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Abstract 

This paper presents work on the development of a MID-IR LED-based photoacoustic (PA) Carbon dioxide (���) 
sensor. The transducer used is a MEMS microphone and the sensor was operated in the resonant mode, which 
makes it the first time that this light source and transducer combination are used in this mode for PA gas sensing, 
as far as the authors know. Optimisation of the sensor’s operation in the resonant mode was done using COMSOL 
Multiphysics to simulate the fundamental resonance frequency of the PA cell and the optimum position for the 
microphone. The COMSOL Multiphysics and analytical results computed were validated experimentally. 
Reduction of the inlet and outlet pipes diameter immensely minimized gas flow noise introduced into the PA cell. 
Cheaper, miniaturised and stand-alone PA sensors can be produced from Mid-IR LEDs and MEMS microphones 
because they are small in size, inexpensive and consume less power. The importance of this work largely lies in 
the fact that the huge market demand for this type of sensors could be met by higher volume production at low 
cost using this technology. Ultimately the work will be an effective contribution to the monitoring and control of 
carbon emission.  
Keywords: Photoacoustic, Mid-IR LED, MEMS microphone, resonance, COMSOL 
 

1.0 Introduction 

Carbon dioxide is one of the principal contributors to global warming and air pollution which undeniably are very 
big issues in our hands today, because they pose immense threat to both the public and the environment. Many 

sources have shown that concentration of ��� in the atmosphere is increasing rapidly or exponentially [1, 28-30], 
this implies that the problem is increasing in complexity and unless something is done urgently [2] to avert the 
substantial consequences, more cataclysmic incidences will continue to occur. In order to adequately fight this 

global problem ���  concentration in air must be monitored and controlled. To achieve this, ���  sensors that 

would be used to provide information about ��� concentration in the atmosphere are absolutely necessary. It is 

obvious that there is a great need for reliable, sensitive and low cost ��� sensors which will have a huge market 
potential because of their versatility in terms of applications [3]. In New York on 29th July 2015 PRN Newswire 
published a report which forecasts that the gas sensor market will rise to $2.32 billion by 2018 at a compound 
annual growth rate (CAGR) of 5.56% over the period 2014-2020 [4]. The increase could be because of legislations, 

growing economies [5] and security. This need led to the idea of developing ��� sensors using LED-based MID-
IR Photoacoustic Spectroscopy (PAS) which will be accurate, reliable, selective and low cost to suit the current 
market. Now let us look at what photoacoustic (PA) gas sensing is. 

When a modulated light is generated with a wavelength corresponding to the characteristic absorption 
band of the sample gas in a photoacoustic cell, all or a portion of the gas molecules are excited to a higher energy 
state by the absorption of the radiating light. The non-radiative relaxation or de-excitation of these molecules 
(colliding with other molecules and transforming their acquired energy into translational energy) causes increase 
in temperature and hence pressure of the gas. The temperature and pressure will be modulated because the 
irradiating light is modulated. This modulated pressure will result in an acoustic wave which can be detected with 
a sound transducer [5-10], in this case a MEMS microphone. This phenomenon is known as the photoacoustic 
effect. The increased pressure is directly proportional to the gas concentration which makes it easy for sensor 
instrumentation [6] and the electrical signal for further processing is produced by the microphone. Figure (1) was 

generated online from Spectra Calculator; it shows the absorption of ��� in the infrared region of 4.26µm which 

is equivalent to 2347.42�	
� in wavenumber. This is because ���  has a strong infrared absorption spectrum 
around that wavelength.  The length, pressure and temperature of the cell were 4cm, 1013.25mbar and 296K 
respectively in the HITRAN 2004 line list. Carbon dioxide volume mixing ratio (VMR) was fixed at 0.0005. 
The acoustic signal generated when heat H(r, t) is produced by the absorption of light by the gas sample can be 
represented by the lossless inhomogeneous wave equation [7]:  

∇� − �
�� . �

��
��� = ��
��� � . ���� 		                          1 

Where p is the acoustic pressure, c is the velocity of sound and � = ��/��is the specific heat ratio or adiabatic 

constant of the gas. This equation is loss free because it does not include the viscous and thermal losses.  Taking 
the Fourier transform of equation (1) gives 

�∇� +  �
��! "#, %) = ��
��� � &%'"#, %)		                         2 
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And  

"#, () = )"#, %)*
+ �,%             3 
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+ �,%              4 

Equation (1) can be solved by taking the time Fourier transform on both sides and expressing the solution "#, () 
as an infinite series expansion of the normal mode solution -"#, () of the homogenous wave equation which are 

determined by the boundary conditions [7]. The walls of the PA cell are assumed to be rigid, implying that the 
normal derivative of the pressure is zero at the walls or boundary. This is described by equation (5) [8]: 
��
�. = 0                5 

The four main parts of the sensor are light source, PA cell, acoustic transducer and signal processing and 
display unit. Getting the PA cell to operate in the resonant mode amplifies the signal and a good quality MEMS 
microphone with high sensitivity, resolution and noise immunity will produce PA signals of high quality. Resonant 
mode of operation entails modulating the light emitting diode (LED) at a frequency that coincides with one of the 
eigenfrequencies of the PA cell while the non-resonant operation mode is achieved by making the LED modulation 
frequency much less than the eigenfrequencies of the cell. In the latter technique sound is not propagated and 
standing waves are not formed because the cell dimensions are much smaller than the sound wavelength [9]. 

One major significance of this research is that the light source (LED) used has not found widespread 
applications in gas detection yet. Based on the results obtained from some work that have been done with IR LEDs, 
the authors of [10] forecast that LEDs have the potential to prevail in photoacoustics as light sources. LEDs are 
small in size, have low power consumption [6] and inexpensive which makes them very convenient for use in 
sensor miniaturisation. They can be modulated at high frequency by pulsing their currents to as high as in the MHz 
range and because of the stability of their output power in that range, LED modulation frequency are chosen for 
PA system optimisation [5].  

Some areas where Photoacoustic Spectroscopy (PAS) has found significant applications are 
environmental pollution monitoring, medical or health diagnostic, the field of life science, detection of gas leakage 
[11], process control, maintenance, detection of sports performance enhancements substances, security and safety 
from combustible and toxic substances [5]. 

 

2.0  Sensor Design 

The photoacoustic cell of the sensor was initially designed to have an acoustic resonator with length 4cm and 
diameter 1.4cm. Attached to the two open ends of the resonator are two buffer volumes having equal lengths and 
diameters of 2cm and 4.8cm respectively. These buffer volumes are quarter wavelength of the resonance frequency 
and at that optimum length there is maximum destructive interference of the standing acoustic noise introduced 
into the buffers [12]. A buffer volume is considered as an acoustic filter in PA cell design. The transducer which 
is a microphone is placed at the middle of the resonator because for a cylindrical pipe with both ends open that is 
where the antinode exists as shown in figure (2). The diagrams in figures (3) and (4) show the PA cell and its 
dimensions. 

A smaller resonator radius would give a higher gas absorption signal. However, radius smaller than 2mm 
would produce higher background noise owing to the absorption of the beam’s Gaussian wings striking the wall 
of the resonator. The optimum ratio of the radius of the buffer volume to resonator’s radius has been found to be 

approximately 3, given by #012234 = 3#4367.8�74 . This is because the PA signal is virtually not affected beyond 

this value [13]. 
For a cylindrical resonator with both ends open the eigenfrequencies are given by  

9- =  :
�; = �

�<�=>�
� + �?@ABC �

�
               6 

Where k represents the longitudinal, m the azimuthal and n the radial modes. For only longitudinal modes m=n=0 
and equation (6) becomes  

9= = =�
�>                                                                                                                                             7 

Again D is the longitudinal number of harmonics, � is the speed of sound and E is the length of the resonator. The 

expression for the fundamental resonant frequency was used to calculate 9� as shown below. 

9� = �
2E =

343
2 ∗ 0.04 = 4287.5'L 

Now considering the effect of acoustic impedance change of 0.6M slightly outside the open ends of the resonator 

known as the end correction [9], the effective length of the resonator is E + 2 ∗ 0.6M. For this designed resonator 
the effective length is 

E322 = 0.04 + 2"0.6 ∗ 0.007) = 0.0484	 

Using this effective length changes the fundamental resonant frequency to 
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9� = 343
2 ∗ 0.0484 = 3543.4'L 

To calculate the length of the buffer volume the equation for a quarter wavelength pipe was rearranged and applied. 

E012234 = �
49� =

343
4 ∗ 4287.5 = 0.02	 = 2�	 

In PA sensor design low frequencies are avoided because microphone, amplifier and ambient noise have 

1/9 frequency dependence [14]. The use of modulation frequency in the kHz region has been favourably stated in 

[9], and the rationale is that the lower limit of the frequency is bounded by 1/9 noise explained earlier. Practically, 
this lower boundary is around 1 kHz [11]. On the hand, the upper limit is determined by the operating range of the 
microphone [11], which is 10 kHz in this design. Modulation frequency range of 1 – 5 kHz should give resonator 
lengths between 3.4 to 17 cm [14] when equation (1) is used. Frequencies lower than 1 kHz would give resonator 

lengths longer than 17 cm and this implies that there would be higher influence of 1/9 noise. Validation of the 
lower boundary of the resonance frequency was done experimentally. The MEMS microphone SUP01410HR5H-
PB has the dynamic range 0 – 10 kHz as shown in figure (5). 

A plot of the microphone output signal against frequency in the laboratory shows that ambient noise 
dominates from 0 Hz to the region close to 1 kHz. It can be seen in figure (6) that from approximately 1 kHz – 10 
kHz the microphone frequency response is relatively flat. This is one of the main features of a good microphone 
[16]. 

It is therefore recommended that modulation frequencies lower than 1 kHz should not be used because of 
the high level of noise signal present in that frequency range. 
 

2.1 Analysis of the Fundamental Resonant Frequency  

Construction of the PA cell was done by applying all the design parameters explained above and used to carry out 
measurements in the laboratory. Besides, the resonant frequencies of the resonator were modelled using COMSOL 
Multiphysics. These modelling were done by using the default COMSOL setting of density of air and the speed of 

sound in air. The same procedure was repeated but using the speed of sound in ��� and its density. The analytical, 
modelled and experimental results obtained are tabulated as shown in table (1). 

These results show very good agreement and confirm that using the effective length for calculation and 
modelling is the best approach, because it gives results that have little discrepancy with experimental work. For 
normal length there is a significant difference of over 700 Hz between analytical/COMSOL and experimental 
results, indicating that the use of normal length of the resonator for analytical or modelling work should be avoided. 
The results presented in table 2 were obtained by employing only the effective length, since it has been shown to 
be the optimum length for both analytical and modelling work. 

All the methods have shown a shift in the fundamental resonance frequency from about 3.5 kHz in air to 

approximately 2.8 kHz in 100% ���. This is in line with the fact that temperature and the composition of gases 
change the speed of sound which in turn changes the resonance frequency as shown in equations (8) and (9). In 
practical applications the change in gas composition will not be as much as 100% and so the resonance frequency 
too would not drift by a large value. It is important to state that a shift in resonance frequency much less than the 
half-width at half maximum (HWHM) of the resonance curve would not cause a considerable change in the PA 
signal [12]. 

� = <γPQ
R                                                                                                                                                                    8 

9� = �
�> = �

�><γPQ
R                                                                                                                                                      9 

Where M  is the ideal gas constant, S  is the temperature and T  is the molar mass of the gas. Other 
parameters in these equations have already been defined. 

Further experimental frequency analysis in terms of the PA signal showed a change from 3.57 kHz to 
3.85 kHz in air when the light source was placed outside the buffer volume. The former resonant frequency was 
obtained when the source was located close to the open end of the resonator. This shift in resonance frequency is 
due to coupling of all the gas-filled parts of the acoustic system [17]. Now considering the PA cell as a single unit 
gives the results in table (3) from both experiments and COMSOL Modelling. This table shows that the difference 
between experimental and COMSOL results for the two conditions of air and 100% CO2 is roughly around 1 kHz. 
It also indicates that for a complex PA cell geometry other than the conventional cylindrical shape, there is no 
straight forward method of computing the resonance frequency analytically. 

Figures (7) and (8) are the diagrams of the COMSOL modelled geometry and result respectively. The 
latter shows the position where the optimum PA Signal can be obtained, which is where the maximum acoustic 
pressure is propagated. This is the rationale for placing the microphone in the middle of the resonator. 
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2.2 Quality Factor 

Frequency measurements were made around the resonance frequency and plotted in order to calculate the quality 
factor which is the value by which the output signal is amplified or multiplied. See the graph in figure (9). 

The bandwidth, UV = 0.07D'L and the resonance frequency, 9W = 3.85D'L. Therefore the quality factor of the 
PA cell is: 

X = 9W
UV = 3.850.07 = 55 

 

3.0 Results and Discussion on the PA signal 

Laboratory test results showed that resonance tracking is highly essential in resonant PA Sensors. Measurement 
of PA signal was carried out without tracking the resonance frequency and the results were plotted as shown in 
figure (10). 

This graph shows that without tracking the resonance frequency the PA signal was low in amplitude (µV) 
and very unstable. The fluctuation in this mode of operation was high because of the sensitivity of the acoustic 
system to ambient noise in the laboratory and the system’s inability to use the natural amplification of resonance.  

Conversely, a resonance tracking circuit was designed for the PA system. Using the same LED as source 

of radiation in the PA cell, measurements were carried out for increasing concentration of ��� buffered by nitrogen 

in ratios. The range of ��� concentration is 0 – 100%. See graph in figure (11). 

It can be seen from the graph that the PA signal increases with percentage rise in concentration of ��� in 
the PA cell. This shows that resonance tracking is very important in PA sensors because it tackles the major 
problem of acoustic resonators in practical applications [17], particularly where there is much change in 
temperature and the gas composition. A graphical relationship between the resonance frequency and concentration 

of ��� in the resonator is also presented in figure (12). 

This graph shows that as the ��� concentration increases it lowers the speed of sound which causes a 

decrease in the resonance frequency in the PA cell. This happens because the molar mass of ��� (44 g/mol) is 

greater than that of Y�(28 g/mol). Equations (8) and (9) show the relationship. 
 

3.1 Effect of Gas Flow Rate Background Signal on the PA Signal 

Usually gas flow affects the accuracy and hence the reliability of PA signals. This necessitated running the 
experiments with LED switched off in one case and the LED left on but covered in the other case. The results 
obtained were plotted on the same axis with the results shown in figure (11). This comparative plot is presented in 
figure (13).   

The blue graph is the signal generated when the LED (light source) was switched on whereas the red 
graph is the flow background signal which was measured when the LED was turned off. This background signal 
is significantly high despite the noise cancellation provided by the buffer volumes at the resonance frequency. 
Data for the green graph was obtained when the LED was left in the ON position but covered with a thick paper 
and tape. The LED Off and LED Covered graphs are very identical because there was no infrared radiation to 

excite the ��� molecules. It can be seen from these graphs that there is a sharp increase in the noise signal from 
the flow rate of about 80 SCCM upward. The dominant effect of this background signal on the PA signal implies 
that the cell design needs to be improved, most especially the gas inlet and outlet.  
 

3.2 Reduction of the Inlet and Outlet Pipes Diameters 

In order to reduce the gas flow background signal the diameter of the inlet and outlet pipes was reduced from 
3.8mm to 1.0mm. The same measurement procedures were followed and the results obtained are presented in 
figure (14). 

Reducing the diameters of both the gas inlet and outlet pipes drastically lower the effect of gas flow 
background signal on the PA signal. At 1mm diameter the background signal is relatively flat up to the maximum 
range of the measurement (140 SCCM). This means that larger diameters of inlet and outlet pipes should be 
avoided in order to reduce flow noise. However this comes as a trade-off with the response time of the sensor.  

 

4.0 Conclusion 

A photoacoustic ���  sensor based on MID-IR LED technology operating in the resonant mode has been 
successfully developed using a MEMS microphone as the transducer. A notable feature which made this work a 
success was the resonance frequency tracking which proved to be very essential in situations where there are high 
changes in temperature and gas composition. The LED’s emission spectrum is narrow and has a centre wavelength 
around 4.2µm for high selectivity. In order to optimize the sensor’s operation in this mode, experimental results 
were used to validate COMSOL simulations and analytical determination of the fundamental resonance frequency 
of the PA cell. The optimum position of the microphone in the cell was also shown in the pictorial COMSOL 
simulation result presented.  Operating the sensor in resonant mode offers the advantage of natural amplification 
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and the modulation frequency was chosen to avoid ambient noise which is dependent on 1/f. The results obtained 
are good indications that LEDs and MEMS microphones are very good light source and transducer combination 
for PA gas sensing, because of advantages like small size, low power consumption and low cost; features which 
enhance sensor miniaturisation. Gas flow noise was greatly minimized by the reduction of the gas inlet and outlet 
pipes diameter; however the sensor system can be improved by designing filters at these inlet and outlet pipes. 
Besides, further improvements can be done by reducing the resonator diameter and polishing the inside walls of 
the cell. This is because resonator diameter is inversely proportional to PA signal and plating the walls with gold 
will reduce parasitic absorption which could produce false PA signal. According to [14] the ratio of length to 
radius of 1 D longitudinal resonator should be greater than 10:1 so that excitation in the azimuthal mode is avoided 
and dynamic viscous loss and radiation loss are eliminated. Part of the future design modification can be the 
replacement of the current LED with one that delivers more power because PA signal is proportional to radiation 
power. The effect of temperature, pressure and water vapour on the sensor's performance will also be looked into. 
To the knowledge of the authors of this paper, this is the first time that MID-IR LEDs are used with MEMS 
microphones in the resonant mode of operation for PA gas sensing. 
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Figure 1: Absorption spectra of ��� around 2347.42�	
�, corresponding to 4.26µm. 

 

 
Figure 2: The resonator 
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Figure 3: Photoacoustic Cell 

 

 
Figure 4: Dimensions of the Initial PA cell 

 

 
Figure 5: Microphone Frequency Response Curve [15] 
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Figure 6: Microphone Frequency Response to Laboratory Ambient Noise 
 

 
Figure 7: PA cell geometry in COMSOL. 

 

 
Figure 8: COMSOL modelling result showing position of highest acoustic Signal - RED. 
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Figure 9: Resonance frequency profile 
 

 

Figure (10): PA signal versus CO2 Concentration (%) without Frequency Tracking 
 

 

Figure 11: Graph of PA Signal against % concentration of ��� in the cell 
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Figure 12: Resonance frequency versus ��� concentration plot. 
 

 

Figure 13: Effect of gas flow background signal on PA signal at inlet diameter of 3.8mm 
 

 

Figure 14: PA Signal and Gas Flow Noise at inlet and outlet pipes diameters of 1.0mm 
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Table 1: Fundamental Resonant frequencies in air for the resonator  

Method Longitudinal Fundamental Frequency (Hz) Resonator Length Used 

Analytical 4287.50 Normal length 

COMSOL 4287.47 Normal length 

Experimental-loud speaker Signal 3570.00 - 

Experimental - PA Signal 3575.00 - 

Analytical 3543.40 Effective Length 

COMSOL 3543.78 Effective length 

 

Table 2: Fundamental Resonant frequencies for the Resonator in ��� Using the Effective length 

Method Longitudinal fundamental frequency in 100% ��� (Hz) 

Analytical  2758.16 

COMSOL 2758.26 

Experimental using PA Signal 2800.00 

 

Table 3: Fundamental Resonant Frequencies in ��� and Air for the PA Cell (resonator plus buffer volumes)  

Method Longitudinal fundamental frequency in 

100% ��� (Hz) 

Longitudinal fundamental frequency 
in Air (Hz) 

Analytical  - - 

COMSOL 2208.80 2837.76 

Experimental using PA 
Signal 

3000.00 3825.00 

 
 

  


