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Abstract
For an optical scattering smoke detector, the detection performance can
be improved by using a laser diode as the light source because of its
strong light intensity and narrow beam. However, the laser is a polarized
light source. So different orientation of the laser diode will affect the light
intensity at each scattering angle. In this paper, the scattering images
projected from the light scattering field of the linearly polarized light
source are obtained by a numerical simulation method. Then the effect
of polarization direction on the light intensity of the scattering field is
investigated. Finally, a spatial averaging method is proposed to reduce
the influence of variable polarization direction on the light intensity at all
scattering angles. The simulation results show that the average value of
scattered light intensities obtained by the proposed method is highly
consistent with that of the unpolarized light source at the same scattering
angle. Therefore, the method can be used for polarization decoupling in
the photoelectric detector equipped with a laser diode.
Keywords: Light scattering, polarization direction, smoke particles,
scattering field simulation, polarization decoupling method
Introduction
In the photoelectric smoke detector, a laser diode can be used instead of
a traditional LED as the light source. Because the laser has a stronger
light intensity and a narrower beam, the performance of the detector
could be significantly improved. But the laser is a polarized light source.
And the different orientation of the laser diode will change the angle
between the polarization plane of the incident light and the scattering
plane of the outgoing light. According to the Mie theory, the light intensity
at each scattering angle will be affected. This would invalidate the fire
detecting rules of the detectors based on the scattered light intensity.
Moreover, multi-wavelength light sources and multi-angle receivers are

used in more and more photoelectric smoke detectors in order to solve
the false alarms problem [1]. In these practical detectors, there is more
than one scattering plane which are not be guaranteed to be coplanar.
Thus the above problem cannot be solved by fixing the laser diode in only
one optimal orientation. Therefore, it is necessary to find a way to
decouple the polarization effect in the light intensity signal of the detector
equipped with a polarized light source.
In this paper, the effect of different polarization directions of the linearly
polarized light source on the light intensity of the entire scattering field is
investigated by a numerical simulation method. And a spatial averaging
method to reduce the influence of variable polarization direction on the
light intensity at all scattering angles is proposed.
Mathematical model of light scattering field
Due to spatial symmetry and considering only spherical particles, the
three-dimensional light scattering field of a photoelectric smoke detector
can be simplified and projected into a two-dimensional scattering image.
A light scattering field model used in this paper is shown in Fig. 1, where
a two-dimensional light scattering image can be received by an array of
photodiodes (PDs) or a piece of charge-coupled device (CCD). A detailed
implementation of the optical structure for imaging light scattering field
can be found in another paper of ours [2]. And this paper focuses on the
investigation of the influence of variable polarization direction of the light
source on the values of the scattered light intensity.

Fig. 1. Geometric diagram of a scattering image projected from the light
scattering field.

In Fig. 1, it is assumed that all aerosol particles are located at the origin
“0” of the three-dimensional coordinate of the light scattering field. The
direction of the incident light is perpendicular to the paper inward at “0”,
which is the positive direction of the X-axis. And the X-Z plane is the
detection plane of the photoelectric smoke detector. A parabolic mirror of
symmetry along the Z-axis is used to project the light scattering field onto
the X-Y plane. Then the equation of this parabolic mirror can be
expressed as:
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is the focal length of the parabolic mirror and the focus is exactly

In the two-dimensional scattering image projected onto the X-Y plane,
and
represent the length and width of the receiving area,
respectively. And the scattering angle at a certain point , can be
expressed as:
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(Eq. 2)

Assuming that the incident light is linearly polarized, the polarization
angle "# of the incident light is defined as the angle between the electric
field direction of the incident light and the positive direction of the Z-axis,
which is not shown explicitly in Fig. 1 where "# = 0°. And " is the angle
between the scattered light direction and the X-Y plane. Then the relative
polarization angle " between the scattering plane and the electric field
direction of the incident light at a point , can be expressed as:
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(Eq. 3)

With Eq.2 and Eq.3, the Mie’s scattering formula can now be used to
calculate the scattered light intensity at each point of the scattering
image, which shows the relationship of the scattered light intensities
versus the scattering angles and the relative polarization angles.
In particular, for unpolarized light sources, the scattering image can be
further reduced to a one-dimensional curve of the relationship between
the scattered light intensities and the scattering angles.
Spatial averaging method
According to Fig. 1, the two-dimensional distributions of the scattering
angles and the relative polarization angles " on the X-Y plane can be
obtained by using Eq. 2 and Eq. 3, which are shown in Fig. 2. The value
ranges of the scattering angles and the relative polarization angles "
are 0-180 and 0-90 respectively, and the units are degree.
In Fig.2, different from that the scattering angle distribution in (a)

is unique, the relative polarization angle distribution in (b) is an example
with the polarization angle of the incident light "# = 0& .
In this way, the scattered light intensity ' , on the X-Y plane can be
calculated by the , " pairs corresponding to each point , , which
can be expressed as:
'
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(Eq. 4)

Where ' , " is the scattered light intensity with a scattering angle
a relative polarization angle ".

(a)
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(b)

Fig. 2. The distributions of (a) the scattering angles
polarization angles " with "# = 0& .

and (b) the relative

As expressed in Eq. 5, the scattered light intensity ' , " can be
calculated by using *
and *
, which are the vertical and horizontal
component of the Mie’s amplitude function, respectively. And it is
convenient to calculate *
and *
based on the Mie theory.
'

, " = |*

| sin " + |*

| cos "

(Eq. 5)

Fire detecting algorithm of the traditional smoke detector equipped with
unpolarized light source is based on the scattered light intensities at one
or more scattering angles. According to the Mie theory, the value of " in
Eq.5 is fixed to 45 degree if the incident light is unpolarized. Therefore
the scattered light intensities '
of the traditional smoke detector are
only related to the scattering angles . However, when the laser diode is
employed as the light source, the scattered light intensities ' , " are
also related to the polarization angles "# , so it is necessary to decouple
the influence of polarization angle from the scattered light intensity.
In order to reduce the influence of variable polarization direction on the
light intensity at all scattering angles, a spatial averaging method can be
used for polarization decoupling, which can be expressed as:
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(Eq. 6)

Where ' , "2 are the light intensity values from the scattering image,
5 is the number of ' , "2 with the same scattering angle in the image,
'̅
is the spatial averaging of the light intensity at each scattering angle.

Numerical simulations
The size of the receiving array in our numerical simulations is assumed
to 1024X768 pixels, which means
= 1024 and
= 768. And the
light source is assumed to be a linearly polarized laser diode with a light
wavelength of 450 nm. Moreover, there are four kinds of aerosol particles
employed, which correspond to the grey smoke, the black smoke, the
DEHS particles and the non-fire aerosol particles used in the standard
fire experiment, respectively. And their particle size distributions are
assumed to satisfy the lognormal distributions with the means, the
variances and the complex refractive indexes listed in Table 1.
Table 1. Main parameters of the four kinds of aerosol particles.
Means < (nm)

Variances =

Refractive Index >

Grey smoke

120

1.6

1.55+0.02i

Black smoke

227

1.87

1.55+0.5i

DEHS particles

500

1.3

1.45

Non-fire aerosol

2500

1.8

1.5+0.015i

The scattering images of the above four aerosol particles obtained by
numerical simulation at the incident light polarization angles "# of 30 and
60 degree and the absolute differences between them are shown in (a),
(b) and (c) of Fig. 3, Fig. 4, Fig. 5 and Fig. 6, respectively. In these figures,
the pixel values of (a) and (b) are normalized to the range of 0.0 to 1.0
for comparison and representation. And (c) are the absolute values of
light intensity differences between (a) and (b), which present that the
different angles between the light source's incident plane and the
detection plane will cause changes in the two-dimensional light intensity
image of the light scattering field.

(a) grey smoke, "# = 30&

(b) grey smoke, "# = 60&

(c) grey smoke, abs(a-b)

Fig. 3. The normalized scattering images of the grey smoke with
polarization angles (a) "# = 30& and (b) "# = 60& , and (c) the
difference.

(a) black smoke, "# = 30&

(b) black smoke, "# = 60&

(c) black smoke, abs(a-b)

Fig. 4. The normalized scattering images of the black smoke with
polarization angles (a) "# = 30& and (b) "# = 60& , and (c) the
difference.
At the two selected polarization angles, the light intensity differences from
largest to smallest are gray smoke, black smoke, DEHS particles, and
non-fire aerosols. Based on the existence of light intensity differences at
different polarization angles, the proposed method is then able to
reducing the influence of variable polarization direction of the light source
by spatial averaging.

(a) DEHS, "# = 30&

(b) DEHS, "# = 60&

(c) DEHS, abs(a-b)

Fig. 5. The normalized scattering images of the DEHS particles with
polarization angles (a) "# = 30& and (b) "# = 60& , and (c) the
difference.

(a) non-fire, "# = 30&

(b) non-fire, "# = 60&

(c) non-fire, abs(a-b)

Fig. 6. The normalized scattering images of the non-fire aerosol with
polarization angles (a) "# = 30& and (b) "# = 60& , and (c) the
difference.

(a)

(b)

(c)

(d)

Fig. 7. The scattered light intensity of the grey smoke for polarization
angles (a) "# = 0& , (b) "# = 30& , (c) "# = 60& and (d) "# = 90& .
The spatial averaging results of the scattered light intensity for gray
smoke and black smoke at the polarization angles "# of 0, 30, 60, and
90 degree are shown in Fig. 7 and Fig. 8, respectively. For comparison,
the scattered light intensity of the unpolarized light source is also plotted
in these figures. In these figures, “NaN” presents the scattered light
intensity of the unpolarized light source and “Cal” presents the result of
spatial averaging. It is obvious that all curves of spatial averaging match
quite well with the corresponded ones of the unpolarized light source.
Assuming that the scattered light intensity of the unpolarized light source
is the true value, the maximum relative errors of the scattered light
intensities, the corresponded scattering angles, and the relative errors
after spatial averaging for the above four aerosol particles at different
polarization angles are listed in Table 2.

(a)

(b)

(c)

(d)

Fig. 8. The scattered light intensity of the black smoke for polarization
angles (a) "# = 0& , (b) "# = 30& , (c) "# = 60& and (d) "# = 90& .
The spatial averaging method works better for gray smoke and black
smoke because there are more pixel points in the scattering image to be
used for averaging at the corresponded scattering angles. In contrast,
the spatial averaging method becomes less effective for DEHS particles
and non-fire aerosol because the scattering angles corresponding to the
maximum relative errors are close to 180 degree and there are few pixel
points in the scattering image to be used for averaging.
Conclusion
As a key part of the principle of photoelectric smoke detectors, the
accurate measurement of light intensities at one or more scattering
angles determines the accuracy of detecting fires. The above simulation
results represent that the proposed spatial averaging method based on
the scattering image has significant improvement in reducing the
influence of variable polarization direction on the light intensities at all
scattering angles in the photoelectric smoke detector equipped with
a laser diode.

Table 2. The relative error results of spatial averaging.
Polarization
angle "# (o)

Grey
smoke

Black
smoke

DEHS
particles

Non-fire
aerosol

0
30
60
90
0
30
60
90
0
30
60
90
0
30
60
90

Scattering
angle (o)
98
98
98
98
82
82
82
82
160
160
160
160
167
167
167
167

Original
Relative error
relative error after averaging
E0 (%)
E1 (%)
42.40
21.20
21.20
42.40
50.79
25.40
25.40
50.79
62.28
31.14
31.14
62.28
23.94
11.97
11.97
23.94

2.16
1.05
1.12
2.16
2.59
1.26
1.34
2.59
39.87
19.94
19.94
39.87
19.77
9.89
9.89
19.77
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