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Laser detection devices obtain target information from back-scattered light, such as lidar. The rec-
ognition rate can be improved by analyzing intensity and polarization of echo signal. In this paper, 
Monte Carlo method is used to generate a large number of randomly rough surfaces to simulate 
targets. Every rough surface is discretized into a large number of micro-surface elements. Stokes 
parameters of back-scattered light are calculated by numerical integration. Incident light is p-, s-, 
45° linearly polarized light and right-hand circularly polarized light, respectively. Numerical re-
sults show that when s- and p-linearly polarized light incident on a metal rough surface, back-scat-
tered light appears circularly polarized component. Metal rough surface resembles a wave plate 
with phase difference, with the fast axis parallel or perpendicular to the 45° direction. When linearly 
polarized light is incident on dielectric rough surface, back-scattered light has no circularly polar-
ized component. Experimental data are consistent with the numerical results. The above research 
provides a new basis for laser detection device to identify metal targets from the environmental 
background. 

Keywords: back scattering, randomly rough surface, Stokes parameters, Monte Carlo method, polarized 
light. 

1. Introduction 

Lidar is a typical single-station detection system that detects position and velocity of 
a target by transmitting and receiving laser beam. Lidar detection can obtain very high 
resolution of angle, range, and speed, which has the advantages of good concealment 
and strong anti-active jamming ability. A laser beam has a good direction, and can be 
modulated very narrowly. It is very difficult for the enemy to intercept it. The trans-
mitting system of lidar has small aperture and narrow receiving area, and the proba-
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bility of laser jamming signal entering the receiver is very low. Therefore, lidar is 
suitable for working in an increasingly complex and intense information warfare en-
vironment. Due to the influence of various ground objects echo in a microwave radar, 
there are some blind areas in the low altitude. However, for lidar, only the irradiated 
target can produce reflection, and there is no impact of ground object echo at all. There-
fore, it can work with good detection performance at low altitude. Lidar also has the 
advantages of small size and light weight. Traditional lidar only depends on the inten-
sity of back-scattered light, which has great limitation. Polarization is an important 
property of laser and can effectively improve the information dimensions of echo. 
The polarization of the back-scattered light is closely related to the roughness, geom-
etry, material and structure of the object surface. Which is taken into account in po-
larized lidar can greatly improve the detection performance. 

Polarized lidar is based on the polarization property of back-scattered light. Prototype 
lidar development is complex and expensive. For the design of lidar, modeling and 
simulation of the polarization property of back-scattered light are very important. 
Numerical simulation technology has the characteristics of high accuracy and is easy 
to be carried out, which can provide a theoretical basis for the design of lidar prototype. 
Many scholars have studied the numerical analysis of the polarization characteristics 
of scattered light. SÁNCHEZ-GIL et al. numerically studied multiple scattering of light 
from one-dimensional randomly rough metallic surfaces by Monte Carlo simulation 
method based on the extinction-theorem boundary conditions [1,2]. MÉNDEZ et al. 
studied the statistics of the polarization properties of one-dimensional randomly rough 
surfaces [3]. MAKSIMOVA et al. studied the polarization characteristics of scattered light 
by the Monte Carlo computer simulation technique [4–6]. WANG et al. presented a full 
discussion on polarized light propagation in turbid media, and simulated the propaga-
tion behavior of two-dimensional Stokes vectors and Mueller matrices under various 
conditions by Monte Carlo algorithm [7]. JIN et al. showed the angle-resolved Stokes 
parameters of several objects with rough surface, and derived depolarized components 
caused by scattering [8]. They investigated the patterns of polarization degrees and the 
Stokes vectors of the scattered light in terms of transverse and longitudinal scattering 
angles [9]. DELACRÉTAZ et al. simulated the field back-scattered from a rough surface, 
and took into account polarization and multiple scattering events on the surface, as well 
as diffraction effects. They demonstrated the validity and usefulness of the simulation 
in the case of surface topology measurement [10]. LETNES et al. calculated the Mueller 
matrix, which contained all the polarization properties of light scattered from a two-di-
mensional randomly rough lossy metal surface [11,12]. GUIRADO et al. modeled reflec-
tion of light on rough surface by the Monte Carlo technique and found high sensitivity 
of the maximum of the degree of linear polarization to the real part of the refractive 
index [13]. They developed an accurate Monte Carlo method to predict polarization 
signatures of sunlight reflected from the surface of a planetary body [14]. WANG et al. 
proposed a novel Monte Carlo model to acquire the reflective polarization information 
from rough surface with arbitrary layers and profiles [15]. GUAN et al. simulated the 
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transmission characteristics of polarized light in water with specific particle and at-
tenuation coefficient by the Monte Carlo program [16]. YUN et al. simulated polarized 
photon scattering in anisotropic media and tissues [17,18]. JIANG et al. described the 
depolarization characteristics of rough surface by M11/M00 of Mueller matrix [19,20]. 
YAN et al. calculates the Mueller matrix distribution of one- and two-dimensional rough 
surfaces [21–24]. The Monte Carlo simulations for polarization information reflection 
and transmission have made important progress. WANG et al. constructed an active im-
aging model within 10 km of the atmosphere from the satellite to the ground based on 
the Monte Carlo algorithm [25]. LI et al. described the glucose concentrations changes 
in the scattering system by polarization imaging technology [26]. They used indices 
of polarimetric purity obtained from different reflective interfaces as a criterion of 
depolarization property to characterize and classify targets covered by organic paint 
layers with different roughness [27]. They introduced a reflective polarization based 
computational ghost imaging system based on a Monte Carlo model under the foggy 
environments [28]. They proposed polarization remote sensing with the modified  
U-Net based deep-learning network [29], etc. 

In the scattering calculation, the numerical simulation of the polarization property 
of back-scattered light used in lidar design is rare. It is important to carry out nu-
merical simulation of scattered light polarization for lidar target detection and recog-
nition. It can provide basis for lidar prototype development. In this paper, the Monte 

Fig. 1. The flowchart of Stokes vector calculation of back-scattered light by the Monte Carlo method. 
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Carlo method is used to generate a large number of randomly rough surfaces to simulate 
targets, and the flowchart of Stokes vector calculation of back-scattered light by the 
Monte Carlo method is shown in Fig. 1. Every rough surface is discrete into a large num-
ber of micro-surface elements. Kirchhoff approximation (KA) method is used to calcu-
late the surface current and magnetic flux of the target surface, and then total scattering 
field is obtained. Back-scattered light of dielectric and metal rough surface is simulated 
numerically and obvious difference is found. Experimental measurements are carried 
out. It can provide a basis for the design of single-station laser detection system. 

2. Methods 

2.1. Generation of two-dimensional randomly rough surfaces 

In practical application, it is necessary to measure the surface height fluctuation fi 
(i = 1, 2, ..., N, and N is the number of sampling points). The length of the rough surface 
is L. Then, we can calculate the root mean square of rough surface height δ and the 
correlation coefficient ρ ( l): 

1 N 2 2  δ = ---------------- f i N  f f –    , f = ------- f i (1) 
1 


N 

N – 1 i = 1 N i = 1 

–1 
N + 1 – j

ρ l = , ( j = 1, 2, ..., N ) (2) f i f i + j – 1 
N 

fi 
2 

i = 1 i = 1 

In Eq. (2), l = ( j – 1)L /N. When ρ ( l) = 1/e, lc = l, and lc is called the correlation length. 
TOPORKV et al. introduced a generation method of spectral fast Fourier transform (FFT) 

of one-dimensional randomly rough surface [30,31]. We introduced the generation of 
a two-dimensional rough surface. 

The length and width of the two-dimensional rough surface are Lx and Ly. The sam-
pling intervals are Δx and Δy, respectively. Δx < 0.1λ, Δy < 0.1λ (and λ is the wave-
length of incident light). 

The sampling points M = Lx /(2Δx), N = Ly /(2Δy). An independent Gaussian ran-
dom number matrix rmn (m = 0...2M, n = 0...2N ) and wmn (m = 0...2M, n = 0...2N ) that 
obey the standard normal distribution are generated. We combine them into complex 
random numbers: 

 r̂ = --1---rm0, m = 0...2M  
 m0 2 
 
 r̂0n = --1---r0n, n = 0...2 N  (3) 2 
 
 r̂ = r + iw  m = 1...2M  n = 1...2 N mn mn mn, 

We calculate the expansion coefficient η̂ mn 
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 χ = W m  ----2π----- n ----
2π----- , m = 0...M  n = 0... N  mn  Lx Ly 


 
 χ2M m2N n = χm2N n = χ2M mn = χmn (4)– – – – 
 
 χmnη̂ = π ----------------- r̂ mn mnL Lx y 

A two-dimensional FFT calculation is carried out 

2M 2N 2π 2π i ----------pm + ---------qnf̂ = η̂ exp (5)pq mn   M N  
m = 0 n = 0 

We can obtain the highly discrete distribution of two-dimensional random rough 
surface fpq 

f = 2Re f̂  , ( p = 0...2M, q = 0...2N ) (6)pq pq 

The above derivation is applicable to any power spectral density function. We use 
the surface power spectral density function W (Kx , Ky )for calculation. The two-dimen-
sional Gaussian power spectral density function is 

2 2lx ly  K2 
x lx + K2 

y ly W Kx Ky = δ
2 

exp
 
– -- -- -- -- ---

4 
-- -- -- -

 
(7) ------------  -- -- -- -- -- -- -- --

4π 

The methods of FFT2D and IFFT2D are the core of rough surface modeling [32]. 
Constrained by computational complexity, rapid modeling of rough surfaces is required 
for Monte Carlo calculations. We set the height RMS of the rough surface δ is 0.4 μm, 
and the correlation length lc is 4 μm. For example, the two-dimensional Gaussian ran-
domly rough surface is generated by frequency filtering, as shown in Fig. 2. 

Fig. 2.  Two-dimensional Gaussian randomly rough surface. 
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2.2. Calculation of the local field by Kirchhoff approximation 

The electric and magnetic fields of incident light are [33]: 

ˆi k0 k 
i 
v̂ Eh 

i 
ĥ ˆi k0 k





 

Ei E0 r' E i  r'– i   = i – += exp expiv 
(8)

1 1ˆ- k 
i 
ĥEv i Eh 

i ˆi k0 ki v̂ 
i expHi Ei r'  – -= = – iη0 η0 

i i
In Eq. (8), E = E0v̂ 

i, Eh = E0ĥ 
i, and r' is position vector of a point on a ran-v 

domly rough surface. Unit vector of incident light direction k̂  and unit vector of thei 
observed direction of scattered light k̂  are:s 



 

k̂i = x̂ sinθi cosφi + ŷ sinθi sinφi – ẑ cosθi (9) 
k̂ = x̂ sinθ cosφ + ŷ sinθ sinφ + ẑ cosθs s s s s s 

The vertically and parallel polarized unit vectors of incident plane are: 

k̂ẑ 
ĥ



 

i---- – x̂ sinφi ŷ cosφi+= ---------------- = i 
k̂ẑ  (10)i 

= ĥ k̂v̂ x̂ cosθi cosφi ŷ cosθi cosφi ẑ sinθi = – – – i ii 

The vertically and parallel polarized unit vectors of scattered plane are: 

k̂ẑ 
ĥ



 

s------- – x̂ sinφ ŷ cosφ+= -------------- = s s s
k̂ẑ  (11)s 

= ĥ k̂v̂ x̂ cosθ cosφ ŷ cosθ cosφ ẑ sinθ += – s s s s s s ss 

We set θi = θs, φs = π – φi, and the back-scattering can be calculated. The back scat-
tering diagram of randomly rough surface is shown in Fig. 3. 

Fig. 3. The back scattering diagram of random rough surface. 
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Fig. 4. The schematic diagram of local field calculation. 

A randomly rough surface is discretized into a large number of tiny surface ele-
ments. The area of each surface element is 0.1λ × 0.1λ, and λ is the wavelength of 
incident light. The schematic diagram of local field calculation is shown in Fig. 4. 
The Fresnel formal is appropriate only in the circumstance that the interface is con-
siderably larger than the incident wavelength. It is applicable only to plane calculation 
of reflection and refraction coefficients. For randomly rough surfaces, we use Kirchhoff 
tangent plane approximation. We discrete a complex rough surface into a large number 
of micro-elements. Each microplane is treated as a plane and the local reflection field 
is calculated using Fresnel formula. The Stratton–Chu integral equation is used to cal-
culate the spatial scattering field. By calculating the space scattering field of a large 
number of randomly rough surfaces, the statistical stable value can be obtained. 

A incident light can be resolved by the local polarization direction: 

i ˆ' i 
ĥ' vi Eh' i 





 

ˆi k0 kE' i E r'  exp – i  += v' 
(12)

1 i i
ĥ' 

i Eh' 
ˆi k0 kv̂' iH' i E r'   exp – = – iv'η0 

ˆ 'hi .E i v' v̂' i 
i Eh'Ei  EiIn Eq. (12), and = = 

The vertically and parallel polarized unit vector of local incident plane is: 

n̂'  k̂



 

ˆ 'hi 
i= -----------------------

k̂n̂'  (13)i 

ˆ 'kiv̂' 
i ĥ' = 

Unit normal vector of local surface element is: 

–z x̂ – z ŷ + ẑ 
x yn̂' = ----------------------------------- (14)

2 21 + z + zx y 
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In Eq. (14), zx = z /x and zy = z /y. The height of the randomly rough surface 
is z = z (x, y). 

Each surface element can be viewed as a plane, and we calculate the local reflected 
field by Fresnel formula: 

i 
v̂' r'h Eh

i 
' ĥ' ˆi k0 k





 

E' r r' Ev r' exp – i  += v' rr 
(15)

1 ii 
ĥ' r'h Eh'v' 

ˆi k0 kv̂'H' r r' Ev  r'  –= – exp iη0 
r r 

In Eq. (15), local reflection coefficients r' and r'h  are:v 

--
2 2n cosθ' – n – sin2θ' ii








 

r' = -v 
2n cosθ' +i 

(16) 
n2 sin2θ' i – 

--
2cosθ' – n – sin2θ' iir'h = 

n2 sin2θ' i –cosθ' +i 

 k̂i .θ' i = arccos– n̂'In Eq. (16), the local incident angle is The vertically and 
parallel polarized unit vectors of local reflection plane are: 

n̂'  k̂



 

ˆ 'h r= ---------------------r 
k̂n̂'  (17)r 

ˆ 'kv̂' ĥ' = rrr 

ˆ ' ˆk k 2 n̂'  k̂i n̂' .In Eq. (17), = – ir 
The sum of the local incident field and the local reflection field is local field: 



 

E' = E' i + E' r (18)
H' = H ' i + H' r 

2.3. Calculation of Mueller matrix and Stokes vector 

The surface equivalent current Js and magnetic current Jms are: 

1exp – ˆi k0 ks 
2 2n̂' 




 

Js =  H' i H' r dx dyr' + + z + zx y 

(19) 

1ˆi k0 k 2 2– n̂'Jms =   E' i E' r+  exp – s  r'  + zx + zy dx dy 

The scattering field is calculated according to the Stratton–Chu equation: 
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exp –ik0 R E = ik0 --------------------------------- η0J – k̂  J  (20)s s s ms4πR 

and Es can be divided into the vertical component Ev and the horizontal component Eh. 
We can calculate the Jones matrix J and its conjugate matrix J *. 

 Ev = 
 Eh 
 
 
 J * =  
 

where E i , Eh
i 

v iWe set E = 
i v 

iEv j11 j12J , J = 
Eh

i j21 j22 
(21) 

g11 g12 

g21 g22 

are the vertical and horizontal components of the incident electric field. 
1 and Eh

i = 0, and can calculate the j11, j21. We set Ev
i = 0 and 

Eh = 1, and can calculate the j12, j22. And then we can compute the Mueller matrix 
according to the Jones matrix using Eq. (21),  ꞏ  is the average. 

m11 
 
 m12 

 
 m13 
 
 m14
 
 m21 
 m22 
 m23 
 
 m24 
 
 m31 
 
 m32
 
 m33 
 m34 
 
 m41 
 
 m42 
 
 m43
 
 m44 

=  + + +  / 2g11 j11 g21 j21 g12 j12 g22 j22 

=  + – –  / 2g11 j11 g21 j21 g12 j12 g22 j22 

=  + + +  / 2g11 j12 g21 j22 g12 j11 g22 j21 

=  + – –  / 2g11 j12 g21 j22 g12 j11 g22 j21 

=  + – –  / 2g11 j11 g12 j12 g21 j21 g22 j22 

=  + – +  / 2g11 j11 g22 j22 g12 j12 g21 j21 

=  + – –  / 2g12 j11 g11 j12 g21 j22 g21 j22 

= i g 11 j12 + – –  / 2g22 j21 g21 j22 g12 j11 
(22) 

=  + + +  / 2g11 j21 g22 j11 g12 j22 g22 j12 

=  + – –  / 2g11 j21 g21 j11 g12 j22 g22 j12 

=  + + +  / 2g11 j22 g21 j12 g12 j21 g22 j11 

=  + – –  / 2i g11 j22 g21 j12 g12 j21 g22 j11 

i g21 j11 + – +  / 2=  g22 j12 g11 j21 g12 j22 

=  + – +  / 2i g21 j11 g12 j22 g11 j21 g22 j12 

=  + – –  / 2i g21 j12 g22 j11 g11 j22 g12 j21 

=  + – +  / 2g22 j11 g11 j22 g12 j21 g21 j12 
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The Sin and Sout are the Stokes vectors of the incident and scattered light. The Sin 
and Sout have the relationship: 

= (23)Sout M Sin 

Iout 

Qout 

Uout 

Vout 

= 

m11 m12 m13 m14 

m21 m22 m23 m24 

m31 m32 m33 m34 

m41 m42 m43 m44 

Iin 

Qin (24)
Uin 

Vin 

The M =  is a 4×4 matrix which characterizes the sample. The elec-mij1  i j   4
tric field which is only vibrating in the direction of v̂ is called p-linearly polarized light. 
And that which is only vibrating in the direction of ĥ is called s-linearly polarized light. 
The light with an angle of 45° between the direction of electric field vibration and the 
incident surface is called 45°-linearly polarized light. The Stokes vectors of p-, s-, 
45°-polarized and right-handed circularly polarized light are [1 1 0 0]T, [1 –1 0 0]T, 
[1 0 1 0]T, [1 0 0 1]T. We can calculate the Stokes vector of scattered light by Eq. (24). 
When only the case inside the incident plane is considered, the Mueller matrix can be 
reduced to the one-dimensional case: 

2 2 2 2+ r – rrh rhv v-------------------------------- -------------------------------- 0 0
2 2Iout Iin 

2 2 2 2– r + rQout Qinrh rhv v= ------------------------------ ---------------------------------- 0 0
2 2Uout Uin 

0 0 –r rh cosφ –r rh sinφv vVout Vin 

0 0 r sinφ –r cosφv rh v rh 

(25) 

The reflectivities of dielectric and metal random rough surfaces are rv = |rv |exp(iφv) 
and rh = |rh |exp(iφh), and φ = φv – φh. In order to verify the effectiveness of the Monte 
Carlo method, we simulated some experimental and numerical results [34–37]. Com-
pared with the simulation and experimental results in reference, a good consistency is 
obtained. The whole simulation is applying Matlab 2020a with computer based calcu-
lation platform (Intel i7, 3.40 GHz, 16G RAM). The calculations could be made faster 
using FORTRAN programming. However, the data interaction and display capabilities 
of FORTRAN were not good enough, so we chose MATLAB. We need to make full 
use of matrix techniques to avoid loops. 

3. Numerical results 

The wavelength of incident light λ = 905 nm is selected as the wavelength of lidar. 
The angle of scattering is θ  0° 90°. Dielectric (glass) and metal (iron) are se-s 
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lected as typical target materials. The refractive index of glass is 1.5 when λ = 905 nm, 
and the refractive index of iron is 3.12 + i3.87. The length and width of each randomly 
rough surface are 51.2λ. We set the correlation length lc = 6λ. The surface roughness 
is characterized only by δ. δ = 0.1λ, then the Stokes vector numerical simulation is car-
ried out. p-, s-, 45°-linearly polarized light and right-hand circularly polarized light 
are selected as the four typical incident light. Five hundred Gaussian rough surfaces 
are generated to calculate, the calculation time is 12.5977 hour. In fact, the target ma-
terial can be determined by V component of Stokes vector by calculating ten rough 
surfaces, and the calculation time is 15.1722 minutes. If we configure a better graphics 
card and use the Matlab GPU acceleration technology, the time will be shorter. 

3.1. Stokes vector of back-scattered light 
of dielectric and metal rough surface 

Figure 5 shows Stokes vector of back-scattered light of dielectric surface. The polar-
ization of incident light has little effect on the intensity distribution of scattered light. 
According to reference [38], Fresnel reflection coefficients of p- and s-light are almost

2the same when the incident angle is small, rv  rh. Reflectivity Rv = , 
Rh = 

rv
2 and R  Rh. As the Fresnel reflection coefficients rv, rh of the dielectric rh v 

rough surface are real numbers and there is no phase difference, the change in the po-
larization state of the scattered light is very small. 

Figure 6 shows Stokes vector of back-scattered light of metal surface. The intensity 
of back-scattered light from metal rough surface is much greater than that from dielectric 

Fig. 5. Stokes vector of back-scattered light of dielectric surface (first row: p-light incident, second row: 
s-light incident, third row: 45° light incident, fourth row: right-hand circularly polarized light incident). 
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Fig. 6. Stokes vector of back-scattered light of metal surface (first row: p-light incident, second row: 
s-light incident, third row: 45° light incident, fourth row: right-hand circularly polarized light incident). 

rough surface. According to reference [38], the reflectivity of metal rough surface is 
much greater than that of dielectric rough surface. 

For the convenience of comparison, we normalized Stokes vectors respectively. 
Figure 7 shows distribution of normalized Stokes vector. 

Fig. 7. Distribution of normalized Stokes vector (first row: p-light incident, second row: s-light incident, 
third row: 45° light incident, fourth row: right-hand circularly polarized light incident). 
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When p- and s-linearly polarized light is incident on the metal rough surface, scat-
tered light has obvious circularly polarized component. When 45° linearly polarized 
light is incident on the rough surface of metal, the scattered light has no circularly po-
larized component. The metallic rough surface resembles a wave plate with phase de-
lay. The fast axis of the wave plate is perpendicular or parallel to the 45° direction. 

3.2. Scattering mechanism analysis 

The reflection coefficients of dielectric and metal random rough surfaces are rh  = 
= |rh |exp(iφh) and rv = |rv |exp(iφv). In Eq. (25), φ = φv – φh, φ is only related to the 
material of the random rough surface. For linearly polarized light, Vin =  0.  Vout  = 
= Uin rh rvsinφ. Although the height fluctuation of the rough surface fluctuates ran-
domly, the value of rh rvsinφ is stable. Since rh rvsinφ is always negative, the V and 
U have antisymmetric peak distributions. For dielectric randomly rough surface φ = 0 
or π, however φ is not zero about metal randomly rough surface. The Stokes vector 
of p-, s- and 45°-linearly polarized light are [1 1 0 0]T, [1 –1 0 0]T, and [1 0 1 0]T. We 
know from Eq. (25) that  0 when p- and s-linearly polarized light is incident on Vout 
the metal rough surface in the incident plane, and the rest of the other cases Vout = 0 
in the incident plane. In practice, the Stokes vector V can be measured. It is concluded 
that using the linearly polarized light can distinguish the metallic and dielectric targets. 
It provides a new method for metal target recognition in laser detection system. 

4. Experimental measurements 

Experimental measurement is an important means to verify the scattering model. 
The Stokes vector of back-scattered light from metal and dielectric targets is measured 
in an experimental setup. 

4.1. Experimental apparatus and measurement method 

Figure 8 shows schematic diagram of experimental measuring device. A semiconduc-
tor laser with λ = 905 nm is selected. It can produce linearly polarized light with 

Fig. 8. Schematic diagram of experimental measuring device. 
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a polarization ratio of 100:1. The vibration direction of linearly polarized light can be 
changed by rotating the λ /2 wave plate. Circularly polarized light can be produced by 
rotating the fast axis of the λ /4 wave plate. 

For the receiving circuit, the angle between the polarizer transmittance axis and 
v̂  is α. The angle between the fast axis of the λ /4 wave plate and v̂ is β. I (α, Δφ) rep-
resents the intensity of scattered light received by the detector. When β = 0°, we can 
get I (0°, 0), I (90°, 0), I (45°, 0) and I (45°, π/2), by rotating the polarizer [39]. When 
β = 45° and α = 45°, we can get I (45°, 0). 

The Stokes vector of back-scattered light can be obtained by the following formula: 

I = I 0° 0 + I 90° 0 
 
Q = I 0° 0 – I 90° 0 
 (26)

U = 2I 45° 0 – I 


V = 2I 45° π /2 – I 

A glass is selected to represent the dielectric rough surface, δ = 0.289 μm. A smooth 
iron sheet is selected to represent the rough metal surface, δ = 0.414 μm. 

4.2. Experimental results 

4.2.1. Stokes vector of back-scattered light from randomly rough surface 

Figures 9 and 10 show Stokes vectors of back-scattered light of dielectric and metal 
surface. Figure 11 shows the distribution of normalized Stokes vector. 

Fig. 9. Stokes vector of back-scattered light of dielectric surface (first row: p-light incident, second row: 
s-light incident, third row: 45° light incident, fourth row: right-hand circularly polarized light incident). 
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Fig. 10. Stokes vector of back-scattered light of metal surface (first row: p-light incident, second row: 
s-light incident, third row: 45° light incident, fourth row: right-hand circularly polarized light incident). 

Fig. 11. Distribution of normalized Stokes vector (first row: p-light incident, second row: s-light incident, 
third row: 45° light incident, fourth row: right-hand circularly polarized light incident). 

It can be seen that when p- and s-linearly polarized light is incident on metal rough 
surface, the scattered light exhibits obvious circular polarization component. When 45° 
linearly polarized light is incident on metal rough surface, the component of circular 
polarization of scattered light is very small. When p-, s-, and 45°-linearly polarized 
light is incident on dielectric rough surface, the component of circular polarization of 
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Fig. 12. Degree of polarization of back-scattered light of randomly rough surfaces (first row: p-light in-
cident, second row: s-light incident, third row: 45° light incident, fourth row: right-hand circularly polar-
ized light incident). 

scattered light is very small. The fast axis direction of the wave plate and the transparent 
axis direction of the polarizer are not strictly calibrated by the manufacturer. Experi-
mental errors should be taken into account. The experimental data are consistent with 
the numerical simulation results. 

Figure 12 shows the degree of polarization (DOP) of back-scattered light of ran-
domly rough surfaces. It can be seen that the metal rough surface has good polarization 
retention properties. With the increase of incident angle, the dielectric rough surface 
has good depolarization characteristics. 

4.2.2. Mueller matrix of back-scattered light from metal rough surface 

Figure 13 shows normalized Mueller matrix of back-scattered light of randomly rough 
surface. m11 represents the intensity of back-scattered light. As incident angle increas-

Fig. 13. Mueller matrix of back-scattered light of randomly rough surfaces (first row: p-light incident, sec-
ond row: s-light incident, third row: 45° light incident, fourth row: right-hand circularly polarized light 
incident). 
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es, scattered light from metal rough surface decays to zero. The mirror image compo-
nent of back-scattered light from metal surface is large. Back-scattered light from 
dielectric surfaces does not decay to zero. The diffuse component of back-scattered 
light from dielectric surface cannot be ignored, and there are great differences in m42 be-
tween metal and dielectric surfaces. The above research provides a new idea for laser 
detection and guidance device to identify metal targets. 

5. Applications 

Conventional lidar detects the position and speed of a target by calculating the flight 
time of the light beam. As the target material cannot be recognized, it is easily disturbed 
by the false targets. The polarization lidar considers both the intensity and polarization 
of the scattered light and improves the target recognition ability. The common polar-
ized lidar structure is shown in Fig. 14. The laser is Nd:YAG polarized pulsed laser. 
The laser beam is expanded and collimated with a lens. The APD1 and APD2 can 
measure the vertical component I (90°, 0) and horizontal component I (0°, 0) of the in-
tensity of the scattered light. In the I (α, β ), α is the angle of polarization, and β stands 
for phase delay. We can calculate the depolarization of the scattered light P, 

I 90° 0 – I 0° 0
P = -------------------------------------------------- - (27)

I 90° 0 + I 0° 0 

According to P, the target material can be judged [7]. 

Fig. 14. The common polarized lidar structure. 

Polarized lidar is better than ordinary radar in distinguishing target by the degree 
of depolarization of scattered light. However, when non-spherical particles are encoun-
tered in cirrus clouds, dust and haze, the degree of depolarization of the scattered light 
increases. The work of the polarization lidar is seriously interfered. We have designed 
a new polarization lidar. A circular polarization component detection channel is added 
to the polarization lidar. Its structure is shown in Fig. 15. We can measure I(45°, π/2) 
when the angle between the fast axis of the quarter-wave plate and the polarizer is π /2. 
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Fig. 15. The circularly polarized light component measurement channel. 

During the detection, the stepper motor controls half of the wave plate rotation. 
Then the laser uses linearly polarized light with different polarization angle to illumi-
nate the target. As the relative position of the target and lidar moves, the polarization 
angle changes constantly. We can calculate V by Eq. (26). When metal targets are de-
tected, V has a peak distribution. V is always 0 for dielectric objects or atmospheric 
particles. By measuring the V, the polarization lidar can detect metal targets. V is only 
related to the material properties and has nothing to do with the target roughness, and 
the new polarization lidar has strong anti-interference ability. 

Polarization imaging is an important method for target recognition [25–29]. Lidar 
is different from polarization imaging. Lidar is usually received by photodiode or 
avalanche photodiode. Sophisticated signal processing circuits can amplify or attenu-
ate signal amplitude. So lidar is sensitive to light intensity and polarization informa-
tion. Incidence angle and detection range have important influence on echo signal. 
However, the number of detection lines of lidar is small and the dimension of echo 
signal is low. CCD cameras are commonly used for polarization imaging. CCD is rarely 
used in lidar because they are highly integrated and prone to saturation. Polarization 
imaging can provide rich target image and polarization information, which is helpful 
to identify target features. Deep learning and convolutional neural network can be used 
to extract target features. Therefore, using polarization imaging technology to identify 
targets is an important research direction in the future. 

6. Conclusion 

In this paper, the Monte Carlo method is used to generate a large number of randomly 
rough surfaces to simulate target surfaces. Stokes vector of back-scattered light from 
metal and dielectric surfaces is numerically simulated using the Kirchhoff tangent 
plane approximation method with high precision. The results show that when s- and 
p-linearly polarized light is incident on a metal rough surface, there are obvious circular 
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polarization components in scattered light. When 45° linearly polarized light is inci-
dent on a metal rough surface, circular polarization component of scattered light is very 
small. A metal rough surface resembles a wave plate with phase delay. Fast axis of the 
wave plate is perpendicular or parallel to 45°. When linearly polarized light illuminates 
a dielectric rough surface, circular polarization component of back-scattered light is 
very small. Experimental data are consistent with the numerical results. A metal sur-
face has good polarization preserving properties. With the increase of incident angle, 
dielectric surface has strong depolarization characteristics. The above research pro-
vides a new basis for laser detection and guidance system to identify metal targets. 

Funding 
This work was supported by the National Natural Science Foundation of China (NSFC) (61371167). 

References 

[1] SANCHEZ-GIL J.A., NIETO-VESPERINAS M., MORENO F., GONZALEZ F., Speckle statistics of electromag-
netic waves scattered from perfectly conducting random rough surfaces, Journal of the Optical So-
ciety of America A 10(12), 1993: 2628–2636, DOI: 10.1364/JOSAA.10.002628. 

[2] SÁNCHEZ-GIL J.A., NIETO-VESPERINAS M., Resonance effects in multiple light scattering from statisti-
cally rough metallic surfaces, Physical Review B 45(15), 1992: 8623, DOI: 10.1103/PhysRevB.45.8623. 

[3] MÉNDEZ E.R., NAVARRETE A.G., LUNA R.E., Statistics of the polarization properties of one-dimen-
sional randomly rough surfaces, Journal of the Optical Society of America A 12(11), 1995: 2507–2516, 
DOI: 10.1364/JOSAA.12.002507. 

[4] IZOTOVA V.F., MAKSIMOVA I.L., ROMANOV S.V.,  Simulation of polarization characteristics of the 
crystalline lens during protein aggregation with regard to multiple scattering, Optics and Spectros-
copy 86, 1999: 902–908. 

[5] MAKSIMOVA I.L., ROMANOV S.V., IZOTOVA V.F., The effect of multiple scattering in disperse media 
on polarization characteristics of scattered light, Optics and Spectroscopy 92(6), 2002: 915–923, 
DOI: 10.1134/1.1490031. 

[6] IZOTOVA V.F., MAKSIMOVA I.L., ROMANOV S.V., Influence of shape and dimension of the cuvette on 
polarization characteristics of multiple scattered light, Proc. SPIE 3726, Saratov Fall Meeting ’98: 
Light Scattering Technologies for Mechanics, Biomedicine, and Material Science, 1999: 370–380, 
DOI: 10.1117/12.341419. 

[7] WANG S., XU L., LI H., XIE S., Monte Carlo simulation of the diffusely scattered polarized light in 
turbid media, Proc. SPIE 5630, Optics in Health Care and Biomedical Optics: Diagnostics and Treat-
ment II, 2005: 823–832, DOI: 10.1117/12.576972. 

[8] JIN L., TAKIZAWA K., Stokes parameters of reflected and scattered light by a rough surface, Proc. 
SPIE 7432, Optical Inspection and Metrology for Non-Optics Industries, 2009: 74320B, DOI: 
10.1117/12.828030. 

[9] JIN L., YAMAGUCHI K., WATANABE M., HIRA S., KONDOH E., GELLOZ B., Polarization characteristics 
of scattered light from macroscopically rough surfaces, Optical Review 22, 2015: 511–520, DOI: 
10.1007/s10043-015-0117-2. 

[10] DELACRÉTAZ Y., SEYDOUX O., CHAMOT S., ETTEMEYER A., DEPEURSINGE C., Monte Carlo simulation 
of the field back-scattered from rough surfaces, Journal of the Optical Society of America A 29(3), 
2012: 270–277, DOI: 10.1364/JOSAA.29.000270. 

[11] LETNES P.A., MARADUDIN A.A., NORDAM T., SIMONSEN I., Calculation of all elements of the Mueller 
matrix for scattering of light from a two-dimensional randomly rough metal surface, arXiv:1108.2599 
[physics.optics]. 

https://doi.org/10.1364/JOSAA.10.002628
https://doi.org/10.1364/JOSAA.12.002507
https://doi.org/10.1364/JOSAA.29.000270
https://doi.org/10.1103/PhysRevB.45.8623
https://doi.org/10.1134/1.1490031
https://doi.org/10.1117/12.341419
https://doi.org/10.1117/12.576972
https://doi.org/10.1117/12.828030
https://doi.org/10.1007/s10043-015-0117-2
https://arxiv.org/abs/1108.2599


84 YUXIANG JIANG, ZHENHUA LI 
    
   

  
   

 
     

  
       

  

   
  

   
  

     
    

      
  

 
      

   
  

       
 

      

   
     

 
 

      

  
   

  
     

 
  

    
  

 
    

  
    

  

[12] LETNES P.A., MARADUDIN A.A., NORDAM T., SIMONSEN I., Calculation of the Mueller matrix for scat-
tering of light from two-dimensional rough surfaces, Physical Review A 86(3), 2012: 031803(R), 
DOI: 10.1103/PhysRevA.86.031803. 

[13] GUIRADO D., STAM D., Monte Carlo and T-matrix modeling of the reflection of polarized light by 
rough, planetary surfaces, European Planetary Science Congress 2012, IFEMA-Feria de Madrid, 
September 23–28, 2012, Madrid, Spain. 

[14] GUIRADO D., STAM D.M., SMIT M., A Monte Carlo model for the reflection of polarized light on sur-
faces, 1st WG meeting, Warsaw, May 7–10, 2012. 

[15] WANG C., GAO J., YAO T., WANG L., SUN Y., XIE Z., GUO Z., Acquiring reflective polarization from 
arbitrary multi-layer surface based on Monte Carlo simulation, Optics Express 24(9), 2016: 9397 
–9411, DOI: 10.1364/OE.24.009397. 

[16] GUAN F., ZHANG X., HAN H., ZHONG W., Influence of size of the spherical scatterers and the atten-
uation coefficient on the polarization memory based on the Electric Monte Carlo simulation, Proc. 
SPIE 10244, International Conference on Optoelectronics and Microelectronics Technology and 
Application, 2017: 1024419, DOI: 10.1117/12.2266755. 

[17] YUN T., ZENG N., LI W., LI D., JIANG X., MA H., Monte Carlo simulation of polarized photon scattering 
in anisotropic media, Optics Express 17(19), 2009: 16590–16602, DOI: 10.1364/OE.17.016590. 

[18] YUN T., LI W., JIANG X., MA H., Monte Carlo simulation of polarized light scattering in tissues, Jour-
nal of Innovative Optical Health Sciences 2(2), 2009: 131–135, DOI: 10.1142/S1793545809000504. 

[19] JIANG S., LAI J., WANG C., BIAN B., LU J., LI Z., Describing the depolarization characteristic of rough 
surface by M11/M00 of Mueller matrix, Proc. SPIE 7508, 2009 International Conference on Optical 
Instruments and Technology: Advanced Sensor Technologies and Applications, 2009: 75080R, DOI: 
10.1117/12.836870. 

[20] JIANG S., WANG C., LAI J., BIAN B., LU J., LI Z., Monte Carlo simulation of Stokes vectors of polarized 
light scattering from two-dimensional random rough surfaces, Journal of Modern Optics 58(18), 
2011: 1651–1658, DOI: 10.1080/09500340.2011.618278. 

[21] YAN K., WANG S., JIANG S., XUE L., SONG Y., YAN Z., LI Z., Calculation and analysis of Mueller 
matrix in light scattering detection, Chinese Optics Letters 12(9), 2014: 092901. 

[22] YAN K., WANG S., JIANG S., SONG Y., XUE L., YAN Z., LI Z., Full angular Stokes vectors of light 
scattering from two-dimensional randomly rough surfaces by Kirchhoff approximation method, 
Journal of Optics 16(10), 2014: 105714, DOI: 10.1088/2040-8978/16/10/105714. 

[23] WANG S., XUE L., YAN K., Numerical calculation of light scattering from metal and dielectric ran-
domly rough Gaussian surfaces using microfacet slope probability density function based method, 
Journal of Quantitative Spectroscopy and Radiative Transfer 196, 2017: 183–200, DOI: 10.1016/ 
j.jqsrt.2017.04.016. 

[24] YAN K., YANG S., ZHAO Y., MA C., JIN Y., WANG S., Deep learning for light scattering computation: 
Reconstructing light scattering fields from 1-D randomly rough surfaces as an example, Computer 
Physics Communications 270, 2022: 108183, DOI: 10.1016/j.cpc.2021.108183. 

[25] WANG X., HU T., LI D., GUO K., GAO J., GUO Z., Performances of polarization-retrieve imaging in 
stratified dispersion media, Remote Sensing 12(18), 2020: 2895, DOI: 10.3390/rs12182895. 

[26] LI D., XU C., ZHANG M., WANG X., GUO K., SUN Y., GAO J., GUO Z., Measuring glucose concentration 
in a solution based on the indices of polarimetric purity, Biomedical Optics Express 12(4), 2021: 
2447–2459, DOI: 10.1364/BOE.414850. 

[27] LI D., GUO K., SUN Y., BI X., GAO J., GUO Z., Depolarization characteristics of different reflective 
interfaces indicated by indices of polarimetric purity (IPPs), Sensors 21(4), 2021: 1221, DOI: 
10.3390/s21041221. 

[28] LI D., XU C., YAN L., GUO Z., High-performance scanning-mode polarization based computational 
ghost imaging (SPCGI), Optics Express 30(11), 2022: 17909–17921, DOI: 10.1364/OE.458487. 

[29] LI D., LIN B., WANG X., GUO Z., High-performance polarization remote sensing with the modified 
U-Net based deep-learning network, IEEE Transactions on Geoscience and Remote Sensing 60, 
2022: 5621110, DOI: 10.1109/TGRS.2022.3164917. 

https://doi.org/10.1103/PhysRevA.86.031803
https://doi.org/10.1364/OE.24.009397
https://doi.org/10.1364/OE.17.016590
https://doi.org/10.1364/OE.458487
https://doi.org/10.1117/12.2266755
https://doi.org/10.1142/S1793545809000504
https://doi.org/10.1117/12.836870
https://doi.org/10.1080/09500340.2011.618278
https://doi.org/10.1088/2040-8978/16/10/105714
https://doi.org/10.1016/j.jqsrt.2017.04.016
https://doi.org/10.1016/j.jqsrt.2017.04.016
https://doi.org/10.1016/j.cpc.2021.108183
https://doi.org/10.3390/rs12182895
https://doi.org/10.1364/BOE.414850
https://doi.org/10.3390/s21041221
https://doi.org/10.1109/TGRS.2022.3164917


 85 Monte Carlo simulation of polarization... 
 
 

 
    

 

 
   

  
    

  
   

 
  

   

  
   

 
  
  

 
 

     
  

[30] TOPORKOV J.V., Study of Electromagnetic Scattering from Randomly Rough Ocean-Like Surfaces 
Using Integral-Equation-Based Numerical Technique, PhD Thesis, Virginia Polytechnic Institute 
and State University, 1998. 

[31] TSANG L., KONG J.A., DING K.H., AO C.O., Scattering of Electromagnetic Waves: Numerical Simu-
lations, Wiley, 2001. 

[32] WU J.J., Simulation of rough surfaces with FFT, Tribology International 33(1), 2000: 47–58, DOI: 
10.1016/S0301-679X(00)00016-5. 

[33] JIANG Y., LI Z., Monte Carlo simulation of Mueller matrix of randomly rough surfaces, Optics Com-
munications 474, 2020: 126113, DOI: 10.1016/j.optcom.2020.126113. 

[34] SANCHEZ-GIL J.A., NIETO-VESPERINAS M., Light scattering from random rough dielectric surfaces, 
Journal of the Optical Society of America A 8(8), 1991: 1270–1286, DOI: 10.1364/JOSAA.8.001270. 

[35] KNOTTS M.E., O’DONNELL K.A., Measurements of light scattering by a series of conducting surfaces 
with one-dimensional roughness, Journal of the Optical Society of America A 11(2), 1994: 697–710, 
DOI: 10.1364/JOSAA.11.000697. 

[36] CHAIKINA E.I.,  NEGRETE-REGAGNON P.,  RUIZ-CORTÉS V., MÉNDEZ E.R., Measurements of the hemi-
spherical scattering distribution function of rough dielectric surfaces, Optics Communications 
208(4–6), 2002: 215–221, DOI: 10.1016/S0030-4018(02)01581-X. 

[37] CARON J., LAFAIT J., ANDRAUD C., Catastrophe theory interpretation of multiple peaks produced by 
light scattering from very rough dielectric surfaces, Physica B: Condensed Matter 325, 2003: 76–85, 
DOI: 10.1016/S0921-4526(02)01452-7. 

[38] JIANG Y., LI Z., Mueller matrix of laser scattering by a two-dimensional randomly rough surface, 
Journal of Quantitative Spectroscopy and Radiative Transfer 287, 2022: 108225, DOI: 10.1016/ 
j.jqsrt.2022.108225. 

[39] SCHAEFER B., COLLETT E., SMYTH R., BARRETT D., FRAHER B., Measuring the Stokes polarization pa-
rameters, American Journal of Physics 75(2), 2007: 163–168, DOI: 10.1119/1.2386162. 

Received March 4, 2022 
in revised form June 12, 2022 

https://doi.org/10.1364/JOSAA.8.001270
https://doi.org/10.1364/JOSAA.11.000697
https://doi.org/10.1016/j.jqsrt.2022.108225
https://doi.org/10.1016/j.jqsrt.2022.108225
https://doi.org/10.1016/S0301-679X(00)00016-5
https://doi.org/10.1016/j.optcom.2020.126113
https://doi.org/10.1016/S0030-4018(02)01581-X
https://doi.org/10.1016/S0921-4526(02)01452-7
https://doi.org/10.1119/1.2386162



Raport dostępności



		Nazwa pliku: 

		optappl_5301p65.pdf






		Autor raportu: 

		


		Organizacja: 

		





[Wprowadź informacje osobiste oraz dotyczące organizacji w oknie dialogowym Preferencje > Tożsamość.]


Podsumowanie


Sprawdzanie napotkało na problemy, które mogą uniemożliwić pełne wyświetlanie dokumentu.



		Wymaga sprawdzenia ręcznego: 5


		Zatwierdzono ręcznie: 0


		Odrzucono ręcznie: 0


		Pominięto: 1


		Zatwierdzono: 22


		Niepowodzenie: 4





Raport szczegółowy



		Dokument




		Nazwa reguły		Status		Opis


		Flaga przyzwolenia dostępności		Zatwierdzono		Należy ustawić flagę przyzwolenia dostępności


		PDF zawierający wyłącznie obrazy		Zatwierdzono		Dokument nie jest plikiem PDF zawierającym wyłącznie obrazy


		Oznakowany PDF		Zatwierdzono		Dokument jest oznakowanym plikiem PDF


		Logiczna kolejność odczytu		Wymaga sprawdzenia ręcznego		Struktura dokumentu zapewnia logiczną kolejność odczytu


		Język główny		Zatwierdzono		Język tekstu jest określony


		Tytuł		Zatwierdzono		Tytuł dokumentu jest wyświetlany na pasku tytułowym


		Zakładki		Niepowodzenie		W dużych dokumentach znajdują się zakładki


		Kontrast kolorów		Wymaga sprawdzenia ręcznego		Dokument ma odpowiedni kontrast kolorów


		Zawartość strony




		Nazwa reguły		Status		Opis


		Oznakowana zawartość		Zatwierdzono		Cała zawartość stron jest oznakowana


		Oznakowane adnotacje		Zatwierdzono		Wszystkie adnotacje są oznakowane


		Kolejność tabulatorów		Zatwierdzono		Kolejność tabulatorów jest zgodna z kolejnością struktury


		Kodowanie znaków		Zatwierdzono		Dostarczone jest niezawodne kodowanie znaku


		Oznakowane multimedia		Zatwierdzono		Wszystkie obiekty multimedialne są oznakowane


		Miganie ekranu		Wymaga sprawdzenia ręcznego		Strona nie spowoduje migania ekranu


		Skrypty		Wymaga sprawdzenia ręcznego		Brak niedostępnych skryptów


		Odpowiedzi czasowe		Wymaga sprawdzenia ręcznego		Strona nie wymaga odpowiedzi czasowych


		Łącza nawigacyjne		Zatwierdzono		Łącza nawigacji nie powtarzają się


		Formularze




		Nazwa reguły		Status		Opis


		Oznakowane pola formularza		Zatwierdzono		Wszystkie pola formularza są oznakowane


		Opisy pól		Zatwierdzono		Wszystkie pola formularza mają opis


		Tekst zastępczy




		Nazwa reguły		Status		Opis


		Tekst zastępczy ilustracji		Niepowodzenie		Ilustracje wymagają tekstu zastępczego


		Zagnieżdżony tekst zastępczy		Zatwierdzono		Tekst zastępczy, który nigdy nie będzie odczytany


		Powiązane z zawartością		Zatwierdzono		Tekst zastępczy musi być powiązany z zawartością


		Ukrywa adnotacje		Zatwierdzono		Tekst zastępczy nie powinien ukrywać adnotacji


		Tekst zastępczy pozostałych elementów		Zatwierdzono		Pozostałe elementy, dla których wymagany jest tekst zastępczy


		Tabele




		Nazwa reguły		Status		Opis


		Wiersze		Zatwierdzono		TR musi być elementem potomnym Table, THead, TBody lub TFoot


		TH i TD		Zatwierdzono		TH i TD muszą być elementami potomnymi TR


		Nagłówki		Niepowodzenie		Tabele powinny mieć nagłówki


		Regularność		Zatwierdzono		Tabele muszą zawierać taką samą liczbę kolumn w każdym wierszu oraz wierszy w każdej kolumnie


		Podsumowanie		Pominięto		Tabele muszą mieć podsumowanie


		Listy




		Nazwa reguły		Status		Opis


		Elementy listy		Zatwierdzono		LI musi być elementem potomnym L


		Lbl i LBody		Zatwierdzono		Lbl i LBody muszą być elementami potomnymi LI


		Nagłówki




		Nazwa reguły		Status		Opis


		Właściwe zagnieżdżenie		Niepowodzenie		Właściwe zagnieżdżenie







Powrót w górę
