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Abstract: With the increase of fog and haze weather, people pay more and more attention to the pollution of the
suspended particulates in the air. And, the development of science and technology requires high cleanliness make
the measurement of the aerosol and the improvement of the instrument become more important. In this paper, on
the basis of analyzing the typical particle size measurement process by the light scattering method, the statistical
model of light scattering particle’s random measurement is established. Meanwhile, the theoretical deduction
indicates that the statistical distribution function in the light scattering random signal measurements meets a
lognormal distribution function with the natural number as the independent variable. The experiment results
manifest that the introduction of the lognormal distribution into the counting channel optimization of the
measurement instruments 1) Saves the counting channels, 2) Expands the sensor’s measurement range by 1/3 and

enhances the instrument’s ability to distinguish the small particles.
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1. Introduction

In recent years, as the effect of fog haze weather,
environment detection, especially PM2.5 monitoring
problem, receives more and more people's attention.
Therefore, the research on method and the instrument
for analyzing and accurately quantitative measuring
pollution is of great significance. So far, people have
developed many measuring methods based on
different principle [1-4]. Among which, light
scattering as a kind of important method, because of
fast measuring speed, high precision and good
repeatability, as well as got the favor of scientists and
engineers. Consequently, it has been widely used in
particle parameters measurement [5, 6].

In the detection system based on the principle of
light scattering, the particles correspond to the discrete
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signal group of light scattering random voltage pulse.
The system put the amplitude of the pulse signal as a
basis for determining the size of particle [7, 8]. The
particle morphology’s irregular, light intensity’s in-
homogeneity of photosensitive area and other factors
cause different photosensitive area, even if the same
particles’ signal amplitude and width, which indicates
the randomness [9, 10]. So, different particles’
counting distribution of signal amplitude (width) has a
certain overlap [11], which leads to a certain
measurement error.

This article analyzes the process of particle size’s
measurement based on typical light scattering method,
and a statistical model of random measurement is
established. Combined with double parameters
analysis method of random pulse signal, it is found
that the light scattering signal characteristics quantity
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meet logarithmic normal distribution with natural
number as the independent variable and have
statistical self-similarity. Based on which, the
lognormal distribution is applied to the channel
optimization of measuring instrument. The
experimental results show that the optimization can
save the counting channel, expand the measurement
range, and enhance the instrument's ability to
distinguish small particle size of particles.

2. Statistical Distribution of Standard
Particle Light Scattering Signal

2.1. Optical Particle Counter Measurement
System

The experimental device is shown in Fig. 1.
Aerosol flows through an optical sensing volume, and
the light scattered by a single particle is collected and
focused by a mirror in the angular range. And then, the
light signal is converted to an electrical pulse by a
photo-detector. Through pre-amplification and
multichannel collection, the voltage pulse of the
particle is obtained by a computer. The experimental
apparatus and measuring environment are easy to be
realized, and the measuring accuracy could be
guaranteed. Besides, the system can obtain enough
data with good repeatability. The higher the accuracy
of the measuring system in recording signals, the
larger sample size is measured in unit time. So the
statistical characteristics of random signals will be
more obvious.
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Fig. 1. Schematic diagram of optical particle
counter system.

As a result of the discrete degree of standard
particle’s size is small, the same size’s standard
particle signal amplitude distribution reflects the
nature of the interaction between particles and sensors.
Therefore, the statistical distribution of measurement
results reflect the randomness of sensor noise,
photosensitive area in-homogeneity, the instability of
scattered light collecting efficiency, etc. The PG-100
type particle generator of PMS Company is adopted in
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experiment, and diluted standard particle emulsion is
put after spraying into measurement system. And, the
large flow semiconductor new airborne particle
counter is used to measure standard particles with
different size. The mainly technical parameters are
listed as follows. A collimated continuous laser beam
(808 nm, 50 mW) is used as the light source, and the
photosensitive area is about 0.5 mmx1 mmx8 mm.
The reversed biased voltage is set to be 12 V, dark
current is no more than 10°A. The sampling rate is
28.3 L/min, the maximal range of voltage is 5 V which
is divided into 2048 counting channels. The maximal
signal sampling rate is 20 MHz (the corresponding
time-accuracy At=0.05 ps), continuously sampled
data of signal is up to 1 x 107, a 1000 level ultra-clean
room is the measuring environment only for
measuring the background noise.

2.2. TheCharacteristic Parameter of the
Random Signal for Standard Particle

It is well known that the output signal of photo-
electricity in airborne particle counter corresponds to

a time series f (t). However, the signal in actually

experimental measurement could not be continuous,
which can be attributed to the experimental results

have a certain time accuracy At . In other words, f (t)

must be written as f(k-At) which is a natural

number sequence. Taking a reference value f, to
process the experimental results, a subset
V(t)=f(t)—f, >0 can be gotten. The elements,
which have continuous time sequence in subset
V (t), compose a pulse structure with the amplitude

and width are defined as V and 7 respectively, as
shown in Fig. 2.

o

Fig. 2. Sketch map of the pulse structure.

On the basis of the above analysis, a new
characteristic subset A(V,7) composed by random
pulse signal sequences can be used to describe the
random signal group f(t) which is dealt with f.

Owing to the universality of f(t), this signal
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processing method has universal significance, where
At and AV represent the characteristics of the
measurement devices, while V and 7 are the
characteristic parameters of the pulse signal. Once the
parameter group f,, Az and AV are given, the
physical parameters of the signal subset {A(V,7)}
can be described by the natural numbers. That is, a set
of natural numbers (l.,l,) can used to establish the

statistical mapping form of the signal subset
{A(V,7)}:

L=l 1| 1eln2,L =t
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v
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According to the size sequence of the observation
character values |_(orl,, ), the characteristic subset and

Q)

the statistically descriptive form can be established.
Let N denotes the total number of { A(V,T)} , while

AN(l,) and AN(l,) denote the pulse numbers of
{A(V.7|relaT)}  and  {A(VVel,aV,7)}

respectively. Hence, the pulse counting distribution
functions of characteristic subset can be expressed as:

p(1,) =N ) N 2o
N N @)
_ANQ) _N,
a(ly) = N N >0

Considering the knowledge of the statistics, the
distribution functions p(l,) and q(l,) will tend to

steady values
subsets satisfies

when the sample’s number of
1< AN(l, ), and AN(l,) < N in
actual measurement.

2.3. Standard Particle Light Scattering
Signal Statistical Distribution Law

The statistical distribution functions of aerosol’s
pulse signals q(l, ) and p(l,) are the projection that

measure results are |, and | in the same environment,

which means that they must have the same nature. So,
if the nature of the random effect is not changed, the
type of the one-dimensional statistical distribution
function related this nature will be unchanged. Based
on this, we can conclude that one-dimensional

distribution functions q(l,) and p(l,) have the
similarity because they reflect the common

characteristics of the random effect. According to the
theory and calculation analysis, reasonable control the

influence of random factors on the measurement
results in the process of measuring can improve the
performance of the sensor. By using the improved new
laser airborne particle counter sensor, the statistical
distributions of random scattering pulse signal
produced by several kinds of standard particle (PSL)
with the diameters are 0.38 um, 0.499 pum, 0.6 um,
0.8 um and 0.99 pm are measured. The amplitude
counting distributions are shown in Fig. 3 by the
dotted line, and the x axis is counting channel value,
while the y axis is statistical probability value.
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Fig. 3. Measured results and fitting distributions
of standard particles.

As shown, the amplitude counting distributions
have center asymmetry obviously. Besides, the
nonlinearly similar characteristic between the
different function sequences is quite well. According
to the conclusions of the particle size, many research
results shows that the lognormal distribution is a
statistical distribution form with better effect for
describing the particle parameters [12-14]. Therefore,
we choose a statistical function with the form of log-
normal distribution to fit the measured data. The fitting
results can be seen as the sequence of solid lines in
Fig. 3, and the corresponding equation satisfies:

_1fInly —pn,y ’
Q(IV)ZQ 1 € 2[ o ) ) (€)
O-an|V

where Q is the normalized coefficient with a usual

value 27 . It is easy to see, 5 standard particle
pulse amplitude distribution curves meet logarithmic
normal distribution, the fitting parameters such
as Table 1 [15, 16].

Because the standard particles are sphere
with the same material and surface structure, as well
as the similar optical properties, the random
effect of the measurement sensors for different size
particles is similar. Hence, the geometric mean of the
logarithmic normal distribution’s fitting parameters is
consistent with the certificated average diameter of
standard particles.
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Table 1. Statistic parameter values of the standard particle.

Geometric Geometric standard

Total counting S Peak position Correlation
Sample number mean deviation | coefficient
N Hyy Oy v r

0.38 um 14802 4.54 0.25 57 0.93
0.499 um 21010 5.14 0.24 154 0.97
0.6 pm 17886 5.60 0.22 280 0.98
0.8 pm 34062 6.32 0.28 553 0.98
0.99 pm 30223 7.20 0.25 790 0.94

3. The Nonlinear Transformation
Statistical Invariance of L ognor mal
Distribution

The above experimental results show that the
standard particle’s random scattering pulse signal
characteristic parameters obeys logarithmic normal
distribution with the natural number as independent
variable. It can be seen from Table 1, the fitting
correlation coefficient is very high and the fitting
effect is very good. Due to the similar random factors
of different objects in the process of measurement, the
pulse signal for the light scattering has statistical self-
similarity law. For all characteristics statistical
regularity obeys the lognormal distribution, a
transformation rule can be found between the
independent variables in theory, which makes
experimental results of different characteristic
parameters converge in geometry. Therefore,
lognormal distribution should have self-similar
properties of nonlinear transform unchanged.
According to the differential mean value theorem, we
can obtain [17]:

= (IY )AIY )

20'3 In
e 1 I
=——A In—Y
QY Oy n IY,;/

As expressed by Eq. (4), the independent variable
of different characteristics parameters statistical
distribution function can get the transformation
relationship as:

OY n

IY :(blx )O'X,ln (5)

Obviously, the two independent variables, which
have independent significance in the equation, could
not take natural number sequence at the same time.
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When an argument is natural number sequence,
another one is the non-integer count channel under the
way of non-uniform division, which shows the
nonlinear properties in the transformation. Thus, there
can be thought a non-uniform channel divided way
approach, so the different characteristics statistical
distribution function curves coincide.

In further, transforming Eq. (5) to Eq. (4) by
introducing  scaling  coefficient Z=Q,/Q,
corresponding the transformation, we can have:

al 208
_ Y n
pY(IY)AIY_Q | "
vIvOy I
7(ln|x—1nlx_#)2
_ Q,  aly 2051
Q, QXIXGX,ln
=Z-py (lx)Alx > (6)

where the expression of b in the domain is:

OX n
O In o
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IX

Thus, with two independent characteristic
parameters amplitude V and width 7, when the
statistical distribution function of different physical
characteristic parameters has a lognormal distribution
form, as:

S O ®)

where a:o-ln/ is the fractal dimension of
Int

characteristic parameter.

As aresult, we get the statistical fractal self-similar
nonlinear transformation formula of the different
random independent physical characteristics. And, it
is also known that the fractal dimension is non-integer
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and only related to statistical discrete degree. From the
above deduction, it can be seen that the statistical self-
similar fractal nonlinear transformation relationship
between different physical characteristics is only

related to statistical parameters |, .. ,,0,y,0,,

which reflects the constraint relationship between the
overall nature and the internal statistical parameters of
the random collection. Besides, the above deduction
also reflects the equivalent position of different
physical characteristics in the description of
randomness for the random collection.

4. AirborneParticle Counter Counting
Channel Optimization

Standard particle measurement corresponds to the
sensor calibration process. When laser airborne
particle counter is calibrated, standard particle voltage
of the peak position is usually used to represent
particle size. Then, we can gain the voltage
corresponds to different size and achieve the effect of
divided channel to count the particles’ number.
Fortunately, based on the research of the standard
particle signal statistical distribution, looking for more
and better optimal calibration method plays guiding
role in improving sensors counting efficiency and
particle size resolution.

From measurement results in Fig. 3, it can be found
that this counter can separate different size particles
completely, but there are defects of two aspects. First,
the aerosol particle counter has a total of
2048 channels, but we only need about 900 channels
to complete the calibration process of 5 kinds of
standard particles, the rest of the channels are not used.
Second, the particles of small size have the fewer
counting channels, big size particles have the more
counting channels. However, for the ultraclean
environment of mainly used measuring instruments,
people pay more attention to the distributions of small
size particles.

Therefore, based on the nonlinear transform
statistical invariance of the standard particle counting
distribution curve, and the principle of guarantee
adjacent size particles’ resolution higher than 90 %,
the sensor measurement channels for nonlinear are
adjusted. Hereby, the magnification times of the small
particle increase, and those of large size particles
decreases. But no matter big or small size particles all
can be accurately measured. For example, we can do
nonlinear transformation based on power function in
counting channel of Fig. 3 as Fig. 4.

Measured results and fitting distributions of
standard particles by using the counting channel after
the nonlinear transformation based on power function
are shown in Fig. 5, the fitting parameters are such as
those of Table 2 [15, 16]. Compared with Fig. 3, it can
be found that different size particles’ resolution
remains the same after nonlinear transformation.
Meanwhile, the statistical distribution of the standard

particles is still in a form of logarithmic normal
distribution. And, the statistical results of channel
range originally in the range [1,901] now only
600 channels can be expressed, which means that we
can get a wider range of particle size measurement
within the inherent channel scope of the measuring
instrument. That is to say, nonlinear transformation
can increase measurement range of the instrument
by 1/3.

1200 , : ; Er

1000 F oooeeeeeeee .......... IR . .................... ........ -
BOOF- e ........... ............ ....................... ........... -
BO0 : : ,

a0 | : : 4

The original counting channel kv

200 |- : : : .

i j ; i ;
0 100 200 300 400 500 B00
The counting channel after the nonlinear transform v

Fig. 4. The nonlinear transformation relation based
on power function of counting channel.
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Fig. 5. Measured results and fitting distributions
of standard particles after the nonlinear transformation.

Comparing Fig. 3 and Fig. 5, the form of particle
statistical distributions has not any change after
nonlinear transformation of counting channels, due to
the properties of nonlinear transform invariant for
lognormal distribution. Besides, the small particles’
distribution curves move to the direction of big
channels after transformation. The involved results
manifest that this effects further improve the lower
limit of the instrument as well as complete the
distribution curves of the small particles and get
more measurement details. In other words, this
transformation can enhance the instrument's ability to
distinguish small particle size.
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Table 2. Statistic parameter values of the standard particle after the nonlinear transformation.

Total counting Geometric Geometri_c s_tandard Peak position Correlation
Sample number mean deviation | coefficient
N Hyny Oy v r

0.38 pum 14802 4.54 0.25 138 0.92
0.499 pm 21010 5.14 0.24 227 0.94
0.6 um 17886 5.60 0.22 306 0.97
0.8 um 34062 6.32 0.28 429 0.97
0.99 pm 30223 7.20 0.25 513 0.96

5. Conclusion

The results with the airborne particle as the
standard particle in counter are studied by theoretical
analysis and experimental measurement.
Experimental results show that the statistical
distributions of light scattering random signal obey
logarithmic normal distribution that regard natural
number as the independent variable, under the
condition of large sample and high precision. Further
theoretical analysis results show that the logarithmic
normal distribution has a good nonlinear transform
statistical self-similarity. Based on this, the lognormal
distribution is applied to the measuring instrument
counting channels’ optimization. The results manifest
that the optimization can not only expand the
measurement range of sensor by 1/3, and also promote
the lower limit of the instrument, which can
improve the instrument's ability to distinguish small
particle size.
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