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�é�í¥b	1Ñ�Ï&�A:, ^ Monte Carlo �{éb	1��À (NLOS) Ï&n«ó��ª�CX�
�?1©Û, ïá
Äu Monte Carlo �{� NLOS b	1DÑ�.. |^ Monte Carlo �[�{én« NLOS Ñ�
�ª�ügÚõgÑ�´»�Ñ9CX��?1�[ïÄ, (JL², õgÑ�ÚügÑ��´»�ÑÄ���,

NLOS(a) a��ux���ÂÏ&�ªCX������� 5Ð, NLOS(b) a½�ux���ÂÏ&�ª�C
X�����k�½��5, NLOS(c) a½�ux½��ÂÏ&�ª�CX�����kér���5.

'�c: b	1, Ñ�, Monte Carlo, CX��

PACS: 42.68.Ay

1 Ú ó

b	1´�«Å�3 10—400 nm �1Å, �â
ØÓÅ����b	1A5Ï~�±y©� UVA
(Å�� 400—320 nm), UVB (Å�� 320—280 nm),
UVC (Å�� 280—10 nm) n�Åã [1]. /¥�í
¥�Ï��é��1¥ 200—280 nm �b	1r
��áÂ�^, ¦�ù�Åã�b	1Ë�3C/
²¡NCA�P~�", ÏdTÅã�¡� “F_
«”[2]. b	1Ï&Ì�æ^ “F_” Åã�b	1
��&EDÑ1N, |^�í¥�âf!íM�!
����âéb	1�Ñ�?1&ED4, Ù&E
DÑäk$�fÇ!$ EÇ!XÚ|Z6Uå
r!�� 5!�^u��À (NLOS) Ï&!�U
ÿó��`:, äk2��A^cµ [3,4]. |^õ
�Ã�b	1!:?1|�Ï&�, �kÄk(½
z�b	1Ï&!:�CX��, âU|^�mE
^Eâ¿©u�Ã�b	1Ñ�Ï&�`³. Ã
�b	1Ñ�Ï&���A:´ NLOS DÑ, 8c
'u NLOS b	1�íDÑnØ�[�Ì��{
kügÑ�Cq�{ [5]!lÑ�I{ [6] Ú Monte

Carlo �{ [7] �.
ügÑ�Cq�[^�´P~Xê�DÑå

l�È�u 0.1[5], �´�DÑål�u 100 m �
�, ù�^�A�ØU÷v, ØU�[ügÑ�;
lÑ�I{�U�[�À�¹e�b	1�íD
Ñ [6], éÑ�DÑA5�[�Ø¤Ù; Äu�ÅL
§� Monte Carlo �{�ïÄ13?¿�¸!õg
Ñ�^�e�DÑ¯K [7,8]. �©æ^ Monte Carlo
�{ïá
 NLOS b	1DÑ�., |^d�.O
�
ØÓDÑåleb	1Ï&��ÂVÇ, �y

JÑ�b	1Ï&CX���.;,	©Û
C
ålÏ&�¹eux�Â�Ýéb	1Ñ��C
X��Ú1f�ÂVÇ�K�, �b	1Ï&|�
Jø�\°(�CX�..

2 Monte Carlo �{

Monte Carlo �{q¡�ÅÄ�E|½ÚOÁ
��{, ´±VÇÚOnØ�Ä:��«O��{.
du Monte Carlo �{U
'�%ý/£ã¯Ô�
A:9Ôn¢�L§, )û�
ê��{J±)û
�¯K, ÏdT�{�A^+�Fª2� [7]. Monte
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Carlo �{�Ä�g��: �¤¦)¯K´,«�
Å¯�Ñy�VÇ, ½ö´,��ÅCþ�Ï"�
�, ÏL,« “¢�” ��{, ±ù«¯�Ñy�ª
Ç�Où��Å¯��VÇ, ½ö��ù��ÅC
þ�,
êiA�, ¿òÙ��¯K�).

��ÅCþ���=� 1 ½ 0 �, §�êÆ
Ï"Ò´,�¯��VÇ. Ïd, �±Ï�/`,
Monte Carlo �{´^�ÅÁ���{O�È©,
=ò¤�O��È©w�Ñl,«©Ù�Ý¼
ê f(r) ��ÅCþ g(r) �êÆÏ", äNúª�

E(g(r)) =
∫ ∞

0

g(r)f(r)dr. (1)

ÏL,«Á�, �� N �*	� r1, r2, · · · ,

rN , �Ò´l©Ù�Ý¼ê¥Ä f(r), � N �
�� r1, r2, · · · , rN , �±ò�A� N ��ÅC
þ g(r1), g(r2), · · · , g(rN ) ��â²þ���È©
��O� (Cq�)[9], äNúª�

ḡ
N

=
1
N

N∑
i=1

g(ri). (2)

3 NLOS b	1DÑ�.

NLOS Ï&´�DÑ�&Ò�±7mÏ&ü
à�mæNÔ�Ï&�ª, F_b	1 NLOS ó
´Ì�´|^b	Ë�3�í¥�DÑL§�3
Ñ�A55¢y. �í¥�©fÚíM�duº
���ØÓ, äkØÓ�Ñ�A5, �âDÑ�b
	1Å��Ñ�âf�»�'X, �±òÑ�©
� Rayleigh Ñ�!Mie Ñ�Ú��5Ñ�. �1
ÅÅ���uÑ��âº��Ì�´ Rayleigh Ñ
�, �Ñ��â�º��1ÅÅ��'[�Ì��
) Mie Ñ�, �1ÅÅ���uÑ��âº���
)��5Ñ�. 3b	1Ï&¥Ì��Ä Rayleigh
Ñ�Ú Mie Ñ�.

�âØÓu�1åuÑ�!�ÂÀ|�!u
x�Â�Ý¤/¤�UÑ�«�A5, F_b	
1� NLOS Ï&�±©�n«�¹, äNXã 1 ¤
« [10]. Ù¥ã 1(a) � NLOS(a) aÏ&�ª, éu
��Â:� ����¦�$, &���ò*Ð'
��, ¼�&��°'��; ã 1(b) � NLOS(b) a
Ï&�ª, �éuxàk��ÚÑ����¦, &
���ò*Ð��, ¼�&��°¥�; ã 1(c)
� NLOS(c) aÏ&�ª, éuxàÚ�ÂàÑk�
ÝÚ� ��¦, �±¼�7LæNÔ���&�

�ò*Ð, U¼�p�&��°.�
�

�
ã 1 F_b	1 NLOS Ï&�n«�¹ (a) NLOS (a);
(b) NLOS (b); (c) NLOS (c)

b	1 NLOS DÑ²¡ãXã 2 ¤« [11], ã
¥u�à Tx 1±uÑ� φ1 Úu��� θ1 �
�muÑ1&Ò, �Âà Rx ±À|� φ2 Ú�Â
�� θ2 ?11&Ò�Â, u�1å��ÂÀ|3
�mU«� V ¥/¤��Âuë��k�Ñ�
N. �±ò�í1Ï& NLOS ó´¥b	1�ü
gÑ�L§©�n��ã: Äklu�à�Ñ�
N´» r1 �±���ã�À (LOS) ó´, ,�´
b	13Ñ�N�Ñ�L§, ��lÑ�N��
Âà´» r2 Ó����ã LOS ó´?n. Ïd,
b½ NLOS u�àõÇ� Pt, ü áN��õÇ
� Pt/Ω1, 3ügÑ� NLOS b	1Ï&¥, �Ä
´»�ÑÚP~��^, u�àõÇ Pt ² r1 D

Ñ��
( Pt

Ω1

)( e−K er1

r2
1

)
, ÏLk�Ñ�NÑ��
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C�
( Pt

Ω1

)( e−K er1

r2
1

)(Ks

4π
PsV

)
, Ñ���1å�

�Âà�À� LOS DÑ, K�Ï��)�mó´
�Ñ

( λ

4πr2

)2

, �íP~ e−K er2 , &ÿì��ÂO

Ã
4πAr

λ2
, Ïdb	1 NLOS ó´��Â1õÇ�

L�ª� [11]

Pr,NLOS =
( Pt

Ω1

)( e−K er1

r2
1

)(Ks

4π
PsV

)( λ

4πr2

)2

× e−K er2
4πAr

λ2
, (3)

Ù ¥ Ω1 = 2π[1 − cos(φ1/2)], θs = θ1 + θ2,
r1 = r sin θ2/ sin θs, r2 = r sin θ1/ sin θs, V ≈
r2 · φ2 · (r1 · φ1)

2, �\ (3) ª�±z{� [11]

Pr,NLOS =
Pt · Ar · Ks · Ps · φ2 · φ2

1 · sin(θ1 + θ2)

32π3 · r · sin(θ1) ·
(
1 − cos

φ1

2

)
× e−

K e ·r·(sin θ1+sin θ2)

sin(θ1+θ2) , (4)

ª ¥ r � Ï & � � å l, λ � b 	 1 � Å �,
K e = Ka + Ks ��í&�P~Xê, Ù¥ Ka

�áÂXê, Ks �Ñ�Xê, Ar ��Â�»¡È,
Ω1 �uxáN�, V �k�Ñ�«�NÈ, Ps �Ñ
�� θs ��¼ê. ©Û�âÑ�&��AÛ'X{
z�� (4) ª�±wÑ, �ª�L�ª�Ï&ål r

¤�'. Ó�, 3Ï&ål(½Ú�íG��½�
�¹e, b	1Ñ�DÑ��JÌ�dux�Âà
��Ýû½, ù
�ÝÌ��) θ1, θ2, φ1 Ú φ2.

Tx
Rx

V

θ1

θs

θ2

φ1

φ2

r1
r2

ã 2 NLOS Ñ�1ó´©Û [11]

4 Äu Monte Carlo � NLOS b	1D
Ñ�.

3E,AÛ/GÚ�þ!x0¥�b	1Ï
&L§¥, ��æ^ Monte Carlo �{ïÄÑ�D
Ñ�¯K. Äu Monte Carlo �{ïá� NLOS b
	1DÑ�.ïÄ�Ì�SN�)1u�1f
å!1f3�í¥� NLOS DÑÚ1fDÑ¥�

9ÚO� [12].

4.1 111fffÐÐÐ©©©zzz

1f�Ð©zÌ�´(½1u�1f�u
�:Úu���, r1w�:1, Ó�r1
1f�u���3�½À|áN���S. ã 3
� NLOS b	1u��áNã [13], �IX�: O

�:1 �, :1�¥%1¶3 xoz ²¡S,
u���� θ1, Ñ�1f3uÑ� φ1 Sþ!u�.

z

y

o

x

D

ψ

θ1
φ1

ã 3 1�u�áNã

du1u�1f3 φ1 Sþ!u�, Ù� 
� ψ Ú =� θ dO�Å�)� [0, 1] þ!©Ù�
�Åê ξ(ψ) Ú ξ(θ) ��, Ù¥

ψ = 2πξ(ψ), (5)

ψ 3 [0, 2π] SÑlþ!©Ù.
θ 3 [0, φ1/2] S � �, � â cos θ

3 [cos(φ1/2), 1] S þ ! © Ù, Ï d ? 1 � Å Ä
�, ÙäNúª�

cos θ = 1 − ξ(θ)(1 − cos(φ1/2)). (6)

1 f D Ñ � � D � � I, 3 # � I X e L «
� (ux, uy, uz), äNúª� [13]

ux = sin θ cos ψ,

uy = sin θ sinψ,

uz = cos θ.

(7)
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4.2 bbb			111fff333���ííí¥¥¥��� NLOS DDDÑÑÑ

æ^ Monte Carlo �{�[b	1f3�í¥
� NLOS DÑ�, Ì��Ä1f��í¥�â9�
í©f��p�^. �í¥��í©f!íM�!
]2�â�1fu)áÂ!Ñ��^, ÏdÌ�I
�(½1f�e��-E:9-EDÑ��!1
f�ÚO�. (½
u�1f�Ð©�, ¿��
�
1f�u���{u�, �e5�(½1f�
�ÅÚ�Úe����I �.

d Bouguer-Lambert ½Æ, (Ü Monte Carlo �
{, é�ÅÚ�?1Ä���

∆s = − ln ξ(s)/Ks, (8)

Ù¥ ξ(s) ´«m [0, 1] Ñlþ!©Ù��Åê.
1 f D Ñ � � Å Ú � ∆s ( ½ ± �, d 1

f Ð © G � � = 1  � I (x, y, z) Ú D Ñ �
� (ux, uy, uz), B�O�1f���e��Ñ�
:��I (x′, y′, z′), äN� [8]:

x′ = x + ux∆s,

y′ = y + uy∆s,

z′ = z + uz∆s.

(9)

±þL§�b	11fügÑ��L§, E
dL§B´õgÑ�. 3¢S�[L§¥�I�Ä
duáÂÚÑ�E¤�P~VÇ.

4.3 111fffDDDÑÑÑ���ªªª���

b	1Ñ� NLOS DÑ���L§´1f�
�Â, =é1fÑ���&ÿ�VÇ?1©Û. Ä
k, 7L(½&ÿ1f��Ý, 3Ó��IXeü
gÑ�ÚügÑ�L§�«¿ãXã 4 ¤«, u
�1f�� θT Ñl (θ1 − φ1/2, θ1 + φ1/2) �þ
!©Ù, �)�ÅÚ�¿u)Ñ�, �)�ÅÑ
�� θs, �½�Â� θR = θs − θT ´Ä3�Â&
ÿì�� (θ2 − φ2/2, θ2 + φ2/2) S, 3��SK
��ÂàÐ¼ [14]; �u)1�gÑ��, �½ θR

= θs1 +θs2−θT ´Ä3�Â&ÿì�� (θ2−φ2/2,
θ2 + φ2/2) S. Ón�±í2� n gÑ�.

1 n gÑ��1fÑ�����&ÿ¡�V
Ç p1n �

p1n =
1
4π

∫ [
srpr(θ) + smpm(θ)

]
dΩ, (10)

Ù¥ sr, sm ©O� Rayleigh Ñ�Ú Mie Ñ��

VÇ, sr =
KRay

s

Ks
, sm =

KMie
s

Ks
, Ñ�Xê Ks =

KRay
s + KMie

s ; pr(θ), pm(θ) ©O� Rayleigh Ñ�
Ú Mie Ñ���¼ê; dΩ �Ñ�:��&ÿ¡�
áN���.

1 n gÑ��1fØ²L�1����&ÿ
¡�VÇ p2n � [8]

p2n = e−k e |rn−r′|, (11)

Ù¥ k e ��1Xê (Ñ�Xê�áÂXê�Ú) ;
rn �1 n gÑ�� �¥þ; r′ ��Âà� �
¥þ.

1 n gÑ��1f���

wn = (1 − p1n) e−Ka|rn−rn−1|wn−1, (12)

Ù¥ |rn − rn−1| ��ÅÚ�, wn−1 �1 n − 1 g
�1f�.

θT
θR

θs

θT
θR

θs2

θs1

(a)

(b)

ã 4 1fÑ�«¿ã (a) ügÑ�; (b) ügÑ�

nþ, &ÿì�ªU
�Â�1f�VÇ�

P =
∞∑

n=1

wnp1np2n. (13)

ÏL Monte Carlo �{é1f�Ñ���!1
fDÑ��ÅÚ�!1f�Ñ�a.ÚÑ���
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±9?\&ÿì�VÇ?1�[, ²L�½êþ�
1f�, \\ØÓ�m«�&ÿ��VÇ, ��&
ÿì�ªU
�Â�1f�VÇ.

4.4 CCCXXX������ Monte Carlo ���[[[LLL§§§

é NLOS(a), NLOS(b), NLOS(c) �naÏ&�
ª�b	1 NLOS Ñ���CX��?1©Û, �
Ñn«�ªCX���nØ�. [15]. �.ÝK�
áNãXã 5 ¤«. NLOS(a) aÏ&�ª¥ux
àÚ�Âà���þ� 90◦, uxà!�ÂàÑ�
U, =��ux���Â. b�k��Ñ�NNÈ
k�, Xã 5(a) ¥¤«, : A �u�à, u�1å±
uÑ� φ1 �Uu�, Ñ���b	1CX���
���/�«�, z����Ï&ålÑ��. d
«Ï&�ª&ÒDÑUå�, Ï&ålC, �´C
X����5Ð. NLOS(b) aÏ&�ª�uxà�
��u 90◦, �Âà��� 90◦, =½�ux���
Â. Xã 5(b) ¤«, ã¥±: A �u�à, u�1å
±uÑ� φ1 ½�� y ¶ux, /¤��c�Ñ�

l, 3/¡�ÝKCX���«� AEDF �¡È.
Ó�, 3u�àu�1å�¬/¤�����Ñ�
l GPH . duc�Ñ��Ì��^, æ^dÏ&�
ª�������Ï&ål, �ÂàI?uc�Ñ
��Ï&CX��SâU¼�Ð�Ï&�J.,	,
�Xuxà��ØäO�, NLOS(b) aÏ&�c�
Ñ�lÅì�u�à ;, ù���Ñ�lÅì
*�, �u���O�� 90◦ �, =z� NLOS(a)
aÏ&, CX����/«�. NLOS(c) Ï&�ª
�uxàÚ�Âà��þ�u 90◦, =½�ux½
��Â. d�b	1 NLOS Ï&3/¡�ÝKC
X��Xã 5(c) ¤«. ã¥±: A �½�u�à,
� y ¶���u�, : B �½��Âà, u�àÚ
�Âà¬/¤��U«�. �u�à�uÑ�Ý
K φ3 �uÀ|�ÝK φ4 �, u�à�CX���
: A ��l�ål; uÑ�ÝK φ3 �uÀ|�
ÝK φ4 �, u�à�CX���: A �ã¥ BN

�ål; �uxàÚ�Âà��~���½§Ý�,
C�b	1 LOS Ï&, Ã{u�b	1Ï& “��
 Ï&” �`³.

 
x

E F

D

A

M

N

y

P

G H

x
E F

D

Bϕ

A

M

N

y

P

G H

B

φ1 φ3

φ3

φ4

h

A

α

B∋

α

(a) (b) (c)

ã 5 F_b	1 NLOS Ï&ÝK�áNã (a) NLOS (a); (b) NLOS (b); (c) NLOS (c)

Monte Carlo �{�[ NLOS b	1Ñ�CX
���6§ãXã 6 ¤«, äNL§Ú½Xe.

Ú½ 1 �âuxàÚ�Âà� �, (½u
xàÚ�Âà�m�ål, (½�Âà �éux
1¶3Y²¡ÝK� =�Ý.

Ú½ 2 uxà1u�1f. (½� 
� ψ! =� θ Ú�Å1f���{u.

Ú½ 3 1f3�í¥� NLOS DÑ, Ì��
)1f��í¥�â9æNÔ��p�^, �í
¥��í©f!íM�!]2�â�1fu)á
Â!Ñ��^, Ì��)(½1f�e��-E:

9-EDÑ��, 1f�ÚO!�äÙÑ�a.
�.

Ú½ 4 1fDÑª�. �ä1f´Ä?\&
ÿì, XJ´K1f��Â; �ä1f�)�VÇ
´Ä�u�.� A, XJ´, 1fk�, ÄK1f
u)Ñ�; �â©fÑ�'(½1fu) Rayleigh
½ Mie Ñ��VÇ, ¿d�A��¼ê(½Ñ��,
=Ú½ 3, ?1e��1f��ä.

Ú½ 5 ¤k�[�1fê��ý½�, òÑ
Ì�, ÚO?\&ÿì�1fêÚ)�VÇ, ÄK,
�)#�1f, =Ú½ 2.
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�
ã 6 Monte Carlo �{�[6§ã

5 Monte Carlo �{�[ NLOS b	1
Ñ�CX��©Û

5.1 Monte Carlo ���{{{���[[[ NLOS bbb			111
ÑÑÑ������(((555���yyy

b	1U
 NLOS DÑ�Ì��Ï´�í¥
b	1�Ñ��^, �DÑål�C�, ügÑ
�åÌ��^, Ïd�©æ^ Monte Carlo �{Ä
kéDÑål� 10—100 m �b	1ó´ügÑ
�´»�Ñ?1�[©Û. �
�yJÑ�{�
�(5, ò¤JÑ�{�ügÑ��{ [8] 9ÿþ
� [16] ?1´»�Ñé'©Û. φ1 = 17◦, φ2 = 30◦

�, (θ1, θ2) ©O� (20◦, 20◦), (20◦, 30◦), (30◦, 20◦),
(40◦, 20◦) ��(JXã 7 ¤«. dã 7 ��, ØÓ

å»�Ñ�êâCzª³�ÎÜ,´»�ÑÑ�D
Ñål�O\O�. ¿��©(J�©z [8] ¥
(J����'�Ð, ���OÑ3 1 dB ±S,
`² Monte Carlo �[�{��(5. '�©Û�
©�{�¢ÿêâ, ��Czª³��, �,k
�� 10 dB ��å, Ì�´Ï�¢Sÿþ�¸��
í¥�3�þ� Mie Ñ�, Ó�Cålb	1DÑ
L§¥�,ügÑ�ÓÌ��^, ��´�3õg
Ñ��y�, Ïd¢Sÿþ�´»�Ñ���
.
lã 7 ¥��±wÑ, 3Ù¦^��Ó�, �Â�
�½u���O��´»�ÑO�, DÑålO�
�´»�Ñ�¬O\.

�
�yJÑ�{��(5, �éØÓ� θ1,
θ2, φ1 Ú φ2 ?1b	1ügÑ�´»�Ñ�[, æ
^�©z [8,16] ¥�Ó�^�?1O�, äN��
[(JXã 8 ¤«. ã 8(a) � θ2 = 90◦, φ1 = 17◦,
φ2 = 30◦ �, ØÓ θ1 e�´»�Ñ. ©Û��, �
Xu����O�´»�ÑO\, ù´Ï�u�
��O��, ÓÌ�/ �b	1ügÑ��c
�Ñ�Ü©ØU��ÂàÐ¼¤�; �XDÑå
lO�´»�Ñ�¬O\, ù´Ï��XDÑål
�O�, 1f3gd�m�DÑ�ÑÚ�í�áÂ
�^Ñ¬��O\. ã 8(b) � θ1 = 90◦, φ1 = 17◦,
φ2 = 30◦ �, ØÓ θ2 e�´»�Ñ. ©Ûuy, �X
�Â���O�´»�ÑO\; �XDÑålO�,
´»�Ñ�Ó�O\. ÙCz5ÆÄ��ã 8(a) �
�, �Ï´b	1ügÑ��.¥u���Ú�Â
���Czé�mk�Ñ�NNÈ�Cz��, �
â (3) ª��, �X���O\, k�Ñ�NNÈÑ
¬O\. ã 8(c) � θ1 = 90◦, θ2 = 90◦, φ2 = 30◦ �,
ØÓ φ1 e�´»�Ñ. �±wÑ, 3Ù¦ëê�½
�¹e, O�u�à�uÑ�é´»�ÑK�Ø�.
�Ï´O\u�à�uÑ��,O\
u�àÚ
�Âà�k�Ñ�N�NÈ, Ó�3uxõÇ�½
�cJeü$
ü áN��õÇ, cÙ�ux�
Â��Ñ� 90◦ �, �Â��b	1fê8¿vk
²wO\. ã 8(d) � θ1 = 90◦, θ2 = 90◦, φ1 = 17◦

�, ØÓ φ2 e�´»�Ñ. �±wÑ, 3u�àÙ
¦ëê�½��¹e, O\�Âà�À|�±�²
w/ü$´»�Ñ, AO´ φ2 3 10◦—30◦ �m�,
´»�ÑCz'�(¯, ù´duO��ÂÀ|�
�, ���Âà���1fêÒ¬O\, AO´�
ÂÀ|�����J�\²w.
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 � � � � � � � � � � �� �� �� �� �� � �� � �
� �  

 
�

 

ã 7 φ1 = 17◦, φ2 = 30◦ �, ØÓux�Â���¹e�©�[(J�©z [8] 9¢ÿ´»�Ñé' (a) θ1 = 20◦,
θ2 = 20◦; (b) θ1 = 20◦, θ2 = 30◦; (c) θ1 = 30◦, θ2 = 20◦; (d) θ1 = 40◦, θ2 = 20◦

� � � � � � � � � � � �� � �� � �� � �� � �� � ���� ���
������ 	 
 �

1 � � � �
1 � � � �
1 � � �  �

2 � � � �
2 � � � �
2 � � � 

�
1 � � � �
1 � � � �
1 � � �  �

2 � � � ��
2 � � � �
2 � � � 

� � � � � � � � � � � �� � �� � �� � �� � �� � �
	 


� � � � � � � � � � � �� � �� � �� � �� � �� � �
	 
 � � � � � � � � � � � �� � �� � �� � �� � �� � �� � �� � �� � �

	 


� � � � � �
� � � � � �

ã 8 Monte Carlo �{¥ØÓ�Ýe�ügÑ�´»�Ñ (a) θ2 = 90◦, φ1 = 17◦, φ2 = 30◦, UC θ1; (b) θ1 = 90◦,
φ1 = 17◦, φ2 = 30◦, UC θ2; (c) θ1 = 90◦, θ2 = 90◦, φ2 = 30◦, UC φ1; (d) θ1 = 90◦, θ2 = 90◦, φ1 = 17◦, UC φ2
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ò�©�{�Ñ�ØÓ�Ýe�ügÑ�´
»�Ñ�©z [8,16] ¥ØÓ�Ýe�õgÑ�´
»�Ñ?1é', üöCzª³��, 5Æ��Ó,
Ïd�y
�©�{��(5. ü«�{3´»�
Ñ�ê�þk�å, ügÑ��´»�Ñ'õgÑ
�p 8 dB �m. �Ï��´�í¥b	1õgÑ
�, ¦��ÂàÐ¼�õ�1f¿¼��$�´»
�Ñ; �Ï��´þã�[L§¥�ux½�Â�
Ý¥��k��´ 90◦, �Âàò�UÐ¼�õ�
��Ñ�1f. Ïd, �ål�C�ügÑ�´Ì
�Ï�, Ï�ügÑ�Pk���êÆ�., éu
nØ©ÛÚ�[b	1ügÑ�CX��5`�
äk¢S¿Â, éuÃ�b	1õ:|�Ï&�õ
:m�pZ6Ú�mE^Eâk��nØ��
d�.

5.2 NLOS bbb 			 111 ÑÑÑ ��� CCC XXX ��� ��� Monte
Carlo ���{{{���[[[©©©ÛÛÛ

b	1 NLOS DÑ�ª¥, NLOS(b) a�ªU

ÏLUCux�Â��éN´=z� NLOS(a)
aÚ NLOS(c) a�ª, Ïd NLOS(b) �äk�L
5. �
ïÄb	1ügÑ� NLOS(b) aCX�
��., ÏL Monte Carlo �[b	1f NLOS D
ÑL§, é�Âà�b	1f�ÂVÇ?1
ÚO,
ÚO(JXã 9 ¤«. ã 9 ¥æ^u�1f�ê
� 1012, θ1 = 20◦, θ2 = 90◦, φ1 = 17◦, φ2 = 30◦, Â
uC�DÑål� 10, 20, 40, 60, 80 Ú 100 m. C
X��3AÛ�.¥��u1fDÑ3Y²¡�
ÝK, =Y²¡¥Y²��¶� x ¶, � x ¶R�
���� y ¶, u�à3�:, Y²¡¥�Âà 
�� x ¶Y� (^������) ¡� �, � �
� 0◦ ��ÿL«�Âà�Ð3 x ¶þ, äN�I
Xëìã 3. �©Ì�ïÄuxDÑ��þ�CX
��, ¤±��é �l −80◦—80◦ ��ÂVÇ?
1
ÚO. lã 9 ¥�±wÑ, NLOS(b) aÏ&�
CX���ã 5(b) �©Û��, Cq�ý�, Ñ´
3 �� 0◦ ��¹e�ÂVÇ��, ��mé¡;
3 � ±30◦ ��ÂVÇeü� � 0◦ ����
±e, � �����ÂVÇ�$. `²� l x

¶�ÂVÇ��, ù´Ï� NLOS(b) aÏ&Ì�|
^c�Ñ�, ��Âà3c�Ñ�CX���S�
Ï&�J¬'�Ð. é'©Ûã 9 ¥�8Ìã, 3
Ï&ål�u 60 m �, �ÂVÇk²wC��ª

³, ~XÏ&ål� 10 Ú 100 m �, �Ï&ålO
��, �ÂVÇ~�, ù´Ï��DÑål�O�,
b	1f3�í¥�DÑ�Ñ�¬O�.

NLOS(c) aÏ&CX���[Xã 10 ¤«,
æ^u�1f�ê� 1012, θ1 = 20◦, θ2 = 20◦,
φ1 = 17◦, φ2 = 30◦, ÂuC�DÑål� 10, 50,
100 m. lã 10 �±wÑ, NLOS(c) aÏ&�CX
���ã 5(c) ��, Cq�n�/. Ó�3 �
� 0◦ ��¹e�ÂVÇ��, ��mé¡; 3 �
�u 15◦ ��ÂVÇ×�eü, �3 �� 25◦ ±
�VÇªu 0, Ï�d��Â��b	1fÌ�´
c�Ñ�1f, ��Ñ�1fA��±�ÑØO.
� NLOS(b) a 10 m Ï&CX��'��±w�,
NLOS(c) a�ÂVÇ� NLOS(b) a�Ð, XÚDÑ
�Ñ��, Ï&�°��; é'©Û 10 Ú 100 m �
�¹, �Ï&ålO��, �ÂVÇØäC�, �Ï
´�DÑål�O�b	1f3�í¥�DÑ�
Ñ�¬O�.

NLOS(a) aÏ&CX���[ãXã 11 ¤«,
Ó�æ^u�1f�ê� 1012, θ1 = 90◦, θ2 = 90◦,
φ1 = 17◦, φ2 = 30◦, ÂuC�DÑål� 10, 50,
100 m. lã 11 �±wÑ, � �Cz�, Ó��
DÑål�ÂVÇÄ�ØC, VÇCzÑ3é��
��S, ù�ã 5(a) ��. NLOS(a) Ï&�ª�C
X��Cq��/, �� 5'�Ð. � NLOS(b)
Ú NLOS(c) a�', 3�Ó�DÑåle NLOS(a)
a�ÂVÇ��, DÑål�á, Ï�d��Âà
Â��õ��Ñ�b	1f, &ÒDÑUå�, î
K�Ï&�JÚDÑål. é'©Û 10 � 100 m
��¹, �Ï&ålO��, �ÂVÇØäC�, Ó
�´Ï��DÑål�O�, 1f3�í¥�DÑ
�Ñ�¬O�.

duõgÑ�éb	1 NLOS DÑ�©Û'
æ^ügÑ��©Û�O( [17], U�Ð/Jøn
Ø�â. �
¢SI¦, æ^ Monte Carlo �{éD
Ñål� 20—100 m �b	1ó´ügÑ�Úõ
gÑ��´»�Ñ?1�[©Û, Xã 12 ¤«. æ
^ü|ØÓu�Ú�Â��éügÚõg�DÑ
?1
'�, ã 12(a) Úã 12(b) �ux�Â��©
O� (20◦, 20◦) Ú (40◦, 15◦). lã 12 �±wÑ, ü
gÚõgÑ��´»�Ñ�3�½��å, �´�
N�´»�Ñª³��, 3CålÏ&��¹eê
�þ��O'��.

ÏL±þé�[(J�©Û, �[(JÄ�Î
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Ü©z [15] JÑ�CX��nØ�., ?�Ú�y

 NLOS b	1Ñ�CX���.��(5. Ï
Lé' NLOS(a), NLOS(b), NLOS(c) na NLOS Ï
&�., �±�Ñ±e(Ø: 3�Ó�AÛ'Xe,
NLOS(a) aÏ&�ª�Ï&Nþ��, CX���
�, �°��, �´�� 5�Ð; NLOS(b) aÏ&
�ª�CX����, k�½��5, Ï&NþÚ
�°Ñ`u NLOS(a); NLOS(c) aÏ&�ª´CX

����, kér���5, Ï&�J�Ð,´»�
Ñ��. 3CålÏ&��¹e, ügÑ�Úõg
Ñ�´»P~�ê��O'��. �N5w, �©
�{'�·^uCålb	1Ñ�Ï&��CX
��©Û, Ó�Ä��Ñ�íáÂ�5�K�. C
X���.Ì�dux�Â����'�Ýû½,
ù��ÐÎÜb	1Ñ�Ï&�U·^uCål
Ï&�A:.

� � � � � � � � � � �� � � � �� � � � �� � � � ���� �	
��� �	
��� �	

��� �	
��� �	
��� �	


 � �  
 � � 

 � �  
 � � 

 � �  
 � � 

� � � � � � � � � � �� � � � �� � � � �� � � � �
� � � � � � � � � � �� � � � � �� � � � � �� � � � � �

� � � � � � � � � � �� � � � � �� � � � � �� � � � � �
� � � � � � � � � � �� � � � � �� � � � � �� � � � � �

� � � � � � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

� � � � � �
� � � � � �

� � � � � �
ã 9 θ1 = 20◦, θ2 = 90◦, φ1 = 17◦, φ2 = 30◦ �, NLOS (b) aÏ&ØÓDÑål�CX�� (a) 10 m; (b) 20 m;
(c) 40 m; (d) 60 m; (e) 80 m; (f) 100 m

114208-9



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 114208

� � � � � � � � � � �� � � �� � � �� � � �� � � ��	
 ��
�	
 ��

�	
 ��  � � �
 � � �
 � � �

� � � � � � � � � � �� � � �� � � �� � � �
� � � � � � � � � � �� � � � �� � � � �� � � � �

� � �
� � �

� � �
ã 10 θ1 = 20◦, θ2 = 20◦, φ1 = 17◦, φ2 = 30◦ �, NLOS (c)
aÏ&ØÓDÑål�CX�� (a) 10 m; (b) 50 m; (c) 100 m

� � � � � � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �	
� �
	
� �

��� �� � � � �
� � � �

� � � � � � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �
� � � � � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � �  !

� " �
� # �

$ % &
� � � �

ã 11 θ1 = 90◦, θ2 = 90◦, φ1 = 17◦, φ2 = 30◦ �, NLOS (a)
aÏ&ØÓDÑål�CX�� (a) 10 m; (b) 50 m; (c) 100 m

� � � � � � � � � � �� �� �� �� �� �� ���	 
 � � � � � � � � � � � �� �� �� �� � �� � ���	 
 �
�  � � � �

ã 12 ØÓ�ÝügÑ�ÚõgÑ�´»�Ñ (a) θ1 = 20◦, θ2 = 20◦; (b) θ1 = 40◦, θ2 = 15◦
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6 ( Ø

�©Ì�ïÄ
ügÑ��¹e��íb
	1 NLOS CX���., ^ Monte Carlo �{é
b	1fDÑ�CX��?1
�[, L§�)
1u�b	1f!1f3�í¥� NLOS D
Ñ!1f�ÂÚ���)�VÇÚO. |^ NLOS
ügÑ�b	1CX�.�[©Û
 NLOS(a)

a!NLOS(b) a!NLOS(c) an«�ª�äNC
X��ÚõgÑ��´»�Ñ. (JL², õgÑ
�ÚügÑ��´»�ÑÄ���, NLOS(a) a�
ªCX������� 5Ð, NLOS(b) a�ª�
CX�����k�½��5, NLOS(c) �ªaÏ
&�ª´CX�����kér���5. ù
(
J�Cål�íb	11Ñ�Ï&&�A5ïÄ
9XÚëê�OJø
�â.
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Monte Carlo simulations for non-line-of-sight
ultraviolet scattering coverage area∗
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Abstract

In this paper, the Monte Carlo method is employed to simulate the ultraviolet light scattering transmission. The three modes of

ultraviolet (UV) no-line-of-sight (NLOS) communication are analyzed. The UV NLOS transmission model based on the Monte Carlo

method is proposed. The path losses of single and multiple scatterings and the coverage area of three UV NLOS modes are simulated by

using the Monte Carlo method. Finally, we obtain the conclusion that multiple scattering and single scattering basically have the same

path loss. The coverage of NLOS (a) is smallest, but omni-direction is good. The coverage of NLOS (b) is larger, but it is directional.

The coverage of NLOS (c) is largest, but it is strongly directional.

Keywords: ultraviolet, scattering, Monte Carlo, coverage area
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