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Abstract

In this study, photoacoustic spectroscopy (PAS) cells and lock-in amplifiers (LIAs) were surveyed to develop PAS gas sensors. PAS

gas sensors are based on the physical principle of detection; therefore, the enhancement of their performance is affected by the related

fundamental properties of target gas concentrations, absorption coefficients, cell setup constants, and power of the infrared light source.

Among these, the optical path length, cell volume, and source power are the major factors that enhance the sensitivity of PAS gas sen-

sors. In terms of LIAs, the vector analysis method is much simpler and more cost-effective than the phase-voltage conversion method.

Furthermore, active analog–digital LIAs are promising circuitry for PAS gas sensors.
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1. INTRODUCTION 

In 1880, Alexander Graham Bell discovered the phenomenon

known as the photoacoustic effect. He found that when light was

directed onto a rapidly moving disk with a slot and the light

passing through the slot was focused onto a thin diaphragm, sound

was produced [1]. The photoacoustic effect refers to the

conversion of absorbed light energy into mechanical energy

through an energy-transformation process in solids, liquids, and

gases. However, owing to the lack of acoustic pressure sensors to

measure the phenomena caused by light absorption and emission

at the time, technological developments were limited.

Furthermore, although Viegerov first applied the photoacoustic

effect to gas analysis before the 1960s [2], the absence of an

effective acoustic sensor hindered further progress. However, with

the invention and application of technologies such as CO2 and He-

Ne lasers and the demonstration of trace gas measurements at

parts per billion (ppb) concentrations [3,4], PAS gas sensors have

gained renewed attention and have evolved to the present day.

Currently, gas sensors based on both chemical and physical

methods are employed for the measurement of various trace gases.

However, chemical gas sensors have several limitations. First,

lack of selectivity, because the target gas undergoes combustion

reactions simultaneously with various gases in the surrounding air

at high temperatures. Consequently, the selective reactions and

concentration analyses of specific gases are ongoing areas of

research. Second, a recovery issue, as the surface that undergoes

a chemical reaction has difficulty returning to its original state,

and this process takes a significant amount of time. Third, stability

and long-term reliability. Even if the sensor surface is periodically

heated to oxidize the accumulated residues in the air, it is

challenging to restore the surface to its initial state. This makes it

difficult to overcome long-term reliability problems that require

the periodic resetting of the initial state.

Physical methods, such as optical methods that utilize the gas

absorption spectrum, can alleviate the issues associated with

chemical methods. For example, nondispersive infrared gas

sensors can be used to measure gases such as carbon dioxide,

methane, respiratory alcohol levels, and transformer oil gas

analysis [5-12]. However, they have the disadvantage of low

resolution, tens of parts per million (ppm). In contrast, PAS gas

sensors are more suitable for trace gas measurements (at

concentrations below ppm) and have been widely used in various

fields, including household electronics, gas monitoring, and

transformer oil gas analysis, since the 2000s [13]. Additionally,

optical gas sensors have been explored for the analysis of sub-
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ppm biomarkers (such as ethanol, methanol, acetone, and

isopropyl alcohol) emitted from the human body [14].

This review explores the principles of PAS gas sensors, the

characteristics that their key components must have, and methods

for enhancing these characteristics, along with the types and

features of lock-in amplifiers (LIAs), which are used as signal-

processing circuits for the development of innovative PAS sensors.

2. PRINCIPLE AND STRUCTURES OF PAS 

GAS SENSORS

2.1 Principle and Categories of PAS Gas Sensors

Gas sensors are generally classified into physical and chemical

types. Chemical gas sensors include semiconductors, contact

combustion sensors, and electrolyte-based sensors. PAS gas

sensors, a type of physical sensor, are further categorized into

direct and indirect types [1,15]. The distinction between direct and

indirect types is based on whether the generated signal (acoustic

pressure) from the energy-conversion process in the optical path is

measured. In the direct type, PAS sensors are divided into non-

resonant [16] and resonant types [17-21]. Non-resonant PAS

sensors simply include an optical waveguide and an acoustic

pressure sensor, whereas resonant PAS sensors include

components such as microphones, quartz resonators, or cantilever

structures inside the PAS cell designed to resonate at specific

frequencies. These sensor types are further categorized in terms of

their structure and characteristics. The operating principle of the

PAS gas sensor is as follows.

The gas detection principle of the PAS gas sensors follows the

process shown in Fig. 1. When infrared light is emitted from a

light source, the infrared radiation passes through an optical

waveguide or resonator. Finally, the transmitted energy is

measured using an optical detector to assess the degradation and

transmitted energy of the light source. If a target gas is present in

the optical path, it absorbs infrared light in a specific wavelength

range based on its absorption coefficient (Table 1). The infrared

light absorbed within a resonant optical waveguide is released as

heat through a nonradiative relaxation process, which causes

thermal vibrations in the surrounding gas molecules. This thermal

energy results in changes in the acoustic pressure over time.

Placing an acoustic sensor (e.g., microphone, cantilevers, or quartz

tuning fork) in the area where thermal vibrations occur, the

pressure change caused by the energy release process can be

directly measured. This is referred to as a direct-type

photoacoustic gas sensor, which typically has the structure shown

in Fig. 2.

In PAS gas sensor systems, the voltage generated by the

acoustic pressure induced by light irradiation is given by Eq. (1)

[24,2]: 

(1)

 

where  is the constant defining the resonator's characteristics

(Pa/m-1W),  is the adiabatic coefficient of the gas,  is the

optical path length (m),  is the quality factor,  is the volume

of the PAS gas sensor cell (m³),  is the angular frequency (rad/

s),  is the sensitivity of the acoustic sensor (mV/Pa),  is the

molecular density of the gas (molecules/m³),  is the gas

concentration (ppm),  is the spectral line intensity of the gas at

the specific wavelength range (m/mol), and  is the energy of

the irradiated light (W).
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Fig. 1. Principle and typical block diagram of PAS gas sensor.

Reprinted with permission from Ref. [16] Copyright (2022)

Elsevier (IM: intensity modulation, WM: wavelength mod-

ulations).

Table 1. Absorption wavelength of target gases in the mid-infrared

region adapted from [22] and additional data from [23].

Target gases Absorption wavelength (μm)

Butyrate
3.36/5.78/6.82

8.50/9.10/9.75
7.27/7.65/7.95

Acetone 5.80/7.30

Propan-1-ol 3.36/3.40/3.47 9.45

Propan-2-ol 3.37/7.24/8.60 8.85/10.50

Toluene 3.29/6.65

Ethylene Oxide 3.26

Ethanol 3.35/3.45/9.38

Methanol

SO2

CF4

CO2

3.36/9.45/9.85

7.35, 18.88

4.57/7.79

4.26/4.29
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Thus, the output of the PAS gas sensor increases with the

optical path length, signal quality, sensitivity of the acoustic

sensor, energy of the irradiated light, absorption coefficient of the

gas, and concentration of the target gas. It is inversely proportional

to the volume of the sensor cell and angular frequency.

Fig. 2 illustrates the configuration and types of direct-type PAS

gas sensors. The basic components include a light source

(microelectromechanical system (MEMS) radiator, light-emitting

diode (LED), laser), resonating structure, and acoustic sensor. The

structure typically includes a resonator, such as a quartz tuning

fork or cantilever, within the optical waveguide.

Indirect-type PAS gas sensors, as shown in Fig. 3, do not

require optical waveguides (Fig. 3 (a)) or waveguides with a

resonant structure (Fig. 3 (b)). LEDs, lasers, MEMS structures,

and filament-based infrared emitters are used as infrared light

sources. The optical filter used in this configuration either passes

the absorption wavelength of the target gas or uses CaF2 as an

infrared window to pass the entire wavelength of the radiated

infrared light. The infrared detector, target gas, microphone,

temperature sensor (NTC or temperature IC), and photodiode are

sealed in the same package [26]. The main advantage of this type

is the flexibility in choosing the target gas by only exchanging the

gas in the package. 

When infrared light is irradiated externally, the target gas inside

the package undergoes thermal vibrations, causing the

microphone, which serves as an acoustic sensor, to measure the

acoustic pressure changes (sensitivity = 0.074 V/ppm, limit of

detection (LOD) = 2.2 ppm) and provide output signals.

According to recent research by the IMTEK group, the theoretical

LOD of an indirect-type PAS sensor structure using LIAs ranges

from 37 ppb to 2.2 ppm [26,27]. In another study, the same group

introduced a PAS sensor that actively analyzed environmental

information by implementing machine learning [28,29]. However,

the indirect type generally shows a high LOD compared to direct

PAS gas sensors because its response is affected by the

exponential function of light intensity.

When filaments or MEMS heating elements are used as infrared

emitters, the light output is relatively low at the absorption

wavelengths, and the large thermal mass prevents the emission of

pulse signals at frequencies above certain thresholds (e.g., 20 Hz).

Another limitation is the difficulty in securing microphones that

can detect acoustic signals at low frequencies, although

advancements in MEMS technology have provided microphones

with a roll-off frequency of approximately 7 Hz [30]. It has also

been reported that the voltage output from microphones changes

in response to variations in temperature and pressure, resulting in

frequency shifts in the acoustic pressure signal [31-34].

2.2. Types and Characteristics of Resonant Cells

in PAS Gas Sensors

In this section, we discuss the types of resonant structures used

in PAS gas sensors and their design parameters and

characteristics. Fig. 4 shows the most commonly used PAS cells

for fabricating PAS gas sensors.

A typical PAS cell has a tube or pipe shape, and when its cross-

sectional area is small compared to the length, acoustic pressure

occurs along the direction of light propagation or the length of the

pipe. Therefore, the tube or pipe is a one-dimensional resonant

structure. Examples of such structures are shown in Fig. 4 (a) and

(b). The acoustic pressure generated inside the tube has opposite

or identical phases at the open and closed parts, and standing

waves are formed through repeated reflections. In Fig. 4 (a), when

both ends of the pipe are open (or one end is open and the other

Fig. 2. Schematics of various main photoacoustic spectroscopy

(PAS) structures (direct types). Adapted from [1].

Fig. 3. Schematics of indirect-type photoacoustic gas sensor: without

(a) and with (b) optical waveguides. Reprinted with per-

mission from Ref. [25] Copyright (2015) Elsevier, Ref. [26]

Copyright (2023) IEEE.
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is closed) and the length of the pipe is an integer multiple of half

the wavelength of the sound (i.e., an odd multiple of a quarter

wavelength), resonance occurs inside the pipe. The relationship

among the resonant frequency, sound velocity, and pipe length can

be expressed using Eqs. (2) and (3) [21,35]. The structure shown

in Fig. 4 (b) is similar to that shown in Fig. 4 (a) and is referred

to as an H-type resonator. In this case, the buffer length is set to

one-quarter of the standing wave [16,19,31,35], and the radius is

designed to be 2.5–3 times the radius of the resonant tube [19].

 (2)

(3)

where n & m=1,2,3, , c and  are the speed of sound and the

length of the resonator, respectively, and  is the so-called end

correction factor, which should be added to the total length of the

resonator.

Fig. 4 (c) shows a Helmholtz resonator structure, which consists

of a chamber (or cavity, ) where infrared light is irradiated and

a second chamber  with acoustic pressure of the opposite

phase [36-39]. The structure is composed of two cavities

connected by a capillary or neck, and the resonant frequency is

expressed by Eq. (4).

(4)

where  are the length of the tube, cross-sectional area of the

capillary, and volume of the cavity, respectively. The volume

should be replaced with the effective volume defined in Eq. (5).

(5)

Fig. 5 shows the acoustic pressure generated by the differential

Helmholtz resonator under infrared irradiation. As shown in Fig.

5, the acoustic pressure in the upper chamber reaches 1.46 mPa,

and the resonant frequency is 1320 Hz. The simulated results

show differences of 3.4% in resonant frequency and −43% in

sound pressure compared with the results from Li et al. [38].

The most frequently used PAS cell is the cylindrical resonator,

as shown in Fig. 4 (d)–(f) (radial mode (d), azimuthal mode (e),

and first radial mode (f)). The resonant frequencies of the lossless

cylindrical resonator are given by Eq. (6) [21].

 (6)

where R and L denote the radius and length of the cylinder,

respectively. The indices jmq (nonnegative integers) refer to the

fn
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Fig. 4. Fundamental resonating structures of PAS cells. Reprint with

permission from Ref. [21] Copyright (2001) AIP Publishing.

Fig. 5. Simulation results of differential Helmholtz resonator: (a)

acoustic pressure distributions, (b) resonant frequencies com-

pared to previous results [39].
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eigenvalues of the radial, azimuthal, and longitudinal modes. 

is the j-th zero of the derivative of the m-th Bessel function

divided by .

In terms of the fabrication of a compact PAS cell and the

required resonant frequency, the Helmholtz resonator is more

compact than the H-type resonating structure. Furthermore, by

using a laser as a light source and irradiating the wall of the

Helmholtz resonator, as reported by Li et al. [38], the optical path

can be increased within a small volume of the PAS cell.

Therefore, the Helmholtz resonator is an efficient candidate for

high-performance PAS cells.

2.3. Enhancement of Properties of PAS Gas Sensors

As presented in Eq. (1), the output of the PAS gas sensor

increases in proportion to 1) the absorption coefficient of the

target gas, 2) energy of the incident light, 3) length of the optical

path, 4) quality factor (signal quality), and 5) sensitivity of the

acoustic sensor. It decreases in inverse proportion to the frequency

and volume of the cell. From a physical perspective, the

absorption coefficient of the target gas cannot be adjusted during

system design. Therefore, when designing a system, the focus

should be on improving the sensitivity of the acoustic pressure

sensor, securing sufficient light energy, increasing the optical path

length while reducing the volume, and adjusting the frequency to

lower values while improving the quality factor (Q factor) during

the resonant structure or signal processing stages. 

Furthermore, because the changes in acoustic pressure caused

by sub-ppm concentrations of gases result in ultra-low signals in

the pico- to nano-voltage range, it is essential to consider

extremely weak signals from external noise sources (e.g., power

noise, vibrations, and thermal noise). Therefore, measures should

be taken to enhance the initial acoustic pressure signals. This

section explores several parameters for improving the acoustic

pressure output of PAS gas sensors.

2.3.1. Radiation Source and Powers

The infrared light sources used in PAS gas sensors include

MEMS-based infrared light sources [23,25,40], LEDs [18,19,31],

and lasers [16,24,32,38,40]. When using filament- or MEMS-

based light sources, mechanical energy transfer has a significantly

higher effect (by approximately two orders of magnitude) than

electrical chopping methods [40]. Using a laser that emits infrared

light at the same wavelength as the absorption wavelength of the

target gas is more effective than mechanical chopping. Recently,

lasers have been available in a wavelength range from 2.8 to

6.5 m, which means that a highly efficient PAS gas sensor could

be fabricated with high power, over 10 mW at the central

wavelength [41]. Although using a laser can enhance the

sensitivity of PAS gas sensors, it is important to consider that the

complexity of the circuit design and cost may increase.

Furthermore, the wavelength range of a laser is very narrow

compared to that of thermal radiators; therefore, it is difficult to

construct a multigas analyzer. The high cost is another challenge

in the fabrication of PAS gas sensors using a laser source.

However, by combining tunable diode lasers (or multiple lasers)

and PAS cells, high-performance and multi-gas PAS sensors can

be fabricated for diagnostic purposes in many areas.

2.3.2. Optical Path Length and Resonant Structures

The resonant structures used in PAS gas sensors include 1) short

optical paths, such as H-type, T-type, Helmholtz resonators (HRs),

and differential Helmholtz resonators (DHRs), and 2) long optical

path structures, such as integrating spheres and Herriot cells. As

the optical path length increases, the output signal increases

according to Eq. (1). For example, in the H-type, a retroreflection

cavity structure can be used to double the optical path length [42].

Using this structure, the signal size was increased by a factor of

3.55, and two microphones were installed in the two cavities to

allow differential amplification.

In the Helmholtz structure, laser irradiation at a specific angle

to the central axis of the cylinder increases the number of

reflections of the incident light, resulting in a significant

enhancement of the optical path length. With 6 mW laser power,

the LOD for methane gas was reported to be 177 ppb [38].

Although the Helmholtz structure generally has a lower sensitivity

than other structures [21], this limitation can be overcome by

increasing the optical path length. Another study using a Herriot

cell structure showed a dramatic increase in the optical path

length, improving the LOD to below 10 ppb [43]. Zhang et al.

[44] reported using a Herriot cell with 29 reflections, providing an

optical path of approximately 0.61 m with an Allan deviation of

0.0089 V, and an LOD of 12.2 ppb.

One structure that can increase the optical path length is an

integrating sphere. Li et al. [24] demonstrated that an integrating

sphere with a radius of 5.08 cm and a resonator length of 1.8 cm

could achieve an LOD of 0.27 ppb. 

In this study, we proposed improvements to the existing optical

waveguide [45] and performed simulations to verify its potential

for use in PAS gas sensors. The results are shown in Fig. 6. In the

white cell, we observed a different distribution of heat generated

jm


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by infrared light in regions with and without repeated reflections.

We also observed that the acoustic pressure in the region where

the microphone was installed had a phase opposite to that inside

the PAS cell. By reducing the volume while maintaining a

constant optical path length (0.98 m), we confirmed that the

acoustic pressure generation could be enhanced.

3. CHARACTERISITCS AND COMPONENTS 

OF LOCK-IN AMPLIFIERS (LIAs)

3.1 Basic Structures of LIAs

Fig. 7 shows a block diagram of the LIA circuits. A basic LIA

consists of a phase-sensitive detector (PSD) and a low-pass filter

(LPF). To extract the sound pressure signal buried in noise

(ranging from a few pPa to tens of nPa), the circuit includes 1) a

low-noise amplifier (LNA) for the differential amplification of

two acoustic sensor signals, 2) a band-pass filter (BP), and 3) a

tunable phase shifter (TPS) along with a comparator (ATT).

The phase-sensitive detector multiplies two signals; for

example, multiplying the sound pressure signal (which is periodic)

with a reference signal results in an output voltage expressed

through the trigonometric product formula. When the frequencies

of the sound pressure and reference signals are the same, their

product follows the relationship shown in Eq. (7):

(7)

where  and  are the amplitudes of the sound pressure

and reference signals, respectively,  is the angular frequency,

 is the phase of the sound pressure signal, and  denotes

the phase of the reference signal.

3.2 Categories and Properties of LIAs

The output of the multiplication process in Eq. (7) includes 1)

a DC component owing to the phase difference, and 2) an AC

component corresponding to the second harmonic of the reference

frequency. To extract signals such as sound pressure, magnetic

fields, small resistances, or small capacitances from noise

accurately, the circuit configuration is determined by how

precisely the amplitude and phase of the signals can be locked in.

This can be achieved using 1) phase–voltage converters [47-50],

and 2) vector analysis methods [51-57], as explained below.

3.2.1. Phase–Voltage Converting Methods

Fig. 8 shows a block diagram of the phase–voltage converting

(PVC) method. The PAS sensors, which use microphones as

acoustic sensors, have two microphones for differential

amplification. The signals from Mic1 and Mic2 are differentially

Vsig . Vref . 1

2
---Asig .Aref . sig . ref .– cos=

2t sig . ref .+ + cos– 

Asig . Aref .



sig . ref .

Fig. 6. Newly proposed PAS cell structure: (a) optical path, (b) res-

onator positioned at the edge where the generated heat is high

[46].

Fig. 7. Block diagram of Lock-in amplifier circuits.
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amplified using an LNA and passed through a BP to obtain the

sound pressure signal at the resonant frequency. As shown in Fig.

8, the measured and amplified voltage signal is input to the PSD

along with the reference signal. The reference signal entering the

PSD is phase shifted by 90o using a TPS before being supplied to

the PSD. 

After passing through the PSD, the second harmonic and DC

components of the input signal frequency are obtained, and an

LPF is used to filter out the high-frequency noise, resulting in a

DC output voltage proportional to the measured gas

concentration. However, if the frequency and phase of the

measured sound pressure signal are not aligned precisely, accurate

gas concentration measurements cannot be obtained, as shown in

Eq. (7). Therefore, accurate phase alignment and precise

frequency measurement of the reference signal are crucial. When

the circuit is in its initial state, as shown in Eq. (8), a reference

signal with the same frequency as the measured signal is provided

to the TPS, as presented in Eq. (9): 

(8)

(9)

 The phase difference between the input signal and the reference

signal is given by: 

Through the PSD operation, the multiplication of the input and

reference signals results in a DC signal after the LPF that is

independent of frequency. The output voltage is expressed in Eq. (10):

(10)

Therefore, the output signal passing through the LPF may be

distorted because of the phase difference. To correct this, feedback

signals (FB) can be used in conjunction with an analog multiplier

(such as AD633) and a phase-shifter circuit, forming a TPS or

quadrature phase shifter. This compensates for the phase

difference between the sensor and reference signals. The FB

affects the phase shift in the TPS [58], ensuring that the phase

difference remains at exactly 90o, according to Eqs. (11) and (12),

respectively.

(11)

 (12)

The resulting PSD output is given by Eq. (13) and (14) as

follows:

(13)

(14)

Thus, the PSD output can be expressed as Eq. (15):

(15)

When the sensor and reference signals have identical

frequencies and phases, the PSD output is zero after passing

through the LPF. This condition is expressed in Eq. (16):

cos (-90) (16)

The final circuit, that is, the output signal passing through the

LPF in the LIA, is given by Eq. (17), which includes the

amplification factor (), reference signal amplitude ( ), and

pressure signal amplitude (A) from the microphones:

(17)

However, as pointed out by De Marcellis et al. [49], for

Vsig . A t sig .+ sin=

Vref . B t ref .+ sin=

 sig . ref .–=

Vpsd
1

2
---AB   2t sig . ref .+ + cos–cos =

Ceq . C9 1
1

10
------VCTRL– 

 =

Vtps out

Vtps ref .

---------------- 
  2arc R28Ceq . tan–=

Vref . tps  B t ref . 90+ + sin B t ref .+ cos= =

Vsig . Vref . tps  AB t sig .+  t ref .+ cossin=

Vpsd
1

2
---AB  2t sig . ref .+ + cos–cos =

Vout
1

2
---A=

Mref .

Vout  2


--- AMref .=

Fig. 8. Block diagram of the phase–voltage converting method.

Fig. 9. Schematics of tunable phase shifter. Reprinted with permis-

sion from Ref. [50] Copyright (2013) Elsevier.
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automatic phase alignment, multiple TPS devices must be

connected in series, which increases the cost and the circuit

complexity and may hinder their application in portable gas

sensors.

3.2.2. Vector Analysis (VA) Methods.

The output voltage of the PSD, as shown in Eq. (15), consists

of terms corresponding to the phase difference and second

harmonic component. When the reference signal is provided with

the same frequency and phase as the input signal, the amplitude

±1 signal is output, the PSD provides a phase-sensitive rectified

version of the sensor signal, and by using an LPF, the harmonic

components containing noise are removed. The amplitude of the

sensor signal is then extracted as shown in Eq (18):

(18)

where  is the amplitude of the input signal, and  is the

phase difference between the sensor signal and the reference

signal.

However, Eq. (18) does not provide information on the phase

difference. Consequently, the magnitude of the sensor output

cannot be accurately determined. Therefore, another PSD circuit

is required to provide a reference signal with a 90o phase shift

relative to the sensor signal, enabling accurate measurement of the

amplitude and phase differences. This function is provided by a

dual-branch LIA [52-56], as shown in Fig. 10.

Fig. 10 shows the schematic of a dual-branch LIA circuit. By

providing two PSDs with reference signals of the same frequency

and a 90o phase shift between them, the components of the vector

along the axes can be calculated as shown in Eqs. (19) and (20),

respectively.

(19)

(20)

When the phase difference is , the average values of the DC

voltage signals from each branch are given by Eq. (21):

, (21)

From Eq. (21), although the phase difference changes, the

amplitude and phase difference of the sensor signal can be

accurately calculated using Eq. (22):

, (22)

An example of applying LIAs to gas sensors was presented by

De Marcellis et al. [47-50], who used an oxide semiconductor gas

sensor and a load-resistance circuit with a frequency signal. The

response characteristics were measured based on gas

concentration by inputting the output voltage from the load

resistance into the LIA. Using this circuit, they reported a

resolution of 500 ppb, distinguishing sensor signals on the order

of a few hundred nanovolts. Similarly, Keeratiraee et al. [59]

applied another LIA to a PAS gas sensor for NO2 measurement

and achieved an LOD of approximately 100 ppb. 

In this section, the two LIA circuits are discussed and reviewed

to distinguish their technical advantages. Although the PVC

method has a unique and auto-calibrating feature of the phase

difference between the sensor and reference signals, the circuit

requires cascade PVC components to achieve this requirement. In

contrast, VA methods are very simple in terms of the relevant

circuitry, so they are very cost effective, which could be the reason

why the circuitry of VA methods is designed and implemented in

integrated circuit chips [54].

4. DISCUSSIONS AND CONCLUSIONS

In this study, we explored the key components of PAS gas

sensors, focusing on the resonant cell and LIA used for signal

analysis. To improve the performance of the PAS gas sensors, we

examined methods based on mathematical models, such as

increasing the energy of the laser light source to match the

absorption wavelength of the target gas. This approach allowed us

to assess the potential of analyzing gases at concentrations below

the ppm level. Although MEMS IR light sources and LEDs have

been increasingly applied in portable or battery-operated sensors,

laser applications in monitoring and analyzing ppb-level gases

have become a significant trend. However, for portable and

battery-powered operations, indirect PAS gas sensors are more
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Fig. 10. Schematics of a dual-branch LIA circuit.
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favorable with pulsed radiators (e.g., MEMS IR sources or LEDs)

in field applications. 

For resonant cells, methods for increasing the optical path

length in basic cells or using integrating spheres and Herriot cells

can be considered. However, it is worth noting that integrating

spheres and Herriot cells tend to be bulky, which runs counter to

the trend of miniaturization. The white cell-based resonator

suggested in this study could be a promising candidate for high-

performance PAS cells because it has a small volume

(16915.4 mm3) and a large optical path length (approximately

0.98 m). Other efforts are being made to reduce the volume of

resonant cells and adopt ultra-small resonators, such as quartz

resonators or cantilevers, for miniaturization. However, the

resonant frequency depends on the ambient temperature;

therefore, auto-tuning of the reference signal frequency is

promising for the stable and reliable operation of PAS gas sensors.

In terms of signal detection, the LIA circuit shown in Fig. 10

must undergo several modifications to be applicable to PAS gas

sensors. The structure proposed by Keeratiraee et al. [59], which

uses a single PSD, does not provide accurate sensor signals. To

address this limitation, an alternative structure is proposed, as

shown in Fig. 11. Specifically, when sound pressure at frequency

of  is generated by infrared irradiation in the PAS gas sensor, it

is first amplified using an LNA. The signal is further amplified

using a BP and a secondary amplifier. The amplified signal is then

sent to the microcontroller unit (MCU) via a frequency-to-voltage

converter, and another signal is input into the two mixers for

vector analysis. The voltage input to the MCU is compared to a

lookup table or other data to accurately determine the frequency

and generate a reference signal. This reference signal, along with

a square wave and a 90o out-of-phase signal (amplitude 1), is

supplied to the mixers. By processing the output from the

multiplier through LPFs (LP1 and LP2) to obtain the vector

signals, the amplitude and phase of the sensor signal can be

precisely determined using Eqs. (21) and (22), resulting in a more

accurate sensor output. 

This study examined two critical components for the research

and development of PAS gas sensors: the PAS cell and LIA. In the

development of PAS gas sensors, the choice of the PAS cell

should align with the design of the system. The incorporation of

LIAs using vector analysis techniques is recommended to simplify

the circuit design. The fabrication of ASIC chips of LIAs for

multiple purposes, including PAS and oxide semiconductor gas

sensors, would improve the performance of gas sensors. In

addition, implementing analog–digital circuits that can provide a

square-wave reference signal through the MCU would be

beneficial for optimal performance in the signal processing of

sensors. 
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