
Infrared Physics & Technology 83 (2017) 243–251
Contents lists available at ScienceDirect

Infrared Physics & Technology

journal homepage: www.elsevier .com/locate / infrared
Regular article
Wavelength selection of bidirectional laser transmission based on Monte
Carlo method
http://dx.doi.org/10.1016/j.infrared.2017.05.008
1350-4495/� 2017 Elsevier B.V. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: yuanyuan83@hit.edu.cn (Y. Yuan), hitaiqing@hit.edu.cn (Q. Ai).
Chuanxin Zhang a, Xusheng Zhang b, Yuan Yuan a,⇑, Qing Ai a,⇑, Heping Tan a

a School of Energy Science and Engineering, Harbin Institute of Technology, 92, West Dazhi Street, Harbin 150001, PR China
bChangchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, PR China

h i g h l i g h t s

� A model of transient radiative transfer of bidirectional path laser was developed.
� The radiative characteristics of five different spectral bands were calculated.
� The optimal bands were determined in different atmospheric conditions.
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The laser detection technology in uncertain and dynamic environments is of utmost importance in many
fields. A model of transient radiative transfer of bidirectional path laser based on Monte Carlo method is
developed to investigate the optimum wavelength of active detector at complex atmospheric conditions.
The radiative parameters of atmosphere are calculated by HITRAN database and Mie theory at several
typical atmospheric conditions including the standard atmosphere, urban aerosol, and radiation fog.
Transmission characteristics for five spectral bands at the above atmospheric conditions are calculated
by this model. The optimal transmission ability occurred in bands 0.2–0.5, 1.4–1.6, and 0.75–1.25 lm
on the condition of standard atmosphere, urban aerosol, and radiation fog, respectively. All results pro-
vide effective reference and basic support for choosing the optimal spectral band for active detection.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The laser detection technology in uncertain and dynamic envi-
ronments is of utmost importance for laser ranging, Lidar, and
resources exploration [1,2]. Laser detection can be divided into
active detection and passive detection according to whether the
systemneeds illuminant or not [3,4]. The passive detection technol-
ogy has been studied deeply because it can provide coverage ofwide
areas at a moderate running cost [5–9]. System itself does not carry
illuminant, which detects by using the radiation of target and sur-
rounding. Target signal is easily submerged by the background in
inclement weather, such as dominated backward scattering, which
cause a poor resolution. It leads to be difficult to clearly recognize
and identify the remote target [10–12]. The active laser detection
technology can overcome most of the drawbacks of passive one
[13–15,3,16]. Combined with range gate technique, the signal noise
ratio of target echoes would be effectively improved [17].
A lot of papers have been published on active laser detection
and range-gated imaging. Zhang and Sun analyzed the effects of
divergence angle, incident angle and detection distance on the
active laser detection system [3]. Zhang et al. proposed a comb-
based active laser ranging scheme for enhanced distance resolution
and a common time standard for the entire system [18]. Chen et al.
presented a method of active laser ranging over interplanetary dis-
tances with asynchronous two-way ranging which is validated in
real time laboratory experiments and field tests [19]. Degnan
developed the models for various sources of noise in an interplan-
etary transponder link which includes planetary albedo, solar or
lunar illumination of the local atmosphere, and laser backscatter
off the local atmosphere [20]. Busck and Heiselberg designed a fast
and high-accuracy three-dimensional imaging laser radar based on
range-gating segmentation [21]. Steinvall et al. systematically and
experimentally investigated the laser radar model and range gating
technique. They presented some advanced concepts for gated
viewing including a spectral diversity illuminating technique for
speckle reduction and bistatic configurations. And they discussed
with respect to image quality and processing techniques during
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Nomenclature

a, b control parameter of particle size distribution
c, c0 speed of light in the medium and vacuum, respectively
eq direction cosine
f mirror-diffuse ratio
g anisotropy factor
G incident spectral radiation of time domain
I radiative intensity
i, j, k unit vector
L transmission length
n particle number per unit volume
PLaser incident power of Gaussian pulse peak
Pt receive power of detection area
qkx, qky, qkz scalar quantity in x, y, z direction, respectively
ri, rg incident radius and mean radius of aerosol, respectively
Rh, Ru, RL random number
tp pulse time
W width of rectangular

Greek symbols
jek extinction coefficient
jak absorption coefficient
jsk scattering coefficient
xk scattering albedo
U scattering phase function
k wavelength
m space variance variable
q reflectivity
C Gamma function
rs scattering coefficient
r mean square deviation
h0 zenith angle
hc critical angle
hi incident angle of incident ray
ht refraction angle of incident ray
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different range and atmospheric conditions [22–24]. Several
numerical methods, such as Monte Carlo (MC) method [25–27],
discrete ordinate method [28–30], and finite-volume method
[31], have been applied to the transient radiative transfer in recent
years. The MC simulation is extremely suitable for solving tran-
sient radiative transfer as the conversions between space and time
are easy to achieve. The full-spectrum calibration is usually used to
carry out by the above methods [32]. However, wavelength selec-
tion is essential to gain better prediction performance [33–35].
Few papers studied the wavelength selection in complex atmo-
sphere using bidirectional laser transmission based on Monte Carlo
method. It motivated us to study this future.

This paper investigated the transient radiative transfer of pulse
laser in two-dimensional participating medium by the MC method.
A model of bidirectional path transient radiative transfer of pulse
laser was developed in Section 2. The echo signal characteristics
of pulse laser in different weather conditions at spectrum ranges
of 0.2–2.2 lm were analyzed in Section 3. The adaptability of dif-
ferent wavelength lasers was discussed and the optimum wave-
length in different weather conditions was given.
2. Method and model

2.1. Transient radiative transfer equation

The ultrashort pulse laser is characterized by a high peak inten-
sity which is far greater than that of the medium self-radiation
[36]. Transient radiative transfer equation in an absorbing, scatter-
ing and non-emitting medium can be written as

1
c
@Ikðs; s; tÞ

@t
þ @Ikðs; s; tÞ

@s
¼ �jekðsÞIkðs; s; tÞ þ jskðsÞ

4p

�
Z
4p

Ikðs; si; tÞUkðsi; sÞdXi ð1Þ

where

jekðsÞ ¼ jakðsÞ þ jskðsÞ ð2Þ
Here, c is the propagation speed of light in the medium, U is

scattering phase function, jak, jsk, and jek are the absorption, scat-
tering, and extinction coefficients, respectively, and Ikðs; s; tÞ is the
radiative intensity at position s along direction s at time t.
Assumed the property parameters of medium, including jak, jsk,
and jek, do not vary with location s. Divide both sides of Eq. (1) by
jek, and the transient radiative transfer equation of pulse laser can
be obtained on the spectral optical thickness sk, which can be rep-
resented as

dIkðsk; s; tÞ
dsk

¼ �Ikðsk; s; tÞ þxk

4p

Z
Xi¼4p

Ikðsk; si; tÞUkðsi; sÞdXi ð3Þ

where sk ¼
R s
0 jekðxÞdx, xk is scattering albedo. Just absorption

occurs when xk ¼ 0 and scattering occurs when xk ¼ 1.
The vector of radiative heat flux density of time domain qkðs; tÞ

is written as Eq. (4). Incident spectral radiation of time domain
Gkðs; tÞ is given by Eq. (5).

qkðs;tÞ¼
Z
4p
Ikðs;s;tÞ�eqdX¼ iqkxðs;tÞþjqkyðs;tÞþkqkzðs;tÞ
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Ikðs;s;tÞcosbdXþk

Z
4p
Ikðs;s;tÞcoscdX

ð4Þ

Gkðs; tÞ ¼
Z
4p

Ikðs; s; tÞdX ð5Þ

where qkx, qky, qkz is the scalar quantity along the Cartesian coordi-
nates x, y, and z directions, respectively, eq is direction cosine, i, j, k
is unit vector.

2.2. Transmission probability model

Radiative intensity is defined by Eq. (6) according to Bouguer’s
law when the pulse laser transferred to an absorbing, scattering
and non-emitting medium. The propagation distance and optical
thickness of each random transfer in the MC method by Eqs. (7)
and (8), respectively. The transmission time can be obtained by
Eq. (9).

Ik;L ¼ Ik;0 expð�bkLÞ ð6Þ

Li ¼ � lnRL=bk ð7Þ

ski ¼ � lnRL ð8Þ

ti ¼ Li=c ¼ niLi=c0 ¼ niski=c0bk ð9Þ



0 100 200 300 400
0

4

8

12

Tr
an

sm
is

si
vi

ty
×1

06

t (ps)

This work

        Ref. [23]

Locations A, B, C

Fig. 2. Comparisons of temporal transmissivity at three different detector locations
subject to different temporal variations of Gaussian input pulse.
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where c0 is the propagation speed of light in vacuum, ni is the
refractivity of medium, RL is the random number between 0 and
1, Li is the propagation distance, and ti is the transmission time.
The relationship between initial and final positions can be shown as

x1 ¼ x0 þ L0 sin h0 cosu0

y1 ¼ y0 þ L0 sin h0 sinu0

z1 ¼ z0 þ L0 cos h0

8><
>: ð10Þ

where ðx0; y0; z0Þ and ðx1; y1; z1Þ are the initial and final position,
respectively, ðh0;u0Þ is the direction of initial light, L0 is the propa-
gation distance.

The direction of light propagation after scattering is determined
by the scattering phase function. Since scattering in air and water
is characterized by the Henyey-Greenstein phase function Eq. (11),
which gives a sharp forward scattering peak [37,38].

UðhÞ ¼ ð1� g2Þ=ð1þ g2 � 2g cos hÞ1:5 ð11Þ
where h is the scattering angle, g is the asymmetry factor and a
property parameter of the material which determine the shape of
phase function, �1 � g � 1. It can be used to generate a primarily
forward scattering function (g < 0) or a primarily backward scatter-
ing function (g > 0) or an isotropic function (g = 0).

The exact analytical solution can be expressed as

cos h ¼ 1
2g

1þ g2 � 1� g2

1� g þ 2gRL

� �2
" #

ð12Þ

where the random cos h can be achieved by generating a set of
uniformly distributed value RL following the distribution law.
The probability model of scattering direction can be utilized for
the MC simulation.

2.3. Comparison and verification

Consider transient radiative transfer in two-dimensional slab,
as shown in Fig. 1. The two-dimensional case is as example used
to validate the transient radiative transfer of laser in this section.
The geometric dimensions are L in thickness in the z direction, W
in width in the y direction, and infinite in the x direction [27].
The pulse laser is normally incident upon the participating med-
ium from the origin of the Cartesian coordinates. Three detectors
with detection radius r are equally located in the line between inci-
dent and exit plane. The basic values of parameters are L = 10 mm,
W = 10 mm, tp ¼ 10 ps, ri = 1.0 mm, bk ¼ 1:0 mm�1, xk ¼ 0:997,
Ds ¼ 2 mm, m ¼ ri, ns ¼ 1:33, refractive index of surrounding envi-
ronment n is 1.0. To compare the results of two conditions, the
square input pulse and Gaussian input pulse are set in [0; tp] and
[�2tp; 3tp], respectively.
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Fig. 1. Model of medium geometry and coordinates profiles of pulse laser
incidence.
Combined the length and width of cross section, the location of
each detector along with the Cartesian coordination can be calcu-
lated. Mirror reflection occurs at the interface. Fresnel reflection
is taken into account at the input and output interfaces which
are exposed to air. A linear anisotropic scattering phase function
is adopted to analyze the variation of characteristics of transmis-
sion and reflection influenced by the scattering direction.

The reflectivity of two lateral sides (y =W/2 and y = �W/2) is 0,
which means the incident lights are all absorbed by the lateral
sides. For the incident face (z = 0) and transmission face (z = L),
the reflectivity is 0 when the incident angle of interface is smaller
than the critical angle, and the reflectivity is 1.0 when the incident
angle of interface is greater than the critical angle. The bundles
number is 1.0 � 107. Signal characteristics of transmission and
reflection of Gaussian pulse and square pulse is calculated. Com-
parisons of temporal transmissivity at three different detector
locations subject to different temporal variations of Gaussian input
pulse and square input pulse are shown in Figs. 2–5.

The results of reflectivity and transmissivity for each detector
match well with Ref. [27], which further verify the correctness of
the method and model. The volatility of transmissivity is stronger
than that of reflectivity since the high scattering albedo of medium.
The influence of time domain pulse shape on the signal distribu-
tion for each detection point is slight according to comparing the
results of Gaussian pulse and square pulse.
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Fig. 3. Comparisons of temporal reflectivity at three different detector locations
subject to different temporal variations of Gaussian input pulse.
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Fig. 4. Similar to Fig. 2 but for the square input pulse.
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Fig. 5. Similar to Fig. 3 but for the square input pulse.
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2.4. Atmosphere radiative transfer model

The model of atmospheric radiative transfer is established to
study the optimum band of laser detection for different atmo-
spheric conditions in this section. Simplified conditions are given
as following:

(1) The effect of earth curvature on the echo signal is omitted
since that the altitude is much smaller than that of earth
radius. Turbid atmosphere is regarded as a parallel plane
layered structure.
t0 t1Laser Incidence 

Fig. 6. Sketch of transient radiative tra
(2) The composition and property parameters of atmosphere
vary with the altitude. The spectral extinction coefficient,
scattering albedo, scattering phase function are constant in
each layer.

(3) Clouds, fogs and aerosols are composed of opaque uniform
particles. The species and number density keep constant at
the same altitude. The refractive index of turbid atmosphere
including fogs and aerosols is as same as standard dry
atmosphere.

(4) Complex physical processes, such as atmosphere turbid
effect, intense laser non-linear effect are omitted. The slight
scattering effect of atmosphere media on pulse laser and
autologous emitting effect is not taken into account.

The characteristics of spectral absorption and scattering of
pulse laser are considered for the complex atmosphere medium.
Scattering effect is generated by the particles which suspend in
the standard atmosphere. The three-dimensional simplified
transmission model which is infinity in horizon direction and lay-
ering in vertical direction is obtained. The standard structured
grids are obtained by layering the space in the horizontal and ver-
tical direction. The sketch of transient radiative transfer model in
two layers media is shown as Fig. 6.

Pulse laser projected the upper surface of the second layer
where radiative energy experienced absorption and scattering for
many times. A part of energy returned back to the surface after
reflection and scattering. Meanwhile, the rest energy transmitted
the second layer and reached the first layer near the ground. The
time which target signal and noise turned back the detector is dif-
ferent. Therefore, the energy of signal and noise can be differenti-
ated according to controlling the switch time of strobing gate.
Some energy of weak noise still existed in the target signal though
the above technique is adopted. The transmission length of noise is
as same as that of target signal in medium, which does not reach
the target surface. Hence, it is necessary to analyze the signal noise
ratio.
3. Results and discussion

The adaptability of laser transfer in different wavelengths and
atmospheric conditions is investigated in this section. Absorption
coefficients of standard atmosphere at 0.5–2 lm at 0–1 km is
shown in Fig. 7. Absorption coefficients are small in some ranges,
i.e., the corresponding transmission performance is better than
others. The detection wavelengths are selected, which are shown
in Table 1. The wavelength of band I and bands II–V are calculated
by MODTRAN and HITRAN, respectively. Different atmospheric
t2

Target surface 

1st layer 

2nd layer

nsfer model in two layers media.
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Fig. 7. Absorption coefficient of standard atmosphere.

Table 2
Different atmospheric conditions.

Altitude range 0–1 km

Atmospheric condition Standard atmosphere
Typical urban aerosol
Urban aerosol and radiation fog
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conditions are shown in Table 2. The transmission performances of
laser transfer in the conditions including different atmosphere con-
ditions with various compositions are discussed.
3.1. Basic parameters and conditions

The effect of detection radius and reflection on characteristic of
laser transfer is discussed in this section. Spectral absorption coef-
ficient of standard atmosphere is calculated line-by-line at 0–1 km.
Band mean absorption coefficient is obtained by the method of
Planck mean absorption coefficient. The results are shown in
Table 3. Spectral extinction coefficient increases with the increas-
ing wavelength. The scattering effect is omitted and the scattering
albedo is set to 0.0 since many small gas molecules exist in the
standard atmosphere.

Basic values of parameters are tp ¼ 10 ns, di = 30 mm, m ¼ ri,
pulse time duration is 0–5tp, detection point and incident point
at same location, detection diameter is 100 mm, laser vertically
incident to the medium, and the reflection coefficient of ground
target qd

k is 1.0.
The concept of echo signal ratio (ESR) is adopted in order to

elaborate this question. ESR is defined as the ratio of received
power of detector and peak power of Gaussian pulse. It can be
descripted as

ESR ¼ Ptðp r2i ; tÞ
PLaserðt ¼ tcÞ ð13Þ

where Pt is the received power of detector at time t, PLaser is the peak
power of Gaussian pulse. The energy cannot be received by the
detector if ESR 6 10�12.

The dependence of ESR on pulse time of band I when the detec-
tion radii are 0.5, 5.0 and 50 m are shown in Fig. 8. ESR increased
obviously with the increasing detector radius. The peak values of
the ESR shift to the right side with the increasing detection area.
The perfect diffuse reflection and mirror reflection do not occur
for the real target surface. Reflection characteristic of most mate-
rial surface is between the mirror reflection and diffuse reflection.
Mirror-diffuse reflection probability model which combined the
mirror reflection and diffuse reflection of the MC method is
proposed.
Table 1
Laser bands.

Bands I II

Wavelength (lm) 0.2–0.5 0.5–0.75
The light incidents the target surface with an angle h
(0 < h < p/2) in the local coordinate of reflection surface. Specular
reflectivity is a function of pulse wavelength and incident angle,
and the reflection direction is decided by Fresnel law. Diffuse
reflectivity is related with wavelength. The mirror-diffuse ratio is
used to describe the relationship of incident wavelength and
roughness of target surface. Reflection characteristic of real target
surface in local coordinate can be expressed as

qsþd
k ðhÞ ¼ f 0 � qs

kðhÞ þ ð1� f 0Þqd
k ð14Þ

hsþd ¼ h

usþd ¼ u

(
ðf 6 f 0Þ ð15Þ

hsþd ¼ arccos
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Rh

p� �
usþd ¼ 2pRu

(
ðf > f 0Þ ð16Þ

where qsþd
k ðhÞ is the real spectral reflectivity of target surface, hsþd,

usþd are zenith angle and circumference angle of incident ray in
local coordinate, respectively, Rh, Ru are both random number
drawn from a uniform distributed between 0 and 1. f can control
the reflection direction and reflectivity of real surface. f = 0, f = 1,
and 0 < f < 1 correspond to the conditions that the surface is diffuse
reflection, mirror reflection and range between diffuse and mirror
reflection, respectively.

Dependence of ESR on pulse time of five bands is shown as Fig. 9
when f is 1.0. ESR is greatly affected by the spectral extinction coef-
ficient of dry atmosphere. On the other hand, initial respond time
and the peak value of ESR is not affected by the spectral extinction
coefficient. Normalization method was used to deal with the ESR
results. ESR of different spectral extinction coefficient has the same
time domain distribution, i.e., the extinction coefficient just affects
ESR, and it does not affect the time spread of echo signal for dry
atmosphere medium. Bands I, II and III have a better transmission
at 0–1 km in clean and dry atmosphere, and the transmission
decreases with the increasing extinction coefficient.

3.2. Urban aerosol

The aerosols with various types and size are suspended in the
atmosphere even in clear weather condition, which has an extra
absorption and scattering effect on pulse laser. The elaborated
observation data of the aerosols in different time, place and alti-
tude is lacking because of complex of types, concentration and size
spectrum distribution at present. Radiative characteristic of aerosol
is described by aerosol model in many papers [39–41]. Complex
refractive index and size spectrum distribution are calculated by
aerosol model, and the absorption and scattering index is deter-
mined by Mie scattering theory.

Considering the complicated characteristics of aerosol particles,
some functions are used to determine the distribution of particles
III IV V
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Table 3
Spectral mean property parameters.

Bands I II III IV V

Extinction coefficient (m�1) 1.68 � 10�5 3.46 � 10�5 9.78 � 10�5 8.09 � 10�4 1.78 � 10�3
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size [42,43]. The Log-normal distribution model is shown as
following.

nðrÞ ¼ 1ffiffiffiffiffiffi
2p

p
r

1
r
exp

�ðln r � ln rgÞ2
2r2

" #
ð17Þ

where r is mean square deviation, rg is mean radius of aerosol. The
number density is the biggest when r ¼ rg .

Turbid atmosphere of log-normal distribution is adopted. The
spectral band mean parameters at 0–1 km and the results are
shown in Table 4. It can be drawn that scattering albedo and the
extinction coefficient of the aerosol is bigger than that of the dry
atmosphere. Spectral extinction coefficient and scattering albedo
are independent and different for bands since strongly spectral
selection of aerosol particles.
Table 4
Mean property parameter of atmosphere with urban aerosol.

Bands I II

Extinction coefficient (m�1) 9.29 � 10�2 1.23 � 10�2

Scattering albedo 0.866 0.881
The received energy of the detector can be divided into signal
energy which is reflected by the target surface and noise energy
which undergoes several times scattering and is not reflected by
the target surface. Target signal ratio (TSR) and scattering noise
ratio (SNR) are proposed to describe scattering characteristic of
atmosphere. The definition of TSR and SNR are shown as follows.

TSR ¼ Ptarget
t ðpr2i ; tÞ

PLaserðt ¼ tcÞ ð18Þ
SNR ¼ Pnoise
t ðpr2i ; tÞ

PLaserðt ¼ tcÞ ð19Þ

where Ptarget
t and Pnoise

t are the received target signal power and scat-
tering noise, respectively. Obviously, ESR is the sum of TSR and SNR.

SNR and TSR of 5 bands are calculated at 0–1 km when f = 1.0.
The results are shown in Figs. 10and 11. Time which scattering
noise signal arrives at the detector is earlier than that of the target.
It can be seen from Fig. 10 that the time is at 0.0–50.0 ns, i.e., the
detector receives SNR simultaneously when the pulse laser arrives
at the medium. The value of SNR is biggest when the incident pulse
peak is 25 ns. It can be seen from Fig. 11 that the TSR of bands I, II
and IV are zero, and the detection target signal only exist in bands
III and V. Spectral extinction coefficient is big when TSR is zero,
which leads to loss most laser energy during the transfer process
and only the rest tiny energy arriving at the target surface. The
probability that the echo target lights arrive at the detector surface
sharply decreases because of the small area of detector and large
distance between target and detector. Band V has a stronger echo
signal than that of band III since the spectral extinction coefficient
of band V is bigger than that of band III.
III IV V

4.42 � 10�3 4.33 � 10�2 4.27 � 10�3

0.861 0.799 0.480
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3.3. Radiation fog

Radiation fog is studied to discuss the effect on the double pass
radiative transfer of pulse laser. The particle size distribution of
radiation fog meets the Deirmenjian spectral model, which can
be written as

nðrÞ ¼ ara expð�brbÞ ð20Þ

where a, b, a and b are 17797.64, 8.21, 5.21 and 0.40, respectively.
The average property parameters of radiation fog are calculated
based on Mie scattering theory and the complex refractive index
of water drop. These parameters are shown in Table 5.

Compared mean property parameters of radiation fog to urban
aerosol, it can be seen that the extinction coefficient and refractive
index of radiation fog are bigger than that of urban aerosol. The
refractive index of radiation fog is close to 1 which means extinc-
tion effect of pulse laser is mainly manifest on the scattering.
Table 6 shows the average property parameters of radiation fog
at 0–1 km. It can be seen that the extinction index of band III is
the smallest.

Average property parameters of radiation fog in Table 5 are
used to calculate the value of ESR. The results show that the TSR
of all bands are zero, i.e., the detector cannot receive the reflection
energy of target surface in uniform radiation fog atmosphere con-
dition at 0–1 km. The results of radiation fog are same to that of
urban aerosol.

The optical thickness is calculated when basic calculation
parameters keep constant at 0–1 km. TSR at different extinction
index with a refractive index of 1.0, a mirror-diffuse ratio of 1.0
and a detective threshold of 1.0 � 10�12 is shown in Fig. 12. The
whole surface of detector can receive 1.0 � 10�12 W energy when
the pulse power of laser emitter is 1 W.
Table 5
Spectral mean property parameters of radiation fog.

Bands I II

Extinction coefficient (m�1) 0.0134 0.026
Scattering coefficient 1.000 0.999

Table 6
Spectral mean property parameters of uniform radiation fog.

Bands I II

Extinction coefficient (m�1) 0.134 0.0263
Scattering coefficient 0.999 0.998
TSR is less than the threshold when the extinction index is
0.0085 m�1. The biggest extinction coefficient is roughly set to
0.0084 m�1 at 1 km. Its maximum optical thickness of round trans-
fer process is 16.8, confidence interval is ±0.2 accordingly. The TSR
will increase because the vertical depth of real fog is less than 1 km
when it is filled with radiation fog at 0–1 km.

The maximum detector depth of each band in radiation fog is
estimated, which is shown in Fig. 13. Transitive ability can be illus-
trated by the maximum detection depth. The optimal is band III.
The following are bands II and V.
3.4. Transmission property

Transmission properties of each band at different atmosphere
conditions is investigated in the above sections. Brief results of
III IV V

0.0137 0.321 0.0246
0.999 0.992 0.949

III IV V

0.0132 0.322 0.0264
0.993 0.989 0.885



Table 7
Transmission ability of each band at different atmosphere conditions.

Transmission ability Standard atmosphere Aerosol Radiation fog

Strong Band I Band V Band III
Moderate Band II Band III Band II
Weak Band III / Band V
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transmission property are shown in Table 7. The transmission abil-
ity of band III is strongest in the typical urban aerosol and radiation
fog air turbid medium, the next is band V. The optimal transmis-
sion ability occurred in bands I, V, and III on the condition of the
standard atmosphere, aerosol, and radiation fog, respectively. The
strong target echo signal in the above atmosphere conditions can
be obtained when the detector wave length is in the range of
0.75–1.25 lm.

4. Conclusions

The model of transient radiative transfer of bidirectional path
laser based on Monte Carlo method is developed to investigate
the optimum wavelength of active detector at complex atmo-
spheric conditions. It was used to calculate the effect of wave-
length on the echo signal characteristic for typical atmosphere
conditions, such as standard urban aerosol and radiation fog. The
following conclusions are drawn:

(1) The characteristics of radiative transfer in dispersion media
for pulse laser are analyzed. Active detection conditions of
pulse laser and the model of bidirectional path transient
radiative transfer are proposed. Reflection characteristics of
target surface are analyzed. The effect of radius of detector
on ESR is studied. It is difficult to receive the reflection signal
of detector surface in the condition of strong diffuse of
ground and small radius of detector.

(2) The optimal transmission property occurred in the bands I,
V, and III on the condition of dry atmosphere condition,
urban aerosol atmosphere condition, and radiation fog and
complex atmosphere condition, respectively. Band V is the
optimal choice when the detection environment is in the
continental urban. Band III is the optimal choice in radiation
fog. The results provide basic support to choice the optimal
spectral band for active detection.
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