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Abstract
We demonstrate a novel approach for the simulation of miniaturized non-resonant photoacoustic gas spectroscopy (PAS)
sensors by applying a one-dimensional signal flow model. Using the described method, these non-resonant PAS sensors 
systems can be optimized with regard to their applicability to different target gases. The model is validated with lab 
measurements and reveals potentials and limitations with a view to optimization endeavours.

1 Introduction
The ever-increasing need for continuous and real-time 
monitoring of air quality—for example that of the human-
emitted pollutant carbon dioxide (CO2)—necessitate the 
development of compact and energy-saving air sensor 
technology. Emerging non-resonant miniaturized open 
PAS systems provide a cheap and robust sensing mecha-
nism, while having dimensions of just around one cubic 
centimetre. This enables a variety of IOT applications in 
the field of climate monitoring [1]. The following paper 
shows an approach to model a PAS system efficiently.

2 System and Model Description
Non-resonant PAS systems comprise an acoustically 
sealed measuring chamber containing an infrared source, 
an optical filter, a gas chamber containing the target gas to 
be sensed, and a microphone in order to measure the in-
duced pressure variations [2].
The infrared source periodically emits optical power in a 
broad spectral range. A Bragg filter limits the range of the 
radiation entering the measuring chamber to exact the
wavelength where the gas molecules to be detected absorb 
light, hence are sensitive to. Through absorption, these 
molecules are excited to elevated energy levels and gener-
ate thermal energy through collision processes with sur-
rounding molecules when relaxing again to their ground 
state.
In the closed measuring chamber, this periodic heat gener-
ation causes a periodic pressure signal according to the 
ideal gas equation, which can be measured by using a ca-
pacitive microphone.
The higher the acoustic power detected by the microphone, 
the higher is the concentration of the gas absorbing at the 
respective wavelength inside the measuring chamber. [3]
The overall system model of the PAS consists of sub-mod-
els in the specific domains (Figure 1), connected to each 
other: The optical power of the infrared source is simulated 
with a detailed Finite Element Model (FEM); the transmis-
sivity of the optical filters is modelled by applying the 
Transfer-Matrix Method in OpenFilters. The Absorption 
behavior of the target gas is calculated with the help of Py-
thon, using the absorption lines exported from the HI-
TRAN database as a basis, considering spectral distortions 

due to concentration, temperature, pressure and humidity 
variations. Using finally Beer-Lambert’s law and taking 
into account the optical path of the set-up, the optical 
power distribution inside the measurement volume is ob-
tained.

Figure 1: Signal path and subsystems to be modelled for 
miniaturized open PAS systems: from infrared optical 
power input to acoustical microphone signal.

The respective submodels necessary for simulating the 
measurement path of the PAS and, hence, for evaluating 
and optimizing its specifications for sensing a given gas 
species (i.e., sensitivity, selectivity) are described in the 
following subsections.

3 Submodel of Infrared Source
To generate radiation with wavelengths lying in the infra-
red band of interest, i.e., the absorption band of the gas to 
be sensed, a silicon MEMS heater is applied due to its min-
iaturized compact design and low processing cost. Re-
cently, a lot of research has been conducted in the field of 
micro heaters for environmental gas sensing applications
[4–6]. To simulate the optical power the silicon MEMS 
heater is emitting, an FEM analysis is conducted, to evalu-
ate temperature distribution at the heater’s surface in de-
pendence of the applied bias voltage. This temperature dis-
tribution is the input to a blackbody radiation model ap-
plied to provide the resulting optical power spectrum radi-
ating from the heaters surface into the system.
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The specific spectral intensity 𝑖𝜆 emitted from an ideal 
blackbody can be calculated applying Planck’s law of ra-
diation [7]:

𝑖𝜆 =
2𝜋𝑐2ℎ

𝜆5 (𝑒
𝑐ℎ

𝑘𝜆𝑇 − 1)

with the constants c being the speed of light, h being the 
Planck constant and k the Boltzmann constant. Integrating 
𝑖𝜆 as a function of the temperature distribution 𝑇(𝐴) along 
the heater’s surface assuming constant emissivity 𝜀 yields 
the optical power spectrum of the radiation emitted by the 
heater, which is shown in Figure 2.

𝑃𝜆 = 𝜀 ∫ 𝑖𝜆(𝑇(𝐴)) 𝑑𝑎

4 Submodel of the Filter
To suppress optical power of unwanted wavelengths, a 
Bragg filter is modelled, transmitting only in the range of 
CO2 absorptivity. The filter is designed with the open 
source software OpenFilters. [8]
Modelling the transmission of a filter consisting of alter-
nating and ideal Si and SiO2 layers is most effectively done 
using the transfer matrix method which is described in de-
tail in [9]. To get an optical bandpass filter optimized for 
CO2, two stacks of layers need to be deposited on either 
side of a silicon substrate, each representing a damping 
band. Tuning the filter thicknesses of each layer in the 
stack, an optimized transmission band is obtained, see Fig-
ure 3.

5 Modelling the Absorption by the 
Target Gas

The optical absorption capability is determined by the ab-
sorption cross-section of the gas molecule. If optical radia-
tion of a certain wavelength is absorbed by a molecule, it
enters an excited state in the form of a corresponding oscil-
lation. The absorption cross section 𝜎𝜆 of a gas indicates 
the probability that a photon having the corresponding en-
ergy is absorbed. It depends on the molecular configuration 
of the absorbing gas, the energy content of the exciting 
photon and the distortion of the absorption line by temper-
ature and pressure. For CO2 under normal conditions the 
absorption cross section 𝜎𝜆 for wavelengths between 1 µm 
and 16 µm is calculated and displayed in Figure 4.

Figure 4: Absorption cross section of CO2 under normal 
conditions. The highest absorption probability is between 
4.2 µm and 4.4 µm where CO2 shows its characteristic 
comb like absorption structure.

To calculate the absorption spectra of the gas atmosphere 
inside the photoacoustic sensor as a function of the concen-
tration q, pressure p and temperature T, the Beer-Lambert’s
law is applied:

𝛼𝜆 = 1 − 𝑒−
𝑞𝑝𝑥
𝑘𝑇

𝜎𝜆

Figure 2: Simulated emitted optical power of a MEMS in-
frared heater. The temperature distribution at the heater’s
surface serves as input for the model of the ideal blackbody 
radiation, assuming constant emissivity 𝜀 = 1.

Figure 3: Simulated transmission of a Si-SiO2 filter stack, 
suppressing transmission of optical Power on both sides 
of the absorption spectra of CO2.
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Here, x denotes the optical path inside the photoacoustic 
chamber, which depends on the geometrical and reflective 
properties of the photoacoustic system.

6 Calculation of the Generated 
Pressure Variations

The pressure variation P(t) inside the measurement cham-
ber depends on the change in the number of excited mole-
cules N1. In the following, the respective calculation steps 
are sketched, a more detailed deduction can be found 
in [10].
The change of the excited molecules N1 contained in the 
system satisfies the following differential equation:

𝑑𝑁1

𝑑𝑡
+

𝑁1

𝜏e

= 𝐴01𝑁0

Here, N0 denotes the number of unexcited particles, A01

stands for the average excitation time of a molecule from 
the unexcited state “0” to the excited state “1”, and τe de-
scribes the average lifetime of an excited state. This equa-
tion can be solved for harmonic excitations and assuming 
that the total particle number N is approximately equal to 
that of the unexcited particles N0:

𝑁1(𝑡) =
1

2
𝑁𝜏e𝐴01 (

𝑀 sin(𝜔𝑡 − tan−1(𝜔𝜏e))

√1 + 𝜔2𝜏e
2

+ 1)

Here, the factor M is used for the modulation depth of the 
light source. The change of the molecular kinetic energy 
within an isochoric gas volume requires a pressure varia-
tion—for a photoacoustic system, however, this is only 
possible via the non-radiative relaxation discussed in the 
previous paragraph. The dissipation of this thermal energy 
must take place via the chamber wall and can be expressed 
via the time constant τth. For the time-dependent pressure 
signal, this results in the following relationship:

𝑃(𝑡) =
(𝛾 − 1)𝜏e𝜏th

2𝜏VT

𝜁𝑁𝐴01 ×

(
𝑀 sin(𝜔𝑡 − tan−1(𝜔𝜏e) − tan−1(𝜔𝜏th))

√1 + 𝜔2𝜏e
2√1 + 𝜔2𝜏th

2
+ 1)

Here, γ denotes the isentropic exponent, which is the ratio 
of the isobaric and isochoric heat capacities of a gas: 
γ = Cp/Cv. The average time constant for a molecular non-
radiative relaxation is τVT. The parameter 𝜁 indicates the 
excitation energy of a single excited state—the relation be-
tween excitation energy and the wavenumber ν of an excit-
ing photon requires the speed of light c as well as Planck's 
constant h and reads as: 𝜁 = ℎ𝑐𝜈. The Fourier transform of 
the pressure signal yields the photoacoustic pressure sig-
nal, which depends on the excitation frequency, analogous 
to the time-dependent pressure signal P(t):

𝑃(𝑗𝜔) =
(𝛾 − 1)𝜁𝑁𝐴01𝑀

𝜏VT(𝑗𝜔 + 𝜏e
−1)(𝑗𝜔 + 𝜏th

−1)

To illustrate the implications of the relationship, an exem-
plary response for the photoacoustic excitation of CO2 at a 
concentration of 1000 ppm when using the infrared heater 
and the Bragg filter in a typical detection chamber is shown 
in Figure 5. Note in particular the characteristic corner fre-
quencies, which reflect the influence of the three different
time constants τVT, τth and τe, respectively.

Figure 5: Sound pressure level inside the photoacoustic 
system depending on the excitation frequency of the light 
source. With increasing frequency, the photoacoustic pres-
sure decreases.

Calculating the photoacoustic pressure inside the system 
applying the previous submodels, yields a frequency-de-
pendant photoacoustic pressure signal inside the system, 
shown in Figure 6. Choosing the microphone’s sensitivity 
at the specific excitation frequency with regard to the low-
est detectable pressure signal provides the estimated limit 
of detection in ppm—thus giving a direct figure of merit of 
a potential sensor prototype.

Figure 6: Simulated pressure levels inside the photoacous-
tic system depending on the excitation frequency of the 
light source and the gas concentration.
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7 Summary of Results 

We presented a comprehensive simulation procedure, 
which enables to model the signal path in a miniaturized 
photoacoustic gas sensor (PAS). Applying the presented 
model, we are able to predict the requirements a PAS must 
meet in order to detect certain gases with the required ac-
curacy. This way, the sensitivity of PAS prototypes can be 
estimated and tailored in advance in order to predict sensor 
performance by means of virtual prototyping. The model is 
calibrated and validated with experimental data. Optimiz-
ing subcomponents of the system by tuning the character-
istics of the emitter, the filter or the detection chamber 
leads to a close to real world estimate of the sensor perfor-
mance, paving the way to even more miniaturized future 
photoacoustic gas sensors. 
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