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tride trampoline membrane (details provided in
Fig. 1 of Ref. [1]), comprising a central pad sus-
pended by four tethers, is installed parallel to a
neighboring surface, with a µm-scale gap in be-
tween. As the membrane oscillates, gas is shut-
tled in and out of the gap, which increases the
pressure sensitivity compared to a free-standing
membrane, used in the first generation of the
sensor.

The red points and curve in Fig. 1 represent
the measured and modelled pressure sensitiv-
ity of the free-standing trampoline, respectively
(adapted from Fig. 4 of Ref. [1]). In the corre-
sponding model function (Eq. 1), ξ = 1. Re-
sults for the novel squeeze-film sensor are repre-
sented by light and dark blue points and curves
for 45 µm (ξ = 4) and 5 µm (ξ = 62) gaps, re-
spectively. Compared to the free-standing tram-
poline, the onset of the pressure sensitivity for
the squeeze-film sensor with a 5 µm gap is
shifted to about sixty times lower pressure val-
ues. Overall, the relative deviation between data
and respective model is within ±15%.

Compact & Portable Pressure Sensor with
Optical Fiber Readout
As the first step toward realizing a universally ap-
plicable version of our optomechanical pressure
sensor, we replaced the free-space optical com-
ponents with fiber optics. Figure 2(a) shows a
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Fig. 2: Optomechanical gas pressure sensor with
fiber-based readout setup (a) and key sensor
components (b). (c) Photograph of the square silicon
nitride membrane, suspended from a periodically
patterned silicon chip. (d) Helium pressure
dependence of the mechanical quality factor at
different temperatures.

schematic of the setup, where light from a laser,
including an optical isolator, is split such that
90 % are directed onto photodiode 1, for moni-
toring laser stability, and 10 % to the membrane
sensor, which reflects a fraction of this light back
onto photodiode 2. The output voltages of the
photodiodes are measured with a lock-in ampli-
fier. Figure 2(b) shows a schematic of the sen-
sor’s key components, an optical fiber pointed
at an oscillating square membrane. The mem-
brane’s oscillation is measured via amplitude
modulation of the reflected light, which results
from interference of the part directly reflected at
the fiber tip and the part reflected by the mem-
brane back into the fiber. Panel (c) shows a pho-
tograph of the membrane, suspended from a pe-
riodically patterned silicon chip (for suppressing
the coupling to the support structure).

We measured the dependency of the sensor’s
mechanical quality factor on the surrounding he-
lium pressure, inside a liquid nitrogen dipper
cryostat. Figure 2(d) shows the results, at four
different temperatures, where the data points are
shown together with the corresponding model
functions (Eq. 1, ξ = 1), each represented by
a curve of the same color. The relative devia-
tion between each data set and its correspond-
ing model function is within ±15%, as obtained
for the squeeze-film sensor (presented above).
The observed fivefold increase in the intrinsic
quality factor from Qin = 6 × 105, at 298 K, to
Qin = 3× 106, at 78 K, follows the general trend
for silicon nitride membranes.

Conclusion
We demonstrate that exploiting squeeze-film
damping in optomechanical gas pressure sen-
sors expands their measurement range to pres-
sures sixty times lower than an otherwise identi-
cal sensor without squeeze-film damping. Fur-
thermore, we developed a compact, portable
optomechanical pressure sensor with fiber-optic
readout. This sensor is compatible with cryo-
genic temperatures, where it provides an ex-
tended measurement range compared to room
temperature, due to a fivefold increase in its in-
trinsic mechanical quality factor.
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Summary:
This work presents a system concept for remote emission sensing, focusing of the design and validation 
of a calibration-free wavelength modulation spectroscopy (CF-WMS) approach. We show the applica-
bility of a CF-WMS system for the detection of CO2 emissions of on-road vehicles with laboratory vali-
dation measurements as well as first field tests.
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Introduction:
Emission regulations employed by institutions 
such as the European Union aim to reduce the 
emissions by vehicles on the road. These meas-
urements have shown success for compliant ve-
hicles, yet still 90 % of on-road emission are 
caused by 15 % of vehicles, commonly known as 
high emitters [1]. Identifying those high-emitting 
vehicles can help in the overall reduction of on-
road emissions.

Remote Emissions Sensing (RES) has been 
shown to be a suitable tool for emission monitor-
ing. In RES, the emissions of vehicles are meas-
ured by measurement systems installed at the 
roadside. This allows for a non-invasive meas-
urement on the one hand, while one the other 
hand captures thousands of vehicles per day un-
der normal driving conditions.

In the field of RES CO2 emissions are commonly 
used in the determination of fuel related emis-
sion factors. Therefore, an accurate and reliable 
measurement of the emitted CO2 and pollutant
concentration is necessary. 

In this work we present a system for calibration-
free wavelength modulation spectroscopy for
RES, characterization details and measurement 
results. The characterization of laser parameters 
omits the need for reference measurements dur-
ing operation, while the principle itself has been 
shown to provide high accuracy, even in harsh 
conditions [2].

System Concept:
For our measurement system we use a DFB la-
ser diode for the selected CO2 absorption line at 
2004 nm, as it shows limited cross interference 

to H2O while having suitably high absorption, 
even at ambient CO2 concentrations. Our sys-
tem is additionally equipped with an ICL target-
ing NO2 at 3421 nm, and an ICL for NO at 5263
nm is prepared. Furthermore, we aim to involve 
NH3 measurements in the future.

Measurement Methods:
Wavelength Modulation Spectroscopy (WMS) is
a specialized application of Tunable Diode Laser 
Absorption Spectroscopy. Here the injection cur-
rent of the DFB laser is modulated by two super-
imposed sinusoidal signals: a low frequency 
scan (fs = 11.92 Hz) and a high frequency mod-
ulation (fm = 70 kHz).

The resulting amplitude modulation of the ab-
sorption feature is demodulated at fm and 2fm us-
ing a Lock-In amplifier. From the demodulated 
signals the resulting amplitude is calculated. As 
background absorption as well as nonlinear in-
tensity effects can occur, both background and 
absorption 2f signals must be normalized by the 
laser intensity contained in the 1f signal [3]:
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Here X2f and Y2f are the in-phase and quadrature 
components of the Lock-In Amplifier at 2f, while 
R1f is the root-sum-square of the 1f outputs [3].

Measurement of Laser Parameters:
The emitted light of the laser can be described 
by its intensity and wavelength response. Accu-
rately determining those laser parameters allows 
for a detailed modeling of the absorption process
[4]. By simulating the Lock-In detection as well, 
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the signal, as detected in the measurement, can 
me modeled. This model is then used to deter-
mine the concentration from the measured sig-
nal by a fitting process.  

Validation of Signal Reconstruction: 
The CF-WMS approach was validated in terms 
of the reconstruction of concentration values 
from the measured WMS signal. Using a gas di-
luter, a range of gas concentrations were intro-
duced into a gas cell with a pathlength of 2 m. 
Absorption spectra were recorded for each con-
centration. To account for absorption by ambient 
CO2 concentrations the gas cell was filled with 
pure N2 to record a background signal. Signals 
were averaged over 16.7 s. 

In Fig. 1 an example of measurement and eval-
uated spectrum is given. The evaluated meas-
urement of the CO2 concentration shows only an 
error of 2.98 %, which considering the low con-
centration and short pathlength shows to usabil-
ity of this system concept for RES applications. 

On-Road Measurement: 
The CF-WMS system was further tested in a 
real-world scenario on the road. With the spec-
troscopy unit placed on one and the reflector unit 

on the side of the road a measurement path-
length of 10.18 m was realized. A diesel passen-
ger car was used as a test vehicle. The consid-
ered measurement event started 2.5 s before the 
vehicle entered the measurement location. The 
Lock-In outputs were recorded for a total time of 
22 s.  

Data collected before the vehicle entered the 
measurement location was used as the back-
ground signal and used in the background cor-
rection (1). The modeled absorption was then fit-
ted to the background corrected signal to obtain 
the average CO2 concentration over the path-
length of 10.18 m. In Fig. 2 the evaluated CO2 
concentration during the measurement event is 
shown. 

Conclusions and Outlook 
The presented CF-WMS setup has been vali-
dated in laboratory measurements showing its 
potential for a calibration free measurement of 
CO2 concentrations, while first measurements in 
RES applications showed promising results.  

The work regarding additional laser source for 
the detection of the pollutants described above 
is ongoing. Superimposing the laser beams for 
all analytes allows us to measure all concentra-
tions simultaneously. 

By combining this measurement approach with a 
gas imaging technique further enhances the sys-
tems capabilities to measure absolute concen-
trations for all targeted analytes [5]. 
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Fig. 1: Comparison between a measurement of 912 
ppm CO2 over a pathlength of 2 m and the correspond-
ing evaluated concentration. 

Fig. 2: Measured pathlength-averaged CO2 concen-
tration of a passing diesel vehicle. 
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