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Highlights
What are the main findings?

e  Compact electronics for QEPAS sensors, featuring a fully differential preamplifier,
a digital function generator, and an FPGA-based lock-in amplifier, replaces bulky
lab instruments.

e  (Clear H,O and CO; detection achieved with low-power laser sources.

What is the implication of the main finding?

o  Compact, low-cost electronics enables the development of portable QEPAS sensors.
e  The reduced power consumption and size of the proposed electronics expand the
range of QEPAS applications.

Abstract

Remarkable advances in Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) made
it one of the most effective gas-sensing techniques in terms of sensitivity and selectivity.
Consequently, its range of possible applications is continuously expanding, but in some
cases is still limited by the cost and/or size of the equipment needed to im-plement a
complete QEPAS sensor. In particular, bulky and expensive lab instruments are often used
to realize the electronic building blocks required by this technique, which prevents, for
instance, integration of the system on board a drone. This work addresses this issue by
presenting the development of compact electronic modules for a QEPAS sensor. A very
low-noise, fully differential preamplifier for the quartz tuning fork, with digital output and
programmable gain, has been designed and realized. A compact FPGA board hosts both an
accurate function generation module, which synthesizes the signals needed to modulate the
laser source, and an innovative lock-in amplifier based on the CORDIC algorithm. QEPAS
sensors based on the designed electronics have been used for the detection of H,O and CO,
in ambient air, proving the full functionality of all the blocks. These results highlight the
potential of compact electronics to promote portable and cost-effective QEPAS applications.

Keywords: QEPAS; quartz tuning fork; front-end electronics; lock-in amplifier; func-
tion generation
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1. Introduction

Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) is a highly sensitive technique
for trace gas detection, which exploits the photoacoustic effect in combination with the
resonant properties of quartz tuning forks (QTFs) [1-3]. In QEPAS, a laser beam, tuned to a
wavelength corresponding to an absorption line of the target molecule, passes through a gas
sample. The beam intensity is modulated sinusoidally, resulting in a periodic absorption
of the radiation by the molecules. This periodic absorption induces localized heating and
cooling of the gas sample, which in turn generates acoustic pressure waves at the laser
modulation frequency.

The acoustic waves generated in the gas sample are detected by the quartz tuning
fork (QTF), an electromechanical resonator characterized by narrow bandwidth and high
quality factor. Due to the piezoelectric effect, the QTF converts these mechanical oscillations
into a weak electrical signal. This signal is then amplified by a low-noise preamplifier and
demodulated through a lock-in amplifier (LIA), which multiplies the QTF signal with a
reference signal at the same frequency used for laser modulation or one of its harmonics
and applies a narrow low-pass filter to the resulting signal, obtaining a DC component
proportional to the target gas concentration, which is the desired output of the sensor [4].

Traditional QEPAS systems are based on benchtop instrumentations, such as lock-in
amplifiers and function generators, that are bulky and unsuitable for compact or portable
implementations. The present study focuses on the design and integration of compact
electronic subsystems needed for the generation of the modulation signal, for the amplifica-
tion of QTF signal, and for its demodulation. The development effort was directed toward
a high-performance analog front-end and optimized digital architectures, excluding the
circuitry related to laser control, such as the driver and temperature regulator, that will be
implemented in the next steps of the research activity.

Thus, a compact electronic chain for the QEPAS system was implemented based on a
variable gain, fully differential preamplifier for the QTF, specifically designed to enhance
the signal-to-noise ratio (SNR) while minimizing susceptibility to common-mode noise
and external electromagnetic interference. The amplified signal is digitized and then
processed within a Field-Programmable Gate Array (FPGA), which hosts a fully digital
lock-in amplifier for demodulation. A digital function generation module is also integrated
on board the FPGA, which generates the samples of both the sine wave signals needed
for laser modulation and used as LIA reference, respectively. The former is converted into
analog form by means of a digital-to-analog converter (DAC) and used to modulate the
laser current through a voltage-controlled current source.

Both the demodulation stage and the function generation module inside the FPGA
leverage in an effective way CORDIC-based (COordinate Rotation DIgital Computer)
algorithms, which enable efficient extraction of the amplitude and phase of the signal
without the use of hardware multipliers. This approach improves computational efficiency
and optimizes FPGA resource usage.

In summary, the compact electronics developed for a QEPAS system is composed of
the following functional blocks: a fully differential preamplifier integrated on a small-size
board that also includes resources for analog/digital conversion, an FPGA board hosting
the function generator and digital lock-in amplifier, and a digital-to-analog (DA) board,
which converts the digital modulation signal, generated by the FPGA, into an analog signal
in order to send it to the laser driver. This board also hosts a microcontroller for system
management and control.

A QEPAS sensor equipped with the designed circuits was assembled, according to the
scheme of Figure 1, and was successfully used to prove the effectiveness of the electronic
building blocks integrated into the application.
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Figure 1. Main building blocks of a QEPAS sensor. The developed electronic blocks are highlighted
in red.

By replacing conventional analog equipment with digital signal generation and pro-
cessing directly embedded in an FPGA, and by introducing a custom-designed analog
front-end, the system achieves significant advantages in terms of SNR, compactness, power
efficiency, cost and flexibility, thereby enabling future integration into portable QEPAS
systems, also easily deployable on board a drone. This paves the way for the exploitation
of the QEPAS sensing technique in a broader range of applications, for instance, in the field
of environmental monitoring and breath analysis for medical diagnostics.

This paper is organized as follows. Section 2 presents the design of the fully differential
preamplifier board, providing a detailed analysis of its individual stages as well as the
integrated DAC and ADC components. Section 3 addresses the implementation of the
digital function generator and the digital lock-in amplifier, with a particular focus on the
CORDIC-based demodulation scheme. It also describes the design and integration of the
DA board with the microcontroller unit. Section 4 presents the experimental validation
of the system, including performance measurements and characterization results. Finally,
Section 5 summarizes the key findings and discusses possible directions for future research
and development.

2. Front-End Electronics for the Quartz Tuning Fork

The preamplifier board is designed to read out and amplify the signal generated
by the QTF in the QEPAS system [5]. The most common front-end configuration is the
transimpedance preamplifier (TTA) [6]. This solution provides a simple way of converting
the current signal generated by the QTF into a measurable voltage [5-8]. However, its noise
performance is typically limited by the feedback resistor, whose thermal noise contributes
significantly to the input current noise. Alternative front-end topologies have been pro-
posed to improve sensitivity, such as voltage amplifiers, which also implemented in fully
differential configurations to reduce common-mode interference [9], and to charge ampli-
fiers [7]. Among these, the charge amplifier solution exhibits the lowest input equivalent
current noise thanks to the use of capacitive feedback instead of the noisy resistive one of
a TIA, and the absence of bias resistors at the input stage, which represent an additional
noise source in voltage amplifiers.
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The goal of our design is to overcome the limitations of conventional single-stage
solutions. The primary focus during the preamplifier development was therefore the
definition of a circuit architecture capable of efficiently interfacing with the sensor while
minimizing susceptibility to external electromagnetic interference using a fully differential
structure. A further requirement for the circuit was flexibility, accommodating different
operating conditions and target gas concentrations through simple gain adjustment. To
meet these specifications, a two-stage, fully differential front-end architecture with variable
gain was adopted.

A simplified schematic of the preamplifier is shown in Figure 2.
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Figure 2. Simplified schematic of the QTF preamplifier.

The first stage is based on a fully differential operational amplifier (OPAMP),
which can be configured either as a transimpedance preamplifier, with typical values
of R¢1 = Rpp = 10 MQ) and Cy; and Cy, not placed, or as a charge preamplifier, using large
values for Ry and Ry, for instance, 100 MQ), and applying a suitable amount of capaci-
tive feedback Cy; = Cy,. This configurability provides additional flexibility to the system,
making it suitable for different cases and applications.

The QTF is DC-connected directly to the inputs of the first stage during the QEPAS
operating mode of the sensor, or it can be connected directly to an external sinusoidal input
stimulus with variable frequency V_char, by means of a digitally controlled switch, during
the QTF characterization process. In characterization mode, the QTF generates a sinusoidal
current in response to the external excitation, and this signal can be used to determine the
resonant frequency of the sensor, identifying the frequency corresponding to the maximum
amplitude response. This same frequency, or a sub-harmonic, is subsequently employed to
modulate the laser in QEPAS operating mode, thus ensuring excitation of the QTF at its
resonance and maximizing the signal level at the sensor output [10].

In particular, the first stage of the preamplifier employs the THS4567 as fully differen-
tial OPAMP, powered by a single 5 V supply. The DC input bias currents of the OPAMP,
which can be much greater than the amplitude of the QTF signal, can only cause small
deviations of its common-mode output voltage and cannot give contributions to the dif-
ferential output. Moreover, the input offset current of the OPAMP can cause a non-zero
DC differential output, but this is removed by AC coupling the second stage, by means
of the capacitors Cg1 and Cgy. The terminals of the QTF, in QEPAS operating mode, are
kept in virtual short circuit by the OPAMP at a constant input common-mode voltage
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Vicm = 1.5 V internally set by the OPAMP. This allows getting rid of any influence of the
parasitic capacitance C;, seen between the terminals of the QTF in the Butterworth-Van
Dyke model, shown in Figure 3 [11].
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Figure 3. Butterworth—Van Dyke model of the QTFE.

When the stage is configured as a charge amplifier, its transimpedance gain Ag can be

expressed as
2

AR =——
R 27Tf()Cf’

where f( is the target operating frequency, i.e., the resonant frequency of the employed
QTE. The feedback resistors are very large, so their contribution to the equivalent input
current noise is negligible. They are needed only for setting correctly the operating point
of the OPAMP. With this arrangement, the dominant contribution to the total output
noise of the circuit is given by the resistor Ry of the QTF model. Moreover, the fully
differential architecture eliminates any contribution of common-mode interferences to the
output signal.

The second stage of the circuit is a variable gain amplifier (VGA), also fully differential.
This stage is based on the AD8338 VGA, also powered by a 5 V single supply. The voltage
gain Ay of the AD8338 is controlled by the DC level V_gain applied to its gain control
input, allowing linear adjustment from 0 dB to 80 dB as V_gain varies between 0.1 V and
1.1 V. For instance, the overall transimpedance gain of the preamplifier with the first stage
configured as a charge amplifier Ags,s = Ar-Ay, choosing Cy = Cg; = Cpp = 2.2 pF, ranges
approximately from 11.7 MQ (for V_gain = 0.1 V) up to 11.7 x 10* MQ (for V_gain = 1.1 V)
for a typical custom QTF with fy around 12.4 kHz [12].

Instead, when the first stage is configured as a transimpedance amplifier, since its gain
Ag is equal to Rg; + Ry, setting Rp; = Rpp = 10 M(), the overall transimpedance gain of
the preamplifier can be varied from 20 MQ to 200 GQ.

To provide additional flexibility in gain control, zero-ohm resistors Ry and Ry are
placed in series with the VGA inputs (Figure 2). These can be replaced to modify the effec-
tive gain range. In fact, the intrinsic VGA gain Ay is modified by a factor of 0.5/ (0.5 + Rg),
with Ry = Rg1 =Ry expressed in kQ). If, for instance, we choose Rg = 2.5 k(), we will
obtain a gain of the VGA variable between —16 dB and +64 dB, and the overall gain of the
preamplifier, configured as a charge amplifier as described above, will be variable between
2MQ and 2 x 10* MQ if V_gain varies from 0.1 V to 1.1 V. Thus, the possibility of insert-
ing resistors of different values for R and Ry, guarantees a further degree of flexibility,
making possible the use of the preamplifier in an extensive range of different cases.

Furthermore, switching between “Characterization” and “QEPAS” operating modes
is accomplished using the MAX4624 analog switch, from Analog Devices (the “SWITCH”
in Figure 2).

As already pointed out, in the proposed electronics system for the QEPAS sensor,
an FPGA was used to implement the LIA and the function generation module, which
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operate entirely in the digital domain. Thus, the preamplifier output must be converted
into digital form for LIA demodulation, and to preserve signal integrity, a fully differen-
tial analog-to-digital converter was integrated in the preamplifier board. Moreover, the
sinusoidal excitation signal needed for the identification of the QTF resonant frequency in
characterization mode is generated by the FPGA board and must therefore be converted
into analog, to be applied to the QTF. For this purpose, a DAC was integrated on the
preamplifier board [6].

In addition, the output of the DAC, which converts into analog form the character-
ization sine wave, is processed through a second-order low-pass Sallen—Key filter, with
a cut-off frequency of 50 kHz, also integrated on the preamplifier board. This smoothing
filter is based on an AD8655 operational amplifier, from Analog Devices, and attenuates
the high-frequency components of the DAC output signal, improving its spectral purity.
The schematic of this filtering stage is shown in Figure 4 [13].

R2

R+
V_char_DAC g\/\/\/—q

——————@——V_char

(-

Figure 4. Low-pass Sallen-Key filter schematic: V_char_DAC is the output of the DAC on the preamp
board, and V_char is the filtered signal applied to the QTF in characterization mode.

A further on-board DAC receives from the FPGA the digital word corresponding to the
desired value of the VGA gain and generates the analog control voltage V_gain, enabling
precise and programmable control of the overall gain of the QTF analog front-end chain.

To simplify the design and reduce the board size and complexity, AD and DA convert-
ers with serial digital interfaces were chosen so that communication with the FPGA take
place over simple standard SPI interfaces. In particular, an ADC1415626 and two MAX5214
DAC were used so that the resolution of both digital inputs and output of the preamplifier
board is 14 bits. The sampling period of both converters is Ts = 4.38 ps, corresponding to a
sampling frequency f; of about 230 kS/s.

A simplified block diagram of the QTF preamplifier board is shown in Figure 5.

One of the most critical aspects in ensuring signal integrity on a mixed-signal board
is the effective distribution and isolation of power supplies between analog and digital
sections. In our design, separate reference levels were established for the ADC and DACs,
each generated by dedicated integrated circuits. Furthermore, the board was fabricated
with a four-layer stack-up, featuring continuous ground planes in the two internal layers.
Moreover, careful decoupling and filtering of both the 3.3 V digital and 5 V analog power
supplies were implemented to minimize interference between analog and digital domains.

Figure 6 is a picture of the preamplifier board prototype. The connectors and all the
components are clearly visible, as well as the pads for the terminals of the QTF at the center
of the board. The size of the board (3 cm x 3 cm) allows its integration in the acoustic
detection module (ADM) [14], i.e., the small chamber with controlled temperature and
pressure where the interaction between the laser beam and the target gas takes place, so
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that the interconnections between the terminals of the QTF and the preamplifier can be
made as short as possible.

IN.

QTF = digital output

ADC OUT —7#> ., Fpca)

SWITCH IN..
gain configuration
V_gain (from FPGA)
% digital samples of
V char /\/ V char DAC sine wave (from FPGA)

LP-FILTER

Figure 5. Block diagram of the QTF preamplifier board with A/D and D/ A resources on board.

First Stage: Fully Differential OPAMP: TI THS4567

Digital switch: selects
QTF characterization
or Lock-In mode
Vsupply -> 5V

AD8655 OPAMP

MAX5214 - 14 bit
DAC for VGA gain

setting
Second Stage: VGA AD8338, Y o y MAX5214 - 14 bit
AC coupled 3 \ DAC for QTF
characterization
ADC1415626 Digital input and
14 bits ADC

output connections ->
SPI INTERFACE

Figure 6. Picture of the preamplifier board.

3. Function Generation Unit and Lock-In Amplifier

Both the lock-in amplifier and the function generation module are digital blocks
synthesized on an FPGA device.

Lock-in amplifiers (LIAs) are widely used instruments for extracting weak signals from
noisy environments through a demodulation process, which isolates the signal components
that are coherent with a reference. This can be implemented using analog or digital
solutions. Analog LIAs employ analog hardware multipliers for the convolution process,
which are costly and complex when high precision is required, and analog filters, also very
complex if the requirements in terms of selectivity are remarkably harsh. Digital LIAs,
on the other hand, use digital multiplier modules that are cheaper and whose precision
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depends on the number of bits used for the digital representation of the signals. Digital
filters can be easily made more selective and accurate than the analog counterparts.

In FPGA-based LIAs, the reference signal is typically generated using look-up tables
(LUTs) containing sampled values of a sine wave, while demodulation relies on hardware
multipliers [15]. These approaches demand significant memory and hardware resources,
which cannot then be allocated to additional processing stages, such as filtering, to further
reduce noise and improve overall performance.

To overcome these constraints, we propose an FPGA-based LIA architecture that
employs the COordinate Rotation DIgital Computer (CORDIC) algorithm for both reference
generation and demodulation. This approach replaces traditional multipliers with simple
shift operations, drastically reducing hardware utilization while maintaining accuracy and
performance. To the best of our knowledge, no previous FPGA-based LIA design has been
based on CORDIC for both the reference generation and demodulation stages.

A compact and low-cost DEO-Nano FPGA development board from Terasic, Taiwan,
based on the INTEL Cyclone IV EP4CE22 device, was selected for the implementation of
these building blocks. In addition, to complete the function generation unit, a custom DA
board, assembled on top of the FPGA board, hosts the DAC, which converts the digital
modulation signal into the analog waveform applied to the input of the laser driver. This
board also integrates a microcontroller, which provides system management functions.

A detailed description of the designed modules follows.

3.1. Function Generation Module

The purpose of this module is the generation of the digital samples of all the signals
needed to operate the QEPAS sensor.

First of all, the laser diode must be fed with a current source controlled by a waveform
generator. When the QEPAS sensor is operated in the so-called scan mode, the laser
emission wavelength must be varied around the absorption line of the target gas in order
to accurately identify its location. Therefore, the signal that controls the laser current is
composed of two superimposed components: a staircase signal, as depicted in Figure 7,
needed to scan the wavelength interval of interest, and a small amplitude sine wave,
needed to modulate the laser intensity at the resonant frequency of the QTF or one of its
sub-harmonics. The duration Tgs of the single step must allow the completion of the lock-in
operation and depends on the value selected for the integration time of the LIA. Both Tg
and the amplitude AV of the single step have programmable values.

7k
6 L
“5pk .
3
©
S -
)
o
M 3k -
=
=)
S Ts i
AV
k -
0 -
0 0.2 0.4 0.6 0.8
Time (s)

Figure 7. Example of staircase signal for scanning the laser wavelength around the absorption line of
the target gas.
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Concerning the modulation sine wave, a classic 2f demodulation scheme was adopted
for the QEPAS sensor. In this approach, the modulation frequency of the laser source is
fo/2, where f0 is the resonant frequency of the QTF, whereas the demodulation frequency
for the signal produced by the QTF, i.e., the reference frequency of the LIA, is equal to
f0. Even though the 2f demodulation scheme in scan mode does not allow extracting
the shape of the absorption line of the target gas without distortion, it is able to provide
the peak of the signal in correspondence with the peak of the absorption line without
errors. Moreover, the peak value is free from constant background contribution, and as a
consequence, background compensation schemes are not needed [16,17]. Thus, the function
generation module integrated in the FPGA outputs the samples of a sine wave signal with
frequency fy/2 and programmable amplitude so that it is possible to vary the modulation
index and to adapt the signal amplitude to the laser driver of choice. The resolution of the
sine wave samples is 14 bits, and the rate is about 165 kS/s. As mentioned, the modulation
signal is added to the value of the staircase to generate a voltage signal represented in
principle in Figure 8, to be used to control the output current of the laser driver.

| |——Modulated signal
- - -Step ramp

-

e ES 3 o

Voltage (a.u.)

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

Figure 8. Example of signal waveform used to control the output current of the laser driver.

As already pointed out, the resonant frequency of the QTF f; must be found by means
of electrical characterization of the sensor. Thus, the function generation module also
generates the samples of the sine wave applied to the QTF in the characterization phase
(see Figure 5), scanning the frequencies around the resonance of the QTF. The span of the
frequency scan, the number of frequency points, and the amplitude of the characterization
signal are all programmable features. The resolution and the rate of the samples are the
same as the laser modulation signal.

All the parameters of the staircase signal and of both modulation and characterization
sine waves are configured by means of an external microcontroller, which communicates
with the FPGA via a standard SPI interface.

The samples of both modulation and characterization sinusoidal signals are generated
by exploitation of the well-known COordinate Rotation Dlgital Computer (CORDIC)
algorithm [18]. This algorithm is particularly suitable for digital hardware such as FPGAs
and ASICs, as it computes the value of trigonometric functions using only binary shifts,
additions, and subtractions, avoiding the need for hardware multipliers or large look-
up tables.

CORDIC exploits a fundamental geometric property of the circle with a unity radius:
any point on the circumference, at an angle 6 from the x-axis, has coordinates x = cosfl and
y = sinf. Therefore, computing trigonometric functions can be reduced to determining the
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Cartesian coordinates of a rotated vector on the unit circle. The CORDIC algorithm exploits
this property by performing a sequence of discrete and predefined vector rotations in the
Cartesian plane. In more detail, starting from an initial vector aligned with the x-axis, it
rotates this vector by a number of suitable positive or negative elementary angles until the
accumulated rotation angle approximates the desired angle 6 with the required accuracy.

Considering a vector p, = [Xa, Ya] = [p-cosa, p-sina], if we rotate it by an angle ¢, the
Cartesian coordinates of the rotated vector pg = [x4,y5] are the following ones:

xg = p-cos(a +)yg = p-sin(a + ) (1)

By applying the sum formulas for sine and cosine, the following rotation formulas
are obtained:

xg = p(cosa-cosyp — sina-sinyp) = cosp(xa — Yo tanip)

Pl ) = @)
yp = p(sina-cosip + cosa-siny) = cosp(yu + Xo-tany)

If we consider rotation angles equal to ¢; = tan~!(27), it is possible to obtain the
coordinates of the rotated vector, scaled by a factor cos y;, through multiplications by 2.
In binary arithmetic, this corresponds to a simple bit-shift operation. Thus, for a given
angle 6, we can obtain approximate values of cosf and sinf), scaled by a constant factor K,
starting from the vector pg = [1,0] and rotating it by angles equal to ¢; = tan~1(277),
until the accumulated rotation reaches the value of § within the desired accuracy [19].

Single CORDIC iterations are described by the following equations:

Piy1 = Qi — 0P
Xip1 = X — 03y;27" 3)
Yit1 = Yi+0ix;: 27"

Here, @y is the target angle 6 and ¢; = 4+1 when ¢; > 0,5; = —1 when ¢; < 0.

When the number of iterations i tends to infinity, we obtain:

limg; =0 limx; = Kcosf limy; = Ksin®, 4)
i—o00 1—00 1—00
where .

H V14272 (5)

i=0

Q
$
<7
I
L e
-+
[o¥]
=}
1
3

is a constant factor, equal to 1.64676 [20], which can be easily taken into account when the
parameters of the sine wave to be synthesized are passed to the system.

Figure 9 depicts the hardware structure of the elementary CORDIC cell which imple-
ments the single iteration represented by (3).

The CORDIC module is composed of the pipeline of n = 32 elementary cells, as
represented in Figure 10. The frequency of the generated sine waves is decided by the value
assigned to the phase increment and by the clock frequency f.x = 50 mHz, with resolution
equal to 532 = 11.6 mHz. All the digital signals are 32-bit words, and the values of the
elementary rotation angles ¢; are stored in a very small look-up table. The accuracy of the
digital sine wave samples depends on the phase noise of the clock signal, generated by a
stable crystal oscillator, and on the intrinsic error of the CORDIC algorithm, which is very
low for 32 iterations, of the order of 10~10
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Figure 9. Hardware structure of the elementary cell which performs the single iteration of the

CORDIC algorithm.
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clock
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Figure 10. Block diagram of the CORDIC module.

The same CORDIC module is used to generate both the sine wave used to find the
resonant frequency fj of the QTF, during the characterization phase, and the modulation
signal for the laser current, with frequency f(/2, during QEPAS operation.

3.2. DA Board

As previously mentioned, a dedicated board was designed to perform digital-to-
analog conversion of the modulation signal for the laser driver. This board receives from
the FPGA the digital samples of the sine wave at fy/2 superimposed on the staircase signal,
shown in Figure 8, and outputs the corresponding analog signals required to modulate the
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SMA connectors to

the lasers
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laser source. The core component is a DAC8164, a four-channel serial-input DAC. Three
out of four channels are utilized so that it is possible to drive three different laser sources
with the same board, in order to make possible the realization of a QEPAS sensor based
on a multi-laser source for the detection of different target gases in sequence [21]. Each
DAC output is passed through a second-order Sallen—Key low-pass biquad filter, with the
same structure shown in Figure 4, to suppress high-frequency noise and obtain smooth
analog waveforms.

The DA board is designed to allow direct connection to the DEO-Nano FPGA board via
its dual 2 x 20 pin headers. Analog output signals are routed to the laser drivers through
three SMA connectors. Additionally, the board acts as a mezzanine interface, routing signals
between the FPGA board, the preamplifier board, and an external NUCLEO microcontroller
board, from STMicroelectronics, used for exchanging data with a host PC during the
experimental tests for the functional characterization of the electronic system. Moreover,
an STM32 microcontroller, from STMicroelectronics, was also integrated on the DA board,
with the purpose of allowing the DA board to serve not only as a digital-to-analog converter
but also as the central control unit of the system, enhancing its compactness and simplifying
the interconnections.

The fabricated prototype of the DA board is shown in Figure 11. Its size is about
7.5cm x 5cm.

DAC8164

Connector to the
preamplifier board

STM32 MCU

USB connector
to the PC

Connector to the
FPGA board

Figure 11. The prototype of the DA board.

3.3. Lock-In Amplifier (LIA)

Synchronous detection by means of a lock-in amplifier (LIA) is used to extract weak
signals, generated by low target gas concentrations, from noise [22]. As is well-known,
an LIA multiplies the sinusoidal input Vj,sin(wyt + 0) with a reference signal at the same
frequency V,,rsin(wot), obtaining an output signal Vo, with difference and sum fre-
quency components:

Vour = Vipsin(wpt + 0) X V,efsin(wot)

6
= 3VinViepcosf — 3 Vi Ve peos(2wot + 6). ©)

A narrow-band low-pass filter removes the high-frequency term, leaving only the
DC output, proportional to the amplitude of the input signal V;;, and to the cosine of the
phase difference (in-phase component, X). To eliminate the dependence on the phase 0,
a second multiplication with a 90°-shifted reference V,.rcos(wpt) yields the quadrature
component Y. These two outputs form complex vectors, which are sent from the LIA to the
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microcontroller, where signal amplitude R = v X2 +Y? and phase 0 = tan~—1 (Y/X) are
computed. The basic architecture of this dual-phase LIA is reported in Figure 12.

from % _ s % | In-phase
preamp /\/ /\/ component X
: Low-pass
/ InputI}I;t Versin(oot) | g B | Maeritude R
ow-pass filter /x2 4 y2 | “agnitude
——>
V,ercos(mot) [
> m/\&// || Quadrature

4.®

CORDIC module  Low-pass
filter

component Y

Figure 12. Basic architecture of the lock-in amplifier.

The input low-pass IIR filter in Figure 12, which processes the digital output signal of
the preamplifier board, limits the bandwidth BW of the digitized QTF signal to approxi-
mately 20 kHz, which is abundantly sufficient, since the resonant frequency of the QTFs
usually employed is included in this bandwidth. This input filter reduces the inband quanti-
zation noise, thus enhancing the signal-to-noise ratio (SNR). Assuming an ideal 14-bit ADC
with quantization noise as the dominant error source and considering the oversampling
ratio fs/(2-BW) of about 5.6, the theoretical SNR improvement is 10-log;,(5.6) = 7.5 dB.

The input filter has a complex, three-stage architecture. The first stage is a simple
moving average filter, implemented with a first-order cascaded integrator—-comb (CIC)
structure, which also performs decimation by a factor of 32. The second stage is a fifth-
order shaping filter, useful for improving the transition band characteristics, and the third
stage is a sixth-order, type II Chebyshev filter. In particular, the last stage is composed
of three cascaded biquad sections, each realized according to the classic second-order
recursive linear filter architecture, shown in Figure 13.

Xi

Figure 13. Recursive architecture of one of the biquad sections of the sixth order, type II
Chebyshev filter.

The frequency response of the input low-pass filter is illustrated in Figure 14.
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Figure 14. Frequency response of the low-pass input filter of Figure 12.

Instead of using complex and resource-demanding hardware multipliers to obtain
the products between the filtered input signal and the two reference signals, a CORDIC
module was used to generate both V,,fcos(wpt) and V,,rsin(wpt) and to perform the
multiplications at the same time. In fact, if we assign to the initial value of the vector
po the value [ x;,0], where x; is the sample of the filtered input signal to be multiplied
by the sample of the sine wave reference, the result of the CORDIC algorithm is directly
proportional to the product of the two samples. Thus, effective integration between sine
wave generation and multiplication allows sparing FPGA hardware resources, which
can be employed to increase the complexity and the selectivity of the filters, improving
SNR performance.

As far as the low-pass output filters in Figure 12 are concerned, they are composed
of two cascaded stages. The first one has the same structure as the input IIR filter pre-
viously described, whereas the second one is a 90-tap FIR filter with a folded structure,
schematically depicted in Figure 15, which reduces the number of complex multiplications
by about 50%.

1z 77" le— z"
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Figure 15. Folded structure of the FIR filter.
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The frequency response of the LIA output filter can be controlled by varying the
sampling times of the different sections of the circuit. As a result, the LIA integration time
can assume eight different values distributed as powers of 2, ranging from 7.5 ms to 960 ms.

4. Experimental Results

As mentioned in the Introduction, to validate the full functionality of the electronic
blocks described above inside a real QEPAS sensor, an experimental test bench was set up
for the detection of water vapor (HyO) in open air. The experimental setup is illustrated
in Figure 16.

NUCLEO board

Figure 16. QEPAS sensor for H,O detection: experimental setup.

The laser source used is a 1392 nm DFB laser diode from Nanoplus. The preamplifier,
configured as a charge amplifier with C; = 2.2 pF,Ry = 100 MQ), and Ry = 0 Q), is
assembled into the ADM and is not visible in the picture shown in Figure 16. The FPGA
provides the modulation signal to the laser driver, which is a standard lab instrument from
Thorlabs, whereas temperature control of the laser source is managed by a Thorlabs TEC
controller. As mentioned above, system configuration, including control of the preamplifier
and FPGA, and data exchange are managed by means of the STM32 NUCLEO board,
interfaced with a custom Python 3.11 GUI running on a PC.

In characterization mode, this Python GUI is used to set the programmable parame-
ters of the excitation sine wave, such as starting frequency, number of frequency points,
frequency step with a resolution of 11.6 mHz, and amplitude, which can be conveniently
controlled in order to avoid saturation of the signal processing chain. The response of
the QTF, measured by means of the lock-in amplifier, is transmitted via SPI interface to
the NUCLEO board, and for the QTF used in this experiment, the extracted value of the
resonant frequency is fo = 15,158.2 Hz, whereas the Q-factor is approximately 15,000.

For the first tests, the QEPAS sensor was used in scan mode, the laser current was
swept from 75 mA to 110 mA with steps of 1 mA, and the VGA gain was set to 16 dB. In
Figure 17, the measured value of the amplitude R = v/ X2 + Y? of the QEPAS signal is
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reported as a function of the laser current. The signal exhibits the typical expected spectral
shape for H,O, with a well-defined main lobe corresponding to the absorption peak,
confirming the correct operation of the preamplifier, lock-in amplifier, function generator,
and DA board.

(3EPAS H20 - 16dB VGA GAIN - 1392nm DFB Laser - 16.1 mW @80 mA Laser Output Power
0 .

T T T T T

18 b

16 b

14 1

N N
o N

QEPAS signal (mV)
o]

75 80 86 90 95 100 105 110
Current (mA)

Figure 17. Amplitude R of the QEPAS signal (mV) as a function of the laser current (mA).

The estimated signal-to-noise ratio, obtained with the lock-in amplifier integration time
set to its maximum value of 960 ms, is about 40 dB. This value was obtained considering
199 measurements carried out in line-locking mode, i.e., with the laser current set at a
fixed value of about 100 mA, corresponding to the peak of the main lobe of the QEPAS
signal in Figure 17. The SNR was evaluated as the ratio between the average value of these
measurements and their standard deviation. This represents a good result considering the
low optical power of the laser, approximately 16 mW. Notably, increasing the VGA gain
has no significant effects on the SNR, indicating that the dominant noise source lies at the
input stage and that the system is operating close to its intrinsic noise floor.

The Allan deviation for the QEPAS sensor was also measured in order to evaluate the
stability of the system over time and is represented in Figure 18, which reports the noise
level in mV as a function of the integration time 7. Results for long values of the integration
time were obtained by averaging output samples obtained using its maximum allowed
value. A longer 7 results in improved noise suppression, and the measured 1/, /T behavior
results are consistent with the one expected for an averaged white noise. Measurements
were performed with the laser turned on and frequency-locked far from the H,O absorption
line, ensuring that no absorption signal contributed to the output.

Since the plot exhibits the expected 1/, /7 trend, this indicates that the system noise
performance is dominated by thermal noise sources [23]. In this case, the primary contribu-
tion is attributed to the thermal noise associated with the resistor R}, in the electric model
of the QTF, shown in Figure 3, which sets the fundamental sensitivity limit of the sensor
under these conditions.

Additional tests were carried out using a different experimental setup. In this case,
an ICL 3166/07 interband cascade laser, from Nanoplus, Meiningen, Germany, operating
at 4234 nm was employed to target CO; in ambient air, and a pigtailed laser source and
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ADM were used. Unlike the previous setup, our preamplifier was not integrated into the
ADM. In fact, the ADM was already equipped with a built-in preamplifier, which was not
used. Instead, the QTF terminals were connected to the inputs of our circuit externally
to the ADM by means of cables, as illustrated in Figure 19. Although this arrangement
is sub-optimal in terms of signal-to-noise ratio, the primary objective was to validate the
complete functionality of the latest version of the electronics in a real QEPAS environment
under modified operating conditions. Concerning the laser driver and the temperature
controller, an ITC4002QCL laboratory instrument, from Thorlabs, Newton, NJ, USA, was
used, and to reduce its noise contributions to negligible levels, the noise reduction filter
available internally was applied.

Allan Deviation

(mV)
3
8

100 10' 102
Integration time (s)

Allan deviation

31

-
o

1074

Figure 18. Allan deviation plot for the QEPAS sensor as a function of the LIA integration time .

ITC4002QCL laser
2 driver and temperature
0 controller from

THORLABS

* -
- ke

= ICL 3166/07 4234nm ° wig
Pgtalled from Nanoplus 8. . .
ADM WO o

Figure 19. Experimental setup for the detection of CO,.
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The optical output power of the laser was characterized as a function of the driving

current, and the laser temperature was stabilized at 5 °C. As shown in Figure 20, the
maximum optical power measured was 1200 uW at 110 mA.

ICL 3166/07 4234nm @5°C
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Figure 20. Optical power as a function of laser current, with the laser temperature stabilized at 5 °C.

The response of the QEPAS sensor to ambient CO, was measured. Figure 21 shows
both the in-phase component X and the signal amplitude R obtained in scan mode. For
this measurement, the lock-in amplifier integration time was set to its maximum value
of 960 ms, and the total transimpedance gain of the preamplifier, always configured as a
charge amplifier, was set to 11.7 x 103 M(), corresponding to a VGA gain of 40 dB.

QEPAS CO, -40dB VGA gain

100 T T

X [mV]
(

:
2 )

‘_50 1 1 1 1 1 1
30 40 50 60 70 80 90 100 110
Current [mA]
100 T T T T T T T
=
E 50t 1
o
0 1
30 40 50 60 70 80 90 100 110

Current [mA]

Figure 21. In-phase X and amplitude R components of the QEPAS signal for ambient air CO,,

obtained in scan mode.
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At a laser current value of 75.6 mA, the measured optical power was approximately
400 uW. Under these conditions, an SNR of 25.4 dB was achieved, which is an appreciable
result considering the non-ideal mechanical assembly and the moderate optical power
available. To assess the impact of amplification on signal quality, the VGA gain was varied
in line-locking mode, but no significant change in the SNR was observed. This confirms
the robustness of the preamplifier design, which effectively maintains performance close to
the noise floor of the system.

In scan mode, current step sizes of 0.1 mA, 0.5 mA, and 1 mA were considered, and
1 mA steps were proven sufficient for accurate signal reconstruction, allowing for faster
acquisition without loss of resolution.

Finally, the behavior of the amplitude R of the QEPAS signal was studied as a function
of the laser modulation amplitude. For this purpose, the QEPAS sensor was operated
in line-locking mode, with a fixed value of the laser current set at the main peak of the
QEPAS signal obtained in scan mode, i.e., 75.6 mA. As shown in Figure 22, the experimental
data shows that the amplitude of the QEPAS signal increases with the modulation index,
reaches a maximum, and finally starts decreasing. This closely follows the theoretical
expectations [24,25], confirming the proper modulation behavior of the laser and the full
functionality of the QEPAS sensor based on the designed electronics.
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Figure 22. Amplitude of the main peak of the QEPAS signal as a function of the laser modulation
amplitude in line-locking mode.

5. Discussion and Conclusions

A compact electronic system including the main building blocks needed to operate
a QEPAS sensor has been designed and verified. The interface circuit for the QTF is a
front-end configurable as charge or transimpedance amplifier, followed by a variable gain
voltage amplifier. The whole analog chain is fully differential to eliminate the common-
mode noise, and the transimpedance gain is programmable by means of a digital word
to enhance flexibility and adapt the circuit to different applications. The output signal
is converted into digital form, and a phase-sensitive detection scheme is applied on it
by means of a lock-in amplifier implemented on an FPGA board. To spare hardware
resources, which can be dedicated to implement high-performance filters with the purpose
of increasing SNR, the CORDIC algorithm has been exploited to generate the samples of
the LIA reference signal and to multiply them with the samples of the QTF signal, without
recourse to hardware multipliers. CORDIC has also been conveniently applied for the
generation of the sine wave needed for modulating the laser beam intensity. A custom
board, capable of managing three laser drivers, has also been realized for converting into
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analog form and filtering the samples of the laser modulation signal. A real QEPAS sensor
has been built, based on the designed electronic blocks, and some experiments have been
carried out to verify its full functionality. The system successfully extracted clear QEPAS
signals for both environmental H,O and CO,, confirming the proper operation of all the
components. A signal-to-noise ratio of about 40 dB was measured in the detection of H,O
and 25.4 dB for the CO; case despite the very low power of the employed laser sources,
especially for the CO, measurements. Noise analysis using Allan deviation confirmed that
the system residual noise follows the expected 1/ VT behavior, consistent with white noise
being filtered by the lock-in amplifier. This validates the system in terms of capability for
stable long-term measurements.

On the one hand, the development of compact and effective electronic building blocks
for QEPAS sensors will allow the possible application of this detection technique to a
broader range of situations, such as, for instance, installation of the sensor on board a drone.
On the other hand, the decrease in the costs and size of the electronics will contribute to
the further spread gas-sensing systems based on the QEPAS technique, making it more
appealing to a larger set of possible users in both industrial and scientific applications. From
this perspective, the goal of future developments is the integration on a single, compact
board of the described blocks together with a laser driver and a TEC controller.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-Digital Converter
ADM Acoustic Detection Module
CORDIC  COordinate Rotation DIgital Computer
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DAC Digital-to-Analog Converter

DC Direct Current

FPGA Field Programmable Gate Array
GUI Graphic User Interface

ICL Interband Cascade Laser

LIA Lock-In Amplifier

OPAMP  Operational Amplifier
QEPAS Quartz-enhanced Photoacoustic Spectroscopy

QTF Quartz Tuning Fork

SNR Signal-to-Noise Ratio

SPI Serial Peripheral Interface
TEC Thermoelectric Cooler
TIA Transimpedance Amplifier
VGA Variable Gain Amplifier

References

1. Kosterev, A.A.; Bakhirkin, Y.A.; Curl, R.F; Tittel, EK. Quartz-enhanced photoacoustic spectroscopy. Opt. Lett. 2002, 27, 1902-1904.
[CrossRef]

2. Ma, Y. Review of Recent Advances in QEPAS-Based Trace Gas Sensing. Appl. Sci. 2018, 8, 1822. [CrossRef]

3. Patimisco, P.; Sampaolo, A.; Dong, L.; Tittel, EK.; Spagnolo, V. Quartz-Enhanced Photoacoustic Spectroscopy: A Review. Sensors
2014, 14, 6165-6206. [CrossRef]

4. Kosterev, A.A ; Tittel, EK.; Serebryakov, D.; Malinovsky, A.; Morozov, A. Applications of quartz tuning forks in spectroscopic gas
sensing. Rev. Sci. Instrum. 2005, 76, 043105. [CrossRef]

5. Wieczorek, PZ.; Starecki, T.; Tittel, EK. Improving the Signal-to-Noise Ratio of QTF Preamplifiers Dedicated for QEPAS
Applications. Appl. Sci. 2020, 10, 4105. [CrossRef]

6. Demirtas, M.; Erismis, M.; Giines, S. Analysis and Design of a Transimpedance Amplifier-Based Front-End Circuit for Capacitance
Measurements. SN Appl. Sci. 2020, 2, 2104. [CrossRef]

7. Wieczorek, P.; Starecki, T. A High Sensitivity Preamplifier for Quartz Tuning Forks in QEPAS (Quartz-Enhanced PhotoAcoustic
Spectroscopy) Applications. Sensors 2017, 17, 2528.

8.  Zhang, Q.; Chang, J.; Wang, Z.; Wang, E; Jiang, F.; Wang, M. SNR Improvement of QEPAS System by Preamplifier Circuit
Optimization and Frequency Locked Technique. Photonic Sens. 2018, 8, 127-133. [CrossRef]

9. Winkowski, M.; Stacewicz, T. Low Noise, Open-Source QEPAS System with Instrumentation Amplifier. Sci. Rep. 2019, 9, 1838.
[CrossRef] [PubMed]

10.  Zecchino, V.; Lombardi, L.; Marzocca, C.; Matarrese, G.; Patimisco, P.; Sampaolo, A.; Spagnolo, V. Front-End Electronics for the
Characterization of Quartz Tuning Forks in QEPAS Sensors. In Proceedings of the 10th International Workshop on Advances in
Sensors and Interfaces (IWASI), Manfredonia, Italy, 3—4 July 2025; pp. 1-5.

11. Statek Corporation. The Quartz Crystal Model and Its Frequencies; Technical Note 32, Rev. A. Available online:
https:/ /statek.com/wp-content/uploads /2018 /03 /tn32.pdf (accessed on 27 September 2025).

12.  Lin, H; Liu, Y,; Lin, L.; Zhu, W.; Zhou, X.; Zhong, Y.; Giglio, M.; Sampaolo, A.; Patimisco, P; Tittel, EK; et al. Application of
Standard and Custom Quartz Tuning Forks for Quartz-Enhanced Photoacoustic Spectroscopy Gas Sensing. Appl. Spectrosc. Rev.
2023, 58, 562-584. [CrossRef]

13. Sedra, A.S.; Smith, K.C. Microelectronic Circuits, 7th ed.; Oxford University Press: New York, NY, USA, 2015; pp. 1343-1348.

14.  Wei, T.; Wu, H.; Dong, L.; Tittel, EK. Acoustic Detection Module Design of a Quartz-Enhanced Photoacoustic Sensor. Sensors 2019,
19, 1093. [CrossRef]

15. Bombadilla, EJ.; Flores, L.; Rodriguez, C.; Ferndndez, J.; Contreras, J.; Torres, C. A Digital Lock-In Amplifier Implemented on a
FPGA for Low Frequency Experiments. Sensors 2016, 16, 379. [CrossRef]

16. Ma, H.; Chen, Y.; Qiao, S.; He, Y;; Ma, Y. A high sensitive methane QEPAS sensor based on self-designed trapezoidal-head quartz
tuning fork and high power diode laser. Photoacoustics 2025, 42, 100683. [CrossRef]

17. Liang, T;; Qiao, S.; Chen, Y.; He, Y.; Ma, Y. High-Sensitivity Methane Detection Based on QEPAS and H-QEPAS Technologies
Combined with a Self-Designed 8.7 kHz Quartz Tuning Fork. Photoacoustics 2024, 36, 100592. [CrossRef]

18. Ashrita, T.; Chidambara Rao, K. Sine Wave Generation Using CORDIC Algorithm. Int. J. Electron. Commun. Technol. 2012,
3,224-227.

19. Meher, PK; Valls, J.; Juang, T.-B.; Sridharan, K.; Maharatna, K. 50 Years of CORDIC: Algorithms, Architectures, and Applications.

IEEE Trans. Circuits Syst. I Regul. Pap. 2009, 56, 1893-1907. [CrossRef]


https://doi.org/10.1364/OL.27.001902
https://doi.org/10.3390/app8101822
https://doi.org/10.3390/s140406165
https://doi.org/10.1063/1.1884196
https://doi.org/10.3390/app10124105
https://doi.org/10.1007/s42452-020-2104-x
https://doi.org/10.1007/s13320-018-0468-y
https://doi.org/10.1038/s41598-019-38509-7
https://www.ncbi.nlm.nih.gov/pubmed/30755695
https://statek.com/wp-content/uploads/2018/03/tn32.pdf
https://doi.org/10.1080/05704928.2022.2070917
https://doi.org/10.3390/s19051093
https://doi.org/10.3390/s16030379
https://doi.org/10.1016/j.pacs.2025.100683
https://doi.org/10.1016/j.pacs.2024.100592
https://doi.org/10.1109/TCSI.2009.2025803

Sensors 2025, 25, 6718 22 of 22

20.
21.

22.

23.

24.

25.

Volder, J.E. The CORDIC Trigonometric Computing Technique. IRE Trans. Electron. Comput. 1959, EC-8, 330-334. [CrossRef]
Zhang, Q.D.; Chang, ].; Cong, Z.H.; Sun, ].C.; Wang, Z.L. QEPAS sensor for simultaneous measurements of HyO, CHy, and C;H,
using different QTFs. IEEE Photonics ]. 2018, 10, 1-8. [CrossRef]

Kishore, K.; Akbar, S.A. Evolution of lock-in amplifier as portable sensor interface platform: A review. IEEE Sens. ]. 2020, 20,
10345-10354. [CrossRef]

Giglio, M.; Elefante, A.; Patimisco, P.; Sampaolo, A.; Scamarcio, G.; Spagnolo, V. Allan Deviation Plot as a Tool for Quartz-
Enhanced Photoacoustic Spectroscopy Sensor Characterization. IEEE Trans. Instrum. Meas. 2016, 65, 2626-2634.

Wu, H.; Dong, L.; Liu, X.; Zheng, H.; Yin, X.; Ma, W.; Zhang, L.; Yin, W.; Jia, S. Fiber-Amplifier-Enhanced QEPAS Sensor for
Simultaneous Trace Gas Detection of NH; and H,S. Sensors 2015, 15, 26743-26755. [CrossRef] [PubMed]

Ma, Y;; Yu, G,; Zhang, ].; Yu, X,; Sun, R; Tittel, EK. Quartz Enhanced Photoacoustic Spectroscopy Based Trace Gas Sensors Using
Different Quartz Tuning Forks. Sensors 2015, 15, 7596-7604. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TEC.1959.5222693
https://doi.org/10.1109/JPHOT.2018.2880187
https://doi.org/10.1109/JSEN.2020.2993309
https://doi.org/10.3390/s151026743
https://www.ncbi.nlm.nih.gov/pubmed/26506351
https://doi.org/10.3390/s150407596
https://www.ncbi.nlm.nih.gov/pubmed/25825977

	Introduction 
	Front-End Electronics for the Quartz Tuning Fork 
	Function Generation Unit and Lock-In Amplifier 
	Function Generation Module 
	DA Board 
	Lock-In Amplifier (LIA) 

	Experimental Results 
	Discussion and Conclusions 
	References

