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This paper comprehensively presents key issues in design of an original optoelectronic measurement
device built to assess amount of suspended particulate matter. The paper is introduced with a short
explanation of concerns with a suspended particulate matter, what role it has in the air quality and how it
affects health of human population. Then, problems of construction of the measurement device supported
by a theoretical explanation on the basis of Mie theory are discussed. Subsequently, it is followed by
an analysis of the device operation both in laboratory and in real conditions. Results obtained with the
presented device are compared with the professional measurement equipment and an expensive, outdoor
measurement station. Paper is concluded with observations of differences in spatio-temporal PM change
at very close but significantly different city locations.

© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Air quality is one of key factors that are shaping quality of life
in ever-growing cities and conurbations. Global research accom-
plished on behalf of WHO shows that majority of population (91 %)
lives in places where normative limits for air quality are breached
[1,2]. Such situation is observed in developed, as well as in devel-
oping countries. There is a variety of causes in different places on
Earth, but deterioration of standard of living and harmful effects on
health of the population are the same.

It is worth to note that according to WHO observations 4.2
millions of people died due to a too high amount of suspended par-
ticulate matter (PM) in 2016 alone [3]. PM in the air comes mainly
from three significant sources [4]:

e natural sources: erosion of the Earth crust and volcanic eruptions,

e primary: combustion of fossil fuels,

¢ secondary: formed due to chemical reaction of precursor com-
pounds such as nitrogen oxide, sulfur dioxide, ammonia and
volatile organic compounds (VOC).

Particulate matter might be categorized due to particle size as
follows:
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¢ Total Suspended Particles (TSP) - includes particles of all diame-
ters, so it includes PM10, PM2.5 and PM1 described below,

e PM10 - consists of inhalable particles with average diameters
below 10 wm (so it contains also PM2.5 and PM1); because of
their size they might reach upper parts of respiratory tract and
lungs;

e PM2.5 - consists of inhalable particles with an average diameter
below 2.5 wm; dust particle having this size may penetrate pul-
monary alveoli, breach the air-tissue boundary and then invade
the cardiovascular system by which it may get to other organs
such as the brain;

e PM1 - dust particles with average diameters smaller than 1 pm.

Particulate matter carries toxic molecules and compounds such
as cadmium, arsenic, nickel, lead and polycyclic aromatic hydrocar-
bons (PAHs) such as benzo(a)pyrene. Inhalation of PM significantly
increases risk of respiratory diseases such as allergies, asthma,
inflammations and pneumonia. Deposits of particles in pulmonary
alveoli hinders efficiency of gas exchange. PM2.5 increases not only
risk of respiratory tract afflictions but also cardiovascular system
diseases such as heart attacks. Due to the fact that by blood cir-
culation particles can reach the brain they are also linked with an
increased risk of brain tumors.

Effects on human health discussed above are undoubtedly seri-
ous and billions of people living in municipal areas are endangered.
Therefore, WHO legislated limits for specific substances that may
be observed in the Earth atmosphere and are linked with diseases.

1230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Table 1
Average seasonal values of significant air quality parameters in 2016 [4].
EU/WHO limits(24 hour average) PM10 PM2.5 NO, 03 Benzo(a)pyren
[ng/m?] [ng/m?]
50 25 40 120 1
Warsaw 66.5 22.5 56.7 111 1.5
Vilnius 51.4 29.4 38.5 89.9 0.9
Stockholm 434 6.1 42.8 88.7 -

Some of these values and real data from long-term measurements
in three European cities are shown in Table 1. It is worthy to note
that some countries, such as Poland, established their own limits
of substances and different air quality levels because the situation
may be far from desirable there.

Particulate matter naturally deposits on the Earth due to gravity,
but other factors such as winds or road traffic might raise it again.
Hence, the closer to Earth surface the higher accumulation of PM
is observed in the atmosphere. Therefore, higher exposure to risks
discussed above is observed in age group of children also because
youngsters are more active physically outside home than adoles-
cents and adults. Other endangered groups are those who already
have pulmonary and cardiovascular problems and the elderly [5].

2. Monitoring of air quality

Monitoring of air parameters is necessary to evaluate status of
the environment, assess quality of life in residential areas and track
spatial distribution of pathogenic factors. Measurement methods
vary in reference to time range and physical dimensions of the
area under observation. The highest accuracy of measurements
is obtained with chromatography and gravimetric methods [6,7].
These methods are considered to be a reference methods by many
organizations and governmental bodies. However, these two meth-
ods have also their significant drawbacks such as: considerable
costs of implementation and maintenance, necessity to involve
human operators and difficulty in automation.

On the other hand vast areas can be effectively inspected with
satellite systems that employ numerical analysis of photographs of
the Earth surface taken at many different wavelengths [8,9]. Such
constellation of six satellites is cornerstone for Copernicus Atmo-
sphere Monitoring Service established by EU. This system employs
seven numerical models and achieves spatial resolution of 100 km?2.
However, if reference methods are compared with satellite imaging
the differences appear [10]. Satellite imaging is good for long-term
observations of large areas, but its limited spatial resolution brings
substantial error for city dwellers who are affected by conditions
changing not only from district to district but also from street to
street.

The most popular approach in a PM sensor design is based on
well known and unquestionably cheaper method based on optical
sensors. For example PMS 5000/3000 is popular among hobby-
ists, as well as it is often employed in inexpensive measurement
devices that are commercially available to wide range of public
customers, and was successfully used in research attempts [11,12].
Such sensors were also deployed in Building Management Systems
based on KNX network to monitor interior air quality in homes and
offices [13,14]. Despite such low-cost equipment that is popular
and provides satisfactory results as if compared against expen-
sive reference methods, it is hard to find exact information about
its metrological parameters and precise information about capa-
bilities of devices employing it. Comparative measurements with
conditions controlled in laboratory are possible approach to this
issue [15]. Whereas in Ref. 16 very high sensitivity optical instru-
ments for NOx measurement to detect explosives, based on Cavity
Ring-Down Spectroscopy with violet laser were presented. Future

trend of a low cost sensor, for air quality monitoring was presented
[17] where an inkjet printing sensor for CO, concentration mea-
surement was described.

Solutions for air quality measurements based on optoelectron-
ics evolved in recent years from simple designs based on a single
LED, an uncomplicated mechanical construction and an elementary
photodiode. Therefore, it may be deduced that further attempts in
this area will bring low-cost devices closer to reference methods.

3. Sensor

Authors of this paper designed a sensor that is presented here.
This instrument is based on a nephelometric method that is the
measurement of light scattered by particulate matter suspended
in the air. This method is known to work well both for liquid and
gaseous dispersing mediums [18,19].

Light scattering on aerosol particles can be divided into two
groups that are known as inelastic and elastic scattering. Inelas-
tic scattering is characteristic by the fact that scattered ligth has
different wavelength that the incident light. In this category we
may distinguish phenomena such as fluorescence, thermal emis-
sion and Raman scattering. This paper is based on elastic scattering
in which reflection and refraction play dominant role. In both of
these phenomena the emitted light has the same wavelength as
incidentlight. The particle might be considered as a dielectric obsta-
cle on the path of the light. Particle radius r and the wavelength A
might be compared according to the simple equation:

2nr
== (M

If x « 1, then the scattering might be described by Rayleigh
theory. It happens for very small particles such as gaseous ones.
Particulate matter and dust suspended in the air are much larger,
therefore x for visible and NIR light is above 1. For such situation
solution for Maxwell equations is given by Mie theory that simpli-
fies computational effort and enables quick estimation of scattering
characteristics. Simplification is based on assumption that particles
are spherical and homogeneous. According to Mie theory intensity
of light scattered on single particle [20] might be described as in
Eq.(2):

)\2
8md? (2)

In the above equation Iy is the intensity of incident light. The dis-
tance between particle on which the scattering occurs and detector
equals to d. Scattered light is also polarized and as such it might be
described in perpendicular polarization planes given by the func-
tions i; and i, that can be represented as series shown in Egs. (3)
and (4), respectively:
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Here 6 is the scattering angle while the angular dependent func-
tions 7, and 7, are expressed in terms of the Legendre polynomials
given with equations:

_ P,(f)(cos 0)
mp(cosf) = g (5)
dPﬁ,”(cos 0)
Tph(cosh) = —m (6)

Terms a, and b, are known as the Mie expansion coefficients
that can be expressed as follows:
_ (@), (ma) — mWy(ma)¥,(a)
&(e)¥p(mar) — mPn(ma)én(ar)

n

_ m(c)¥(ma) — Yn(ma)¥,(«)
" mEn(a)Wn(ma) — We(ma)En(a)

where:

m - complex reflective index of scattering light intensity;

« - size parameters;

W and &- coefficients expressed in terms of the Riccatti-Bessel
functions of non-integer order.

Therefore, an expression might be defined relating to the par-
ticulate matter concentration C with the scattered light intensities
i1 and iy (9)

3.2 51
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where p is the density of suspended particles, D is the diameter
of particle, and nd(Dy) is the mass size distribution normalized
function of dust particles, n relates to the number size distribu-
tion of the particles and k is the direction of gas flow, and S is the
cross-sectional of the air track.

From the above equation it might be concluded that to obtain
a representative sample of the analyzed air is crucial for a proper
measurement of a suspended particulate level and, then estimate
atmosphere quality. Crucial for the measurement of atmosphere
quality is to obtain a representative sample of the analysed air.
Therefore, the key component of the sensor is an air intake and
air track that is described in the next section.

3.1. Air track

Automation of the measurement system based on the optoelec-
tronic method is possible in long-term provided that cohesion of a
gaseous sample is guaranteed. By cohesion of the sample we under-
stand that it is a representative sample of the air currently present
outside of the sensor. This can be achieved with a constant air flow
but minimal turbulence inside the track. Unfortunately, the higher
the flow the more turbulent it becomes. Hence, the main consid-
eration to achieve this goal is to secure laminar flow of the air in
the air track or at least in the zone near photodetector. We looked
for the maximum possible air flow value without risking turbulent
behaviour.

Laminarity of the flow is defined by Reynolds number (Re) and
there is a specific value of Re for every evaluated air track. Flow is
considered to be laminar when the Reynolds number Re is below
2300 [21]. In the following calculations temperature of the air was
assumed to be of 20°. Air flow can be calculated with the following
Eq. (10):

Re - vi
V= l’

where, for presented sensor:

(10)

Fig.1. Model of a 3D-printed support for mainboard, opto-electronic modules, laser
and fan, inside of which the air track is present.

Fig. 2. Opto-electronic module with an integrated photodiode and an amplifier with
supporting multiplexer in the feedback loop.

e kinematic viscosity vi=0.0000157 m?2/s;
e characteristic dimension [ =0.005 m;
e maximum value of Reynolds number Re =2300.

After this simple computation a boundary for speed of lami-
nar air flow is found: v =7.22 m/s. Therefore, absolute volumetric
flow in the designed track geometry equals: Vmax=0.000180
m3/s=10.81/min.

As it is upper boundary the real speed of the air flow in the built
sensor was lowered. In order to guarantee a stable and laminar flow
value, the air track is coupled with the flow control system based on
a fan propelled with BLDC engine. Adjustment of the air flow speed
is voltage-regulated in the range from 0.3 to 1.01/min. Sketch view
of the air track with slots for optoelectronic detectors and laser is
shown in Fig. 1.

3.2. Optoelectronic detector

Optoelectronic detector module is presented in Fig. 2. It is based
on Texas Instruments’ chip (OPT101) that is a photodiode inte-
grated with a transimpedance operational amplifier. Thanks to this
integration distortions and noise are minimized which always hap-
pens on the path between photodiode and the opamp. The built-in
amplifier has an internal resistor for negative feedback, but an
external element may be also used instead. In the presented design
a feedback loop is chosen from four possible options with the use
of an analog multiplexer managed from the microcontroller on the
device mainboard. Availability of four different feedback resistors
makes it possible to use whole range of sensitivity provided by the
chip. Therefore, it is possible to employ presented module in differ-
ent air quality conditions: starting from typical air quality present
in houses or offices up to dusty industrial buildings.

3.3. Mainboard of the measurement device

Mainboard is a hub for optoelectronic sensors presented in the
previous section. Three of such sensors might be connected to a sin-
gle board for improved versatility. Because the connection is wired,
then one sensor might be placed inside while the other outside
and the third one behind a filter that purifies the air towards zero-
air quality. In the current development stage all three sensors are
placed close one to another by the same air track presented above.
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Fig. 3. Mainboard for the measurement device with STM32 microcontroller, voltage
regulators, laser control circuitry, hub for photodiode modules and additional pinout
connectors for future use.

In this configuration we measure a backward, perpendicular and
forward scatter.

Photo of the mainboard is presented in Fig. 3. Its physical dimen-
sions are of 70 mm by 130 mm. The board is based on the mixed
signal microcontroller STM32 with ARM Cortex-M4 core. The chip
is capable of floating-point calculations which is a very useful fea-
ture for development of computational functions in the described
system. This MCU has lavish 512 kB of flash memory for program
code and 80 kB of SRAM which is enough at the current stage of
development. Internal clock tops with 72 MHz and is driven by
external crystal oscillator for improved signal quality and system
stability. Existing functionality of the software does not require
higher parameters and the chosen MCU is cheap enough to remain
insignificant in the overall cost of the board.

Analog signal from optoelectronic modules is converted with
analog-digital converters providing typical, 12-bit resolution, that
is 4096 possible values.

Another task that mainboard does is control of the laser light
source. Voltage applied to a laser module is controlled thanks to a
typical circuit of MOSFET transistors connected to GPIO of the MCU
and handled by software deployed there.

Laser module is a typical 660 nm visible red light laser that illu-
minates the measured air sample. In early experiments we verified
that it is possible to modulate the used laser up to several kHz
frequency. However, during later examination we found that in
practice a much better result is obtained with a continuous wave.
Laser is turned on and off periodically with a long time interval.
Outcomes of this approach are as follows:

¢ it becomes possible to measure photodiode dark current which
is essential contribution to noise level,

e energy is conserved, which is an important feature, if a device is
to be powered from battery or solar panel,

e risk of heating of the laser or other device parts that are illumi-
nated by its light is prevented.

In its current form mainboard is supposed to be supplied
through a typical 5.5 mm/2.1 mm Jack connector, so that it is pos-
sible to use a typical switched-mode power supply. The board
contains a segment of voltage regulators with overvoltage and
undervoltage protection. Possible range of applied voltage is sim-
ply chosen by values of three resistors so during the manufacturing
process it might be easily modified for specific needs of customer
or application.

3.4. Software features
Software template was prepared with STM32CubeMX applica-

tion that simplifies configuration of the MCU and reduces time to
launch development of the application. Configured MCU features

Fig. 4. Real view of a 3D-printed support block assembled together with all elec-
tronic modules and components.

include USART communication channel through which the mea-
surements are presented, analog-digital converters, several GPIO
ports to control laser and on-bard LED diodes. Program was writ-
ten in System Workbench for STM32 environment that is based
upon well known and popular Eclipse IDE with use of C language.

ADC is driven by main clock signal 72 MHz that is divided by the
prescaler value. We experimented with different ADC clock speeds
and different times of sampling to finally conclude that frequency
of several kHz is the optimal choice due to quality of observed signal
details and requirements for memory and computational efficiency
of the MCU.

Air track joined with electro-optical modules, mainboard and
laser is presented in Fig. 4. This assembly was enhanced with
mounting power supply and secured in enclosure. Then, it was put
under tests both inside and outside the building.

4. Results

The device was put under the series of tests consisting of two
stages. First stage was to verify the optoelectronic module behavior
in controlled, laboratory conditions. Second stage was to analyze
operation of the whole device both in laboratory and real condi-
tions.

For the purpose of the first stage a laboratory stand was estab-
lished to test the sensor in a wide range of PM amount in the air. To
procure air sample with dust we used (K,Na),_3(OH,F),(Si,Al401¢)
mica powder with particle diameters up to 20 wm. Thanks to this
approach we were able to create brief dust concentrations up to
10 mg/m?3. This level of PM is observed in industrial situations, e.g.,
drilling of concrete walls or sawing of sidewalk blocks and certainly
requires personal protection such as respiratory mask. During this
experiment we used commercially available Trotec PC220 as a
reference device measurement for comparative method. Voltage
signal from the photodiode was acquired with high quality Tele-
dyne LeCroy WaveSurfer 3000 oscilloscope. Signal acquisition in
single attempt lasted for 30 min.

Itis known that spatial characteristics of scattered light depends
on observation angle, particles’ size and irradiating light wave-
length. But in general the smaller the particle is, the smaller will
be the observed signal at a given angle. In our configuration the
signal from backscatter and forward scatter detectors was more
significant with higher levels of concentration which adheres to
scattering theory. Interesting part of the acquired signal is shown
in Fig. 5.

Second stage of tests engaged experiments with low PM con-
centrations at levels that are more typical for urban areas, houses
and offices. At this phase the whole device was put under investiga-
tion. Temperature in the laboratory room was equal to 21 ° and the
airflow was set to 0.32 m/s. Typical particle that was moving at this
speed remained in the measurement chamber for time shorter than
20 ms. Acquisition of the signal presented in Fig. 6 lasted 120 min.
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Fig. 5. Short-term analysis of raw signal from the opto-electronic module.
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Fig. 6. Mid-term signal from the device working in room conditions.

At the beginning there were people present in the room and mov-
ing so that particles could not have settled. Later the room was left
empty and closed so that PM deposition took effect and less parti-
cles entered the measurement chamber. It can be observed in the
figure as a slowly decreasing signal between 40 and 90 min. Then,
one person returned to the room which reversed the deposition of
PM. This experiment shows that a larger PM presence in the air cre-
ates along-termissue as the previously deposited dust may become
a problem again. Similar situation is observed on city streets where
traffic creates turbulences in the air that are effectively raising dust
from road lanes and re-introduce it into the air.

Then, we analyzed quantitative distribution of distinctive dust
fractions derived from particle sizes on the basis of the exemplary
measurement period, which is presented in the above plot. Result
of this analysis is presented on a histogram shown in Fig. 7. In the
optical sensor low response signal level corresponds to detection
of small particles while high signal appears when particles have
higher diameters. Therefore, we can observe that there is more dust
particles with smaller diameters and that the amount of particles
per group drops abruptly as their diameter increases. This relation
is widely known and universal among locations. It was confirmed
by experiments in Greece and China [22], and having it here affirms
proper functioning of the sensor.

Finally, the measurement device was set up outside and put
under long-term test under real conditions. As a reference we used
a professional measurement station maintained by governmental

Fig. 7. Distribution of particle size in the test sample.
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Fig. 8. Long-term signal acquisition from the device presented in this paper com-
pared with the nearby reference station maintained by government agency.

body which provides publicly available data. Distance between our
station and the reference station measured on straight line is just
300 m. However, there are crucial differences between both places
and they must be taken into account during comparison. Reference
station is placed just by six lane road to measure PM caused by
road traffic. Between this place and our station there are several
buildings and our station is far from any significant traffic. Shortest
distance between our station and road equals 70 m. Therefore, it
may be expected that our station will be less affected by weekday
morning and afternoon traffic increase during rush hours. On the
other hand wind should have lesser effect on our station than on
the reference station as our position is shadowed by buildings and
is a significantly less windy location. This long term comparison
with both effects visible is presented in Fig. 8.

5. Conclusions

In the paper we presented the comprehensive approach to
design of hardware and software of a particulate matter sensor.
Device is based mostly on surface-mounted components where
the key part is STM32 microcontroller controlling a laser module
and photodiode boards, performing initial signal processing and
transmitting resulting data. Laser light source and three photodi-
odes at different angles coupled with an efficient microcontroller
enable both high sensitivity and high temporal resolution of mea-
surements.

3D printing was used to stimulate rapid development of air tract
so that optimal structure with minimized Reynolds number (Re) in
the range from 130 to 300 was accomplished. This guarantees lami-
nar flow, hence there are less disturbances in the particulate matter
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distribution in the analyzed air and reliability of measurements is
improved.

Verification both in laboratory and in real conditions of our
new measurement device characteristics was discussed. Experi-
ments include short-term test of the optoelectronic module in the
laboratory-controlled environment, medium-term verification in
office room conditions and long-term study outdoors where the
device was exposed to various weather conditions during three
winter months. Laboratory test lead to a conclusion that the sensor
works correctly. Firstly, its output signal follows change with low
levels of particulate matter. Secondly the distribution of particu-
late sizes in the sample is as it should be expected theoretically.
In the field conditions measurements were compared with results
from the reference station that is positioned at a distance of 300 m
in straight line from our experiment site. Despite the fact that dis-
tance was considerably large the trend of results from the sensor
presented in the paper follows the trend acquired from governmen-
tal station. Analysis of measurement error will be the main subject
in next stage of our research.

Finally, it may be concluded that the opto-electronic measure-
ment device is a low-cost design that certainly cannot challenge
the excellence or resolution of reference methods, but it can suc-
cessfully join and have positive impact on existing networks that
were established for measurements of air quality.
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