser applications. The propor-
tional gain can be set from 1 to 75 with a digital (SPI
controlled) potentiometer depending on the actual needs
while the integration time is set to 3 s fixed. The desired
temperature can be set by a DC voltage level.

A.3. Microphone amplifier

The microphone amplifier is based on an AC coupled
INA128 (Texas Instruments) instrumentation amplifier.
The microphone signals are first band-pass (800–
12,000 Hz) filtered and then connected to the inputs of
the instrumentation amplifier. The output of the INA128
is fed back to its reference point with an OPA177 (Texas
Instruments) operational amplifier through a high-pass
(100 Hz) RC filter, similarly as recommended on the data-
sheet. The gain is set to 50 times. With this gain the
self-noise of the microphones used is about one order of
magnitude higher than the detection limit of the lock-in
amplifier. The microphone amplifier was made on a stand-
alone PCB for each measuring cell and mounted on top of
the cells to be as close to the microphones as possible.
A.4. Design rules

During the design of the peripherals, the most impor-
tant requirement was to minimize the crosstalk between
them and to minimize their temperature dependency. To
achieve these goals, each unit has its dedicated regulated
power source; regulation is done with LM78xx, LM79xx
and LM78Sxx voltage regulators and by tantalum capaci-
tors. Furthermore, all components used such as resistors,
potentiometers, and filtering capacitors were selected from
low thermal coefficient series.

The laser driver and the two PI stabilizers are placed on
a common PCB; they are placed and wired at least 5 mm
from each other except at their connection to the laser.

The laser driver IC and PI temperature controller prod-
uct lines include models with higher output current with
the same package and pinout so the same (PCB) can be
used to drive both higher current lasers and Peltier cells.
The PCB was designed to be able to handle current of up
to 1.5 A for the laser driver and 5 A for the PI controller.
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