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An optical spectroscopic based reflective sensor for CO,
measurement with signal to noise ratio improvement
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This paper presents recent work in measuring carbon dioxide (CO;) using an absorption spectroscopy method within the
mid-IR region. A multi-path optical fibre based reflective sensor is proven to be capable of detecting CO, at lower level
(<15%) and higher level of concentration (>15%). For low level detection, the sensor is capable of measuring CO;
concentration from 0.8% to 14.8%, while for high level of detection, the sensor showed its capability to detect CO;
concentration from 15.1% to 44.6% with high accuracy. By eliminating unwanted noises using suitable filtering technique,
the voltage response from the system has become more stable and without significant loss in voltage, thus improving the
signal-to-noise ratio and stability of the system. The average signal-to-noise ratio for each of the filter types, no filter,
lowpass, bandpass were calculated as being 53.4, 69.1 and 119.0 respectively. Similarly, moving average technique was
developed in LabVIEW to improve voltage response with less noise and interference, resulting better overall system’s

performance.
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1. Introduction

It is well known since the early 1800’s that various
atmospheric gases act “like glass in a greenhouse”
whereby they transmit incoming sunlight and absorb
outgoing infrared radiation. This process can ultimately
raise the average historical air temperature on the Earth’s
surface. Carbon dioxide (CO,) is one of the primary
pollutant gases produced through the combustion of fossil
fuels and has been recognized as being one of the most
influential greenhouse gases. Over the past 420,000 years
ago, the CO, content in the atmosphere has varied
cyclically with a period of about 100,000 years (in
conjunction with variations in the Earth’s orbit) between a
minimum value of about 180 parts-per-million by volume
and a maximum of about 290 parts-per-million [1]. When
the CO, level was still sitting at about 280 parts-per-
million, or near the top of a very gradual geological cycle,
the level however began to shoot upward in 1850. It has
already reached the unprecedented value of 380 parts-per-
million, 36% increase over the pre-industrial value and is
continuously rising at the incredible rate of about 2 parts-
per-million per year.

These increases in atmospheric CO, levels can give
rise to a process known as ‘global warming’ and can have
detrimental effects on both human and animal life here on
earth?. One of the primary sources of these atmospheric
gases comes from the emission of CO, gases during the
use of internal combustion engines and can lead to large
scale releases of CO, into the Earth’s atmosphere on a
daily basis. The basic automotive combustion engine
producing on average, roughly, 2% CO, while in
operation, however many varieties of engines exist’. The

need for a sensor, capable of monitoring CO, emissions
can have vast applications within industrial, private and
commercial enterprises worldwide.

There are various spectroscopy techniques adopted in
optical fibre sensors nowadays to measure and monitor the
level of gas concentration. Optical spectroscopy
techniques offer direct, rapid, and often highly selective
means of accurately measuring gas concentration®.
However, to use spectroscopy technique, the gas detected
must have significant distinct absorption, emission or
scattering in a convenient region of the optical spectrum’.
Figure 1 illustrates optical spectrum of absorption cross
section in mid-infrared region for various atmospheric
gases such as carbon dioxide (CO,), carbon monoxide
(CO), sulphur dioxide (SO,), nitrogen dioxide (NO,) &
water vapour (H,O) at ambient pressure and temperature.
Optical fibre sensors operating in the UV and near-infrared
region of the electromagnetic spectrum for the detection of
gases such as SO,, NO,, nitrix oxide (NO) and ammonia
(NHs) have been reported previously®®. In addition to this,
highly sensitive mid-infrared optical fibre sensors using
absorption spectroscopy have also been developed for the
detection of CO,>™ and CO* within exhaust emissions.
These have been developed for both transmissive”*** and
reflective techniques™®*“.

Previous researchers have proved their CO, gas
sensors work effectively and are capable of detecting CO,
gas over a wide range of concentrations with fast response
times. However, the lowest CO, gas concentration that
could be detected was approximately reported to be 1%
with response times shown to be in the order of
milliseconds™®™. In contrast, there are reported different
configurations of CO, gas detection in.
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which covering much smaller level of concentration but
suffer higher response times. For instance, more than 40
seconds and up to 10 seconds of response times recorded
for the concentration detection of as low as 0.05%" and
0.001%" respectively. In comparison to previous
measurement with similar configuration applied’®*,
although our recorded recovery times appear relatively
slow, this was due to the small flow rates used during
measurement, resulting in slow purging of the gas cell and
CO, gas molecules remaining in the gas cell for a slightly
extended period of time. However, we successfully
managed to develop an optical fibre based sensing system
for CO, gas measurement that capable of detecting lower

level of CO, gas concentration as low as 0.8%. It has
shown that our optical fibre based reflective sensor is
adequately reliable and competitive in measuring CO, gas
concentration. We have adopted rigorous techniques such
as filtering technique®” and moving average technique®® in
order to decrease the influence of noise and interference,
subsequently resulting in better output response and
signal-to-noise ratios (discussed further in Section 3). Both
techniques were essentially applied to the developed
comprehensive LabVIEW program in order to get

smoother voltage response in which can further enhance
the results achieved.
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Fig. 1. Above - absorption Cross Section for various atmospheric gases in Mid-Infrared region; Below — summation
of all absorbing species (H,O, CO,, CO, SO,, NO,) within the Mid-Infrared region’

2. Theory

Generally, different gas molecules will absorb
radiation at different wavelengths, as each gas species has
their own individual absorption spectrum®*°. For example,
two gases, namely SO, and NO, both have characteristic
strong absorption lines in the ultraviolet region but weaker
mid-infrared overtones absorption peaks at 4 xm and 5.3
um respectively. On the other hand, CO, has a
characteristically strong absorption band in the mid-
infrared region, extending from 4.2 um to 4.5 um, with its
high peaks at 4.23 um and 4.28 um wavelengths. Apart
from that, CO, also shows a weaker corresponding near-
infrared overtones absorption band around 2.7 um, two
orders of magnitude lower than that at 4.28 «m wavelength
as shown in Fig. 1.

The linear relationship between absorption and
concentration of an absorbing species can easily be
calculated by using the Beer-Lambert law, which is shown
in equation (1). It is most commonly used to calculate how
much incident radiation is absorbed by a sample. This is
described in detail by many chemistry textbooks and
journals'®:
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Where [, is the transmitted intensity or the radiation after
absorption, I, is the incident intensity or the radiation
before absorption, ¢ (cm’lmol) is the wavelength
dependent molar absorbtivity of the species, / (cm) is the
optical path length and ¢ (mollcm?) is the concentration of
the absorbing species.

A variation of the Beer—Lambert Law was utilized by
a specifically designed LabVIEW program to calculate the
concentration of the gases present. The concentration of
the species and molar absorbtivity of the species can also
be expressed in different terms as shown as follows:
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Where o (cm’/Molecule) is the wavelength dependent
absorption cross section of the species, w (kg/mol) is the
molecular weight of the species, d (kg/cm’) is of the

density of the species in air by volume, Ny
(Moleculelmol) is Avogadro’s constant and ¢ (arb.) is
the parts-per-million of CO,, or ratio of CO, molecules to
total molecules, in the atmosphere. Hence, substituting (2)

& (3) into (1) will give:
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The signal strength received from each of the
pyroelectric detectors was recorded before and after the
gas was allowed into the gas chamber. A variation of
equation (5) shown in equation (6) was utilized to
calculate the measured absorption cross section for CO,.
This measured absorption cross section represents the
average of the absorption present across the full spectrum
of the filter range (discussed further in Section 4). This

value will be used during further tests to calculate the
concentrations of CO, present in the gas chamber.

3. Proposed Technique

Instead of using transmissive type for gas chamber,
we chose to use reflective type. In comparison, a reflective
gas cell is not only compact in size, but also offers better
sensitivity due to its longer optical light path. It is proven
from Beer-Lambert law in which absorption is directly
dependent on path length of the gas cell™. Initially, the
pulsed infrared radiation from the emitter was launched
from the transmitting optical fibre into the measurement
chamber using a collimating lens. Following transmission
into the gas chamber, the infrared radiation traveled across
18.5 mm of the open space where it interacted with the
measurand gas before coming in contact with a
perpendicular aluminium end surface. Upon contact with
the aluminium surface, parts of the infrared radiation was
transmitted back to the same collimating lens where it was
condensed onto the end of the receiving optical fibre.
Hence, the infrared radiation would have to propagate
twice in the gas chamber to reach the receiving fibre. This
has indirectly doubled the total of optical path length,
subsequently resulting in better sensitivity.

Filtering technique was used in such a way that the
recorded output voltage response has less noise'’. It is
essential to ensure that our signal data is free from the
influence of interference. Initially, few measurements such
as using Low Pass filter and Bandpass filter with different
orders and cut off frequencies were tested to determine the
best filter type that could be used for this filtering
technique. Some of these experimental results are repeated
in Fig. 2 below.
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Fig. 2 Comparison of signal-to-noise ratio for several digital filter topologies employed
during initial experimental tests

Fig.2 shows recorded results from an experimental
test employing three digital filter types simultaneously,
specifically no filtering, a first-order lowpass with 2.5H,
cutoff and sampling frequency of 1000H,, and a first-order
bandpass with a lower cutoff of 1.5H,, higher cutoff of

2.5H, and sampling frequency of 1000H,. The raw voltage
readings were recorded while nitrogen was present within
the gas cell for a total of 10 minutes and then passed
through each of the filters within a LabVIEW VI. Each
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data set was then used to calculate the signal to noise ratio
over time, as shown in Fig. 2, using equation 7%°.

SNR=ul § )

Where SNR (arb.) is the signal-to-noise-ratio (level of a
desired signal to the level of background noise), H (volts)

is the signal mean or expected value and o (volts) is the
standard deviation of the noise taken from the full
dataset®.

The results shown in Fig. 2 clearly show a marked
improvement in the response from the sensing system. The
average signal-to-noise ratio for each of the filter types, no
filter, lowpass, bandpass were calculated as being 53.4,
69.1 and 119.0 respectively. By eliminating unwanted
noise the voltage response from the system has become
more stable and without significant loss in voltage, thus
increasing the signal-to-noise level and stability of the
system.

For this purpose, we chose first order of Bandpass
filter with 2.5 H, and 1.5 H, for high cut off frequency and
low cut off frequency respectively and the sampling
frequency was set to be 1000 H,. The recorded voltage
signal by using Bandpass filter above has experimentally
proven to be more stable and have much higher signal-to-
noise ratio than others. Hence, the filtering result for this
filter’s specification chosen is much better in terms of the
voltage response as compared to other types of filter
topologies for this experiment set-up.

Moving average technique was adopted in this
measurement to get smoother voltage signal with less
noise and interference’®. It is known that the higher
number of points we choose, the smoother graph output
will be obtained. However, too high number of points used
in this technique will affect the overall response time.
Although a lower noise can be achieved by having the
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higher number of averaged points, the resultant delay of
the actual measured value has to be tolerated. In this
experiment, we set 10 points for double moving average
process with time interval between points was set to be in
the order of milliseconds. We developed the moving
average technique in LabVIEW program after filtering
technique implemented where the amplitude of the filtered
voltage responses were transferred to the averaging
section.

4. Experimental Set-Up

The experimental set-up of the optical-fibre-based
reflective sensor system as assembled in the laboratory is
shown in Fig. 3. The developed optical fibre sensor using
low cost and compact mid-infrared region component,
consists of a broadband infrared radiation light source (2.0
to 8.0 um) from filament emitter NL5LNC pulsable (0.5-
10 H,) nichrome from ion optics, 50 mm in length-infrared
4-to-1 fibre bundle from Art Photonics”, two LME 335
pyroelectric detectors?, and also a reflective gas cell
where flat aluminium reflective surface was used at the
end of one side of the gas cell while single lens located at
the other side. The fibre bundle consisted of the same
500/550 um multimode, core/clad, Chalcogenide InfraRed
fibre (As,Ss-based material) and was capable of low
attenuation at wavelengths close to 4.25 um?. The
pyroelectric detectors are fitted with two different filters,
one with Narrow Bandpass filter (center frequency at 4.26
um) for CO, detection and the other with a reference filter
at a centre wavelength of 3.95 xum# Note that the
detection method for this experiment set-up is pyroelectric
detectors with narrowband filter in which measuring the
average of the absorption present across the full spectrum
of the filter range (range being 180nm).

Computer with LabVIEW
and DAQ System

,.'E Pyroelectric Detector
|| with Reference Filter

Fig. 3 Mid-infrared optical fibre based reflective sensor
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The voltage response of the sensor was detected by a
computer by using a National Instruments BNC 2110 data
acquisition (DAQ) card and LabVIEW software. A
specifically designed LabVIEW program has been
developed for use in the sensing system as a means of
controlling data acquisition from the receiver circuitry and
also data output to the user. A commercial Quintox flue
gas analyzer was used simultaneously in the experimental
set-up in order to provide a comparison reading of the
concentration of carbon dioxide gas present in the gas
mixing chamber.

5. Results and Discussion

Initial calibration of the reflective based sensor using
the commercial Quintox flue gas analyzer was required in
order to ensure that the sensor is really capable of
generating accurate concentration readings. For this
purpose the average absorption cross section for CO,
needed to be measured. This measured absorption cross
section represents the average absorption cross section for
CO, covered by the narrow bandpass filter in the
wavelength range 4.14 pm and 4.32 pum®. Laboratory
based experiments were carried out using the experimental
set-up described earlier. The CO, gas was released at a
constant concentration and the commercial Quintox flue
gas analyzer accurately recorded the concentration of the
gas under test. The output signals received from each of
the pyroelectric detectors were recorded before and after
the measurand gas was released into the gas cell. This data
was used in equation 6 to calculate the measured value
which in turn was then hard-coded into the LabVIEW VI,
completing the calibration process.

Following completion of the calibration process a
number of varying concentration gas tests were carried out
in order to fully quantify the capability of the sensing
system. For this the commercial Quintox flue gas analyzer,
used to run a simultaneous measurement, provided reliable
and accurate readings of the concentrations present in the
gas chamber. The concentration of the gases present can
therefore be calculated using equation 5 with all other
factors known. All the required factors are accessible
during testing and therefore LabVIEW program was
specifically developed (discussed previously in Section 2)
to access this data and output the CO, concentration to the
user in real time.

Fig. 4 illustrates the voltage signal response for 2
cycles CO, Standard measurement showing the reading of
averaged concentration from optical sensor and measured
concentration from commercial Quintox flue gas analyzer
at every stage over wide range of concentration. From the
graph, it is proven that the sensor is capable of detecting
various levels of CO, concentrations (shown as percentage
— 1% equals 10,000 parts-per-million). The graph also
mainly indicates the difference between response with
moving average and without moving average techniques.
The graph proves that our sensor are capable of detecting
CO, concentration between 0.8% and 14.8% for first cycle

while CO, concentration between 0.6% and 11.8% for the
following cycle as measured by Quintox analyzer.
However there is a noticeable shift in the voltage peaks
between each of the cycles, this may be due to temperature
changes in the heating of the filament emitter and needs
further investigation.

Graph Voltage (V) vs Time
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Fig. 4 CO; standard voltage response for 2 cycles measurement

Voltage output for CO, long measurement is
illustrated in Fig. 5. This experiment entailed using a
slightly higher wavelength Narrow Bandpass filter (center
frequency at 4.45 um) mounted onto the detector, allowing
for lower sensitivity and higher detection range?. This
measurement was specifically carried out for higher level
of gas concentration starting from 15%. From the graph, it
proved the capability of the sensor to detect higher level of
concentration from 15% and up to 45%. Obviously, as the
CO, concentration is decreased, the voltage reading is
increased.

Graph Voltage (V) vs Time
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Fig. 5 CO; long voltage response with respective CO,
concentration

The average value of all the measured voltage points
when there was no gas is recorded to be 0.2659V. The
averaged voltage reading for 15.1% CO, concentration
step is recorded to be 0.2221V and followed by 0.1995V,
0.1785V and 0.1565V for CO, concentration of 24.2%,
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33.6% and 44.6% respectively. From Fig. 5, it is clear that
the averaged concentration recorded by the sensor during
the measurement is accurate and seems to agree well with
the readings from the Quintox flue gas analyzer. Moving
average process adopted using 10 points for twice and the
steps changed for every 200 seconds.

Recorded Rise Time and Fall Time for voltage output
response are then analyzed as illustrated in Fig. 6(a) and
(b). It is noticeably the recorded Rise Time is similar to
Fall Time where 26 seconds and 30 seconds for rise time
and fall time using a 20 point average were recorded
respectively. Although these response and recovery times
are relatively large when compared to that of the non-
averaged data, the times are sufficient for monitoring
purposes and are comparable to many commercial sensors.
It shows that the developed optical sensor is very
responsive and has capability of detecting the CO,
promptly. Significant affect of 20 points moving average
and filtering techniques applied during measurement
carried out are clearly shown on the graphs for
comparison.
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Fig. 6 Zoomed voltage response for CO, long measurement:
(a) rise time and (b) fall time

6. Conclusion

A multi-path optical fibre based reflective sensor has
been successfully developed. The sensor has shown a good
dynamic range of CO, gas detection since it has the
capability of accurately detecting two different ranges of
CO, concentration; below 15% and above 15%. For lower
level of CO, concentration measurement, the sensor has
shown that it was able to capture voltage for CO,
concentration from 0.8% to 14.8% for first cycle of
measurement followed by from 0.6% to 11.8% for the
following cycle of measurement. In short, for CO,
standard measurement, the sensor is capable of detecting
the CO; concentration as low as 0.6% and up to 14.8%.

Meanwhile, CO, long measurement for CO,
concentration greater than 15% was recorded starting from
15.1% to 44.6% of concentration where the measured
concentration results agreed closely to that of the
commercial gas analyzer.

CO, measurement was carried out for two ranges of
concentration for this work. The first level of
concentration is below 15% namely CO, Standard
measurement while higher level of CO, concentration
namely CO, Long measurement was set to be greater than
15%. For both ranges of concentration, we are able to
prove the capability and reliability of the sensor with
better response time. The sensing system developed is
proven to be very responsive and has capable response
times, 26 seconds and 30 seconds for rise time and fall
time respectively.

Filtering technique and moving average technique
were adopted as an ongoing process resulting in better
output response. Due to the significant effect on the output
responses, our sensor has been experimentally proven to
be highly responsive and has the ability of accurately
detecting CO, gas concentration varied during
measurement. Future work will concentrate on designing
the optimum and low cost structure of gas chamber by
replacing the flat aluminum used with the various types of
reflective surfaces (eg. sphere, ellipse, hyperbola,
parabolic) and by replacing collimating lens with lower
cost component such as CaF, windows.
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