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� ���� ��� � �	
��

V-�69 20<219 95275 <7-. 2 87-994/� � -4/5 -< 5:6 9576659 � 5:647 4/ 45420 0- 8254-/
49 72/�-. 01 8:-96/ 4/

{P1, P2, ..., Pm} �
<:676

Pi

49 2 �6/6748 87-994/� �-4/5
<-7. 6� 31 5:6 7-2�9 � 2/� <:676 5:6 �7-32340451 �495743;54-/ 49 ;/4<-7. � �:647
54. 6 -< �6�275;76 49 69523049:6� 288-7�4/� 5- 2 ;/4<-7. �495743;54-/ 365<66/
[Tmin, Tmax]

2/� 45 49 6�� 6856� 5- 3 6 �4
676/5 <-7 628: �V � >/86 5:25 �V 9 276
�49�-96� 4/ 5:6 2762 � 2/ 4567254�6 �7-8699 3 6�4/9 5- �6567. 4/6 96�2725601 5:6
/-�69 .-54-/ � �:6 20�-745:. �79501 8:--969 2 9� 66� 4/ 2 ;/4<-7. �495743;54-/
365<66/

[Speedmin, Speedmax]
� �29501� 45 �684�69 645:67 2 �-4/5 -< 4/567695� 5-

572�60 5-<27� -7 2 �2;96 54. 6 � �:6 /-�6 3 64/� �66. 6� < 400 :62� <-7 5:6 �-4/5
< 45: 5:6 8:-96/ �60- 8451� �:6 �-9943 06 �-4/59 -< 4/567695 5- 3 6 �48�6� 276 20�
<219 5:766 � 5:-96 2�? 286/5 5- 5:6 8;776/5 0- 8254-/ � 6�80;�4/� 5:6 �-4/5 <:676
5:6 /-�6 82.6 <7-. � �:6 �7-3234045469 -< /-5 . -�4/� � �-4/� 95724�:5 � 5;7/4/�
06<5 2/� 5;7/4/� 74�:5 82/ 3 6 769� 6854�601 965 29

{Pp, Ps, Pl, Pr}
� �;75:67.-76 �

<:6/6�67 2 /-�6 �-69 /-5 . -�6 � 5:6 �2;96 54. 6 :29 5- 3 6 ;/4<-7. 01 8:-96/
365<66/

[Pmin, Pmax]
�

�5 49 4. �-752/5 5- -3967�6 5:25 5:49 .-54-/ .-�60 �-69 /-5 8-/94�67 5:6 8296
-< . 2�4/� 2 956� 328�<27� 5- 5:6 �-4/5 <:676 2 /-�6 82.6 <7-. � �:49 49
9-. 6:-< 762049548 94/86 � . -95 -< 5:6 54. 69 � � 6-�06 �- /-5 9;��6/01 4/�675
5:647 7-;56 5- �- 6�28501 2 956� 328�<27� 2/� 5:6/ <-7<27� 2�24/ � �/ 4542001�
2/� <:6/ 2 �-9943 06 �2;96 54. 6 4/567�20 7;/9 -;5 � �V 9 72/�-. 01 960685 -;5
-< 200 5:6 <-;7 � -9943 06 �476854-/9 < 45: 2/ 6�;20 �7-32340451�
�:6 20�-745:. 5:25 2;5-. 25482001 �6/672569 5:6 �-3406 V-�69 ��V 9� .-�6�
. 6/5 82/ 3 6 �698743 6� �42 5:6 95256 8:275 �6�4856� 4/ � 4�;76 � �C � �:6 95256
8:275 :29 ��6 �4
 676/5 952569 5:25 769� 6854�601 952/� <-7 O /- .-�6. 6/5 ��� �
:-74
-/520 956� 328�<27� ��� � :-74
-/520 956� <-7<27� �C� � �6754820 956� <-7�
<27� �B� � 2/� �6754820 956� 328�<27� ��� � >3967�6 5:25 5:6 95256 ��� 49 209- 5:6
4/ 45420 95256 � �:6 94
6 -< 5:6 :-74
-/520 2/� �6754820 956�9

Hs = w
Nv

, Vs = h
Nh

�� � ���� �� �������� ^ c j _�j n c j h f e c c ^ a b i e ^ a k o
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276 <;/854-/ -< 5:6 . 2� =9 �272. 65679� � �:6 �6876. 6/5�4/876. 6/5 -< 5:6
x2/�

y
8--7�4/2569 � 4/567/2001 76�-756� 4/ 5:6 952569 � 276 -3524/6� 29 2/ -��

67254-/ .-�
width

<-7
x
2/� .-�

height
<-7

y
� ��671 572/9454-/ 4/ 5:6 95256

8:275 - 88;79 4/ 5:6 94.;0254-/ < 45: 5:6 �7-32340451 9� 684�6� -/ 5:6 2789 � �/
5:6 ��;76 � 5:6 4/�-4/� 572/9454-/9 5- ��� 4.�01 2 �2;96 54. 6 � V-56 5:25 5<-
�2;969 4/ 2 7-< 276 /-5 � 67. 4556� � �7-. /-< -/ � <6 < 400 76<67 5- 5:6 �7-�-96�
�25567/ 29 ����� � ������� � � U R� ���� � �

(1)

x' = x -
 Hs


y
' =
 y


(2)

x' = x +
 Hs


y
' =
 y


(0)

x' = x ;
 y
' =
 y


(3)


y
' =
 y
 + Vs

x'=x


(4)


y
'=
y
 - Vs

x' = x


0.25


0.25


0.25


0.25


Pl
 Pl


Pl

Pl


Pr


Pr
Pr


Pr


Ps


Ps


Ps


Ps


Pp


Pp


Pp


Pp


� 4�;76 � �C O �:6 95256 8:275 �698743 4/� 5:6 .-54-/ -< ��� �

	
e k g k l j k j d j i �j c i f g� ^ e ] c _ n ` g�a g ` m n c i g h ^
n ^ a b k l g a ] d m g f e
 c k f g g k c
Nh

j a `
Nv

j _ e a b � ^ k l ^ k c c ^�g o � _ k g f a j k ^�g _ n� ^ k h e ] _ ` l j�g m g g a ` g�a g ` m n k l g c k g i c � c ^�g
Hs

j a `
Vs

� j _ e a b � ^ k l g ^ k l g f k l g a ] d m g f e
 c k f g g k c e f ^ k c c ^�g
w, h

o
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� �� ��� �&!�� ��!!#'$

P 9 20762�1 .6/54-/6� � 5- 94�/4�82/501 76�7696/5 2/ ;732/ 6/� 47-/. 6/5 45
49 -��-75;/6 2/� �69472306 5- . -�60 2 3-;/�0699 2762 ��6854-/9 C �� �� � 2/�
� �C ��� � �:6 8451 986/274- 9:-;0� 2�2�5 027�6 845469 < 45: 76�;027 �7-;/� �02/9 �
�:49 49 2 <625;76 5:25 49 /-5 3;405�4/ < 45: 5:6 8;776/5 �6794-/ -< 5:6 V 65<-7�
� 4.;025-7 C � A6/86 � � 4. �06. 6/56� 2/ 6�56/94-/ 5- 5:6 /65<-7� 94.;025-7
5:25 4/56�7256 45 �
P 5-7;9 9;7<286 4/57-�;869 7606�2/5 6
6859 -/ 5:6 .-340451 .-�60 3 64/� ;96� �
�/ <285 � /-�69 . -�4/� <7-. 2 8;776/5 0- 8254-/ 5- 2 527�65 0- 8254-/ 20<219
82/ 8:--96 3 65<66/ 96�6720 �-9943 06 �25:9 20-/� 2 04/6 � �:676 276 20<219
<-;7 20567/254�6 �25:9 2�2402306 � �:49 �- 69 /-5 :2��6/ <:6/ 5:6 9;7<286
49 �604. 456� 31 /-/ �2992306 6��69 � �/ .1 4.�06. 6/5254-/ � 2 /-�6 20<219
9606859 5:6 9:-75695 04/6 ? -4/ 4/� 5:6 8;776/5 0- 8254-/ 2/� 5:6 �6954/254-/ �-4/5
29 �25: 5- <-00-< � P/ 2��454-/20 .-�;06 �;272/5669 5:25 /-�69 960685 -/01
87-994/� � -4/59 29 527�65 0- 8254-/ � �:6 769;05 49 5:25 /-�69 276 8-/95724/6�
5- .-�6 20-/� 5:6 8451 7-2�9 < 45: 2 < 72��27-;/� 3-7�67 3 6:2�4-7 �
�:6 20�-745:. 5- 8-.�;56 5:6 �476854-/ -< 5:6 9:-75695 04/6 ? -4/ 4/� 5<- �-4/59
4/ 5:6 5-7;9 9;7<286 49 <-7. 204
6� 31 5:6 � �;254-/ � �� � � 4�6/ 5:6 8;776/5 �-�
9454-/ �685-7 -< 2 . -3406 29

pc = (xc, yc)
� 2/� 5:6 8--7�4/2569 -< 2 �6954/254-/

�-4/5 5:25 5:6 /-�6 <2/59 5- 7628: 29
pd = (xd, yd)

5:6 �476854-/
dir
-< 5:6

9:-75695 04/6 49 O

dir = (x, y)
�� ���

�:676 O

• x =



















xd − xc if |xd − xc| ≤
xmax

2

xmax − |xd − xc| if (|xd − xc| > xmax

2
)
∧

(xc > xd)

|xd − xc| − xmax if (|xd − xc| > xmax

2
)
∧

(xc < xd)

• y =



















yd − yc if |yd − yc| ≤
ymax

2

ymax − |yd − yc| if (|yd − yc| > ymax

2
)
∧

(yc > yd)

|yd − yc| − ymax if (|yd − yc| > ymax

2
)
∧

(yc < yd)

� 4�6< 496 � �66�4/� 4/5- 288-;/5 5:6 20�-745:. ?;95 �7696/56� � 45 <-00-< 9 2/
;/;9;20 <21 5- 8-.�;56 5:6 �4952/86 3 65<66/ 5<- /-�69 � �:6 <285 49 -<
<;/�2.6/520 4.�-752/86 94/86 45 2
6859 5:6 94�/209 �7-�2�254-/ � � �;254-/

� �C <-7. 204
69 5:6 20�-745:. 5- 8208;0256 5:6 �4952/86
d
3 65<66/ 5<- .-34069
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769� 6854�601 0- 8256� 25
(x1, y1)

2/�
(x2, y2)

;96� <:6/ 2 5-7;9 9;7<286 49 3 64/�
�66. 6� �

d =
√

[min(|x1 − x2|, xmax − |x1 − x2|)]2 + [min(|y1 − y2|, ymax − |y1 − y2|)]2�� �C�
<:676

xmax

2/�
ymax

276 769� 6854�601 5:6 < 4�5: 2/� :64�:5 -< 5:6 76852/�06
<:48: :29 3 66/ �7-006� � 5- -3524/ 2 �-7;9 �

� �� %&+�('$� � '�$#(� � !&�#�#)'&$

�:6 ;/�6701 4/� 8:2//60 . -�60 4/ /9�C 49 �;456 94. �06 ��� � �:6 94.;025-7
8208;02569 5:6 76864� 4/� �-�67

Pwr

<-7 6�671 572/9. 4994-/ 3 65�66/ 5�- /-�69
� 45: 5:6 8:-96/ �7-�2�254-/ .-�60 � >/86

Pwr

:29 3 66/ 8-.�;56� � 5:6
94.;025-7 �4954/�;49:69 3 65�66/ 5:766 �4�6796 82969 �
�/ 8296

Pwr

49 �762567 5:2/ 2 76864� 4/� 5:769:-0�
RXThresh

5:6 94�/20 49
299;.6� 5- :2�6 6/-;�: �-�67 5- � 67. 45 �7-� 67 7686�54-/ 25 5:6 76864�67
94�6 � �:49 94�/20 � 400 867524/ 01 4/567<676 � 45: -5:67 572/9. 4994-/9 3 64/� � 67�
<-7. 6� � �<

Pwr

49 3 60-�
RXThresh

� 3;5 �762567 5:2/ 5:6 8277467 96/96 5:769:�
-0�

CSThresh

5:6 76864�67 /-�6 .;95 �7-� 5:6 �28�65 � �:-;�: � 5:6 7686�54-/
�-�67 95400 4/567<6769 � 45: -5:67 94�/209 � �72/9. 4994-/9 � 45: 76864� 4/� �-�67
Pwr

9. 20067 5:2/
CSThresh

�- /-5 6�6/ �495;73 -5:67 94.;052/6-;9 572/9. 49�
94-/9 25 5:6 92. 6 /-�6 � �:49 49 2 94. �06 299;.�54-/ -< 5:6 72�4- �7-�2�254-/
.-�60 4/567/2001 4.�06. 6/56� 4/5- 5:6 /65�-7� 94.;025-7 � �/ <285 4/ 5:6 7620
04<6 � -/6 572/9. 45567 45960< . 21 /-5 �495;73 2 /-�6 4<

Pwr < CSThresh

� 3;5
96�6720 �62� 94�/209 -< 5:49 �4/� 94.;052/6-;901 76864�6� 25 5:6 92. 6 /-�6 �
. 21 8-/957;854�601 -74�4/256 2 957-/�67 4/567<674/� 94�/20 �
�:6 76864� 4/� � -�67 49 � 4
 676/501 8208;0256� �6�6/�4/� -/ 5:6 �7-�2�254-/
.-�60 � �-76-�67 � 4/ 628: �-9943 06 . -�60 5:6 76864� 4/� �-�67 .;95 20�219 3 6
965 5- 
67- �:6/6�67 5:6 5�- 6/545469 8-..;/48254/� 276 96�27256� 31 .-76
5:2/ 5:6 �72/9. 4994-/ 72/�6

R
� �:49 <-7. 9 2 8478;027 8-�672�6 2762 27-;/�

2 96/�4/� /-�6 2/� 2 9:27� 72/�6 04. 45 �

� �	 �� 
��� �
���

�:6 �� R R ����R .-�60 ���� -/01 299;.69 5:6 �47685 �25: 3 65�66/ 572/9�
. 45567

t
2/� 76864�67

r
� ,67524/ 01 5:6 76864� 4/� � -�67 49 �6� 6/�4/� -/ 5:6

572/9. 4556� �-�67
Pt

� >5:67 �272. 65679 �:48: 276 4/�-0�6� 5- 8-.�;56
Pwr
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276 O 5:6 �2�606/�5:
λ
� 5:6 �24/ -< 5:6 572/9. 4554/� 2/� 76864� 4/� 2/56//2

�
Gt, Gr

� � 5:6 �4952/86
d
3 65�66/ 5:6 5�- 8-..;/48254/� /-�69 2/� 2/ 4/�

57-�;86� 91956. 0-99 8- 6� 846/5
L
� �:6 -/01 �272. 6567 �:48: 49 /-5 91956.

� 4�6 8-/952/5 49 5:6 �4952/86 3 65�66/ 96/�67 2/� 76864�67 � �;75:67. -76 � 5:6
76864� 4/� 2/� 5:6 8277467 96/96 5:769:-0�9 276 �6�5 8-/952/5 5:7-;�:-;5 5:6
94.;0254-/ � � �;254-/ � �B 9:-� 9 5:6 �27548;027 20�-745:. ;96� 4/ 5:6 �766
��286 .-�60 �

Pwr−FS(d) =
PtGtGrλ

2

(4πd)2L

�� �B�
�:6 <766 9�286 . -�60 � 49 �671 574� 420 2/� :6/86 45 62969 5:6 94.;0254-/ -�67�
:62� <-7 <-7682954/� 5:6 94�/20 �-�67 25 5:6 76864�67 94�6 � �;8: 2 72�4- .-�60
49 /-5 8-/94�674/� 2/1 499;6 760256� � 45: /645:67 <2�4/� /-7 �7-;/� 76@6854-/ �

� �	 �� ��� � �� � �����

�:6 	
 � S�� �� ���U ��
� � 49 2 .-�60 5:25 4. �7-�69 5:6 �74/84�06 -< <;/8�
54-/4/� -< �766 ��286 � P �24/ � 5:6 -/01 7620 �2742306 �272.6567 49 5:6 /-�69
�4952/86

d
� ��- 2��454-/20 91956. 8-/95724/5 �272.65679 276 4/57-�;86� 4/

5:6 <-7.;02 � ��684�82001�
ht

2/�
hr

276 5:6 :64�:59 -< 5:6 2/56//29 � �:6 94��
/209 �7-�2�254-/ .-�60 8-/867/6� � �66�9 4/5- 288-;/5 3 -5: 5:6 �47685 �25:
365�66/ ��
 2/� 5:6 �7-;/� 76@6854-/ �25: �
A6/86 � 5:6 2��454-/20 <625;76 -< 5:6 �
� 49 5:25 �7-;/� 76@6854-/ /6�254�601
2
6859 5:6 76864� 4/� �-�67 �;6 5- 5:6 .;054�25: 6
685 � �-7 /-�69 � 45: 4/ 2
867524/ 5:769:-0� �4952/86

dthresh = 4πhthr/λ
� 5:6 .-�60 3 6:2�69 29 5:6 <766

9�286 �/- �7-;/� 76@6854-/ 49 8-/94�676� � � �/ 8-/57295 � �:6/ /-�69 276 <27
2�275 <7-. 628: -5:67 <-7 .-76 5:2/ 5:49 5:769:-0� �4952/86 � 5:6/ 5:6 76864��
4/� 94�/20 9576/�5: 49 4/�6796 �7-� -754-/20 5-

d4
� ��4�6/501� 5: 49 769574854-/

957-/�01 2
 6859 5:6 �-�67 -< 2 94�/20 �:6/ 5:6 �4952/86 49 7606�2/5 � �:6
299;.�54-/ .2�69 5:6 � -�67 �76�4854-/ 5- 3 6 . -76 7620495482001 7696.304/�
5:6 7620 �-70� 945;254-/9 � ��684�82001� 5:6 <-7. 204
254-/ -< �
� 7694�69 4/
5:6 � �;254-/ � �� � >3967�6 5:25 <-7 628:

d
-�67 5:6 5:769:-0� dthresh

d
< 1
�

Pwr−TRG(d) =







Pwr−FS(d) d < dthresh

Pwr−FS(d)(
dthresh

d
)
2

d ≥ dthresh

�� ���

>�67 9:-75 �7-� 4. 45469 5�-�721��7-;/� 45960< �-69 /-5 �4�6 2 �--� 769;05 �;6
5- 5:6 -98400254-/ 82;96� 31 5:6 8-/957;854�6 2/� �6957;854�6 8-.34/254-/ -<
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5:6 5�- 7219 � A6/86 � 5:6 8:-486 -< 95400 ;5404
4/� 5:6 �766 ��286 .-�60 4/
9;8: 2 945;254-/ 49 ? ;954�6� � �/ � 4�;76 � �B 49 �6�4856� 5:6 76864� 4/� �-�67
<-7682956� 31 �� 2/� �
� 72�4- �7-�2�254-/ .-�609 �

dthresh = 86mt
� �

 0

 1e-08

 2e-08

 3e-08

 4e-08

 5e-08

 6e-08

 7e-08

 8e-08

 9e-08

 1e-07

 86  172  258

R
ec

ei
ve

d 
P

ow
er

 [d
b]

Distance S/R [m]

Receiving power prediction 

pure-FS
pure-TRG
FS + TRG

� 4�;76 � �B O �:6 76864�6� �-�67 <-7682956� 31 �� 2/� �
� �7-�2�254-/ .-��
609 �

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

�:6 -3? 6854�6 -< .1 95;�1 49 5- -3967�6 :-� 9:2�-� 4/� -39528069 4/ 5:6
94.;0254-/ 567724/ 2
685 5:6 �7-5-8-0 � 67<-7. 2/86 � �/<-75;/25601� 5:6 V 65�
�-7� 94.;025-7 C �C�� �-69 /-5 �7-� 4�6 2/1 
�� 5:25 200-� 9 5- :2/�06 5:49
4. �-752/5 <285-7 � �-7 5:49 7629-/ � 4.�06. 6/56� .1960< � 2 94.�06 
 2�4-
� 7-�2�254-/ �-�60 �:48: 4/80;�69 5:49 <625;76 �

S�U�� � � ��������� � � U R� 
 ��� 	�� ����R � �
��> � � 49 2/ 4.�7-�6.6/5 -< 5:6
5�- 721 �7-;/� .-�60 �:48: :2/�069 94�/209 �7-�2�254-/ 4/ 2 .-76 96�676
. 2//67 � �/ <285 4/ .1 4.�06. 6/5254-/ � 2 94.;0254-/ 2762 82/ 8-/524/ 2
965 -< -39528069

O = {obs1, ..., obsm}
-< �:256�67 9:2�6 5:25 5-52001 :4/�67

94�/209 �7-�2�254-/ �966 � 4�;76 � ��� � �:49 <625;76 82;969 /-�69 /-5 5- :2�6
2 8478;027 8-�672�6 72/�6 �:6/ 80-96 5- 2 30-8� � �/ 9;8: 2 8296 5:676 6� 495
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2 8-/6 9:2�6� �275 -< 5:6 /-7. 20 8478;027 8-�672�6 72/�6 5:25 49 2/ 2762 -<
�27� � ��684�82001� 2/ �� R� �T U��� 49 2 9;7<286 �:676 5:6 72�4- 94�/209 82//-5
�7-�2�256 �;6 5- 5:6 30- 8�9 -3957;854-/ �

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

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

OBSTACLE

Node_j

Node_i
i2

i4

j2

j4

i1  j1

i3

j3

� 4�;76 � �� O P/ 6�2.�06 -< 5�- 27629 -< �27� �

�/ � 4�;76 � �� 5:6 8296 49 76�7696/56� � �:676 276 5�- �-56/5420 572/9. 455679
Node�i

2/�
Node�j

/62731 5- 2 76852/�;027 -3952806 � �:6 ��;76 9:-� 9
5:25 5:6 2762 3 6:4/� 5:6 76852/�06 49 2/ 2762 -< �27� �:676 94�/209 �- /-5
�7-�2�256 25 200 � �/ �27548;027 � 5:6 �27� 27629 <-7 5:6 5�- /-�69 276 . 27�6�
� 45: �4
 676/5 8-0-79 2/� �604. 456� 31 <-;7 �6756�69 <-7 628: /-�6 � >3�4-;901�
5:696 27629 �271 �:6/ .-3406 6/545469 .-�6 � 2/� 5:61 82/ 36 .;054� 06 <-7 628:
/-�6 � �:6/6�67 2 /-�6 49 /62731 5- .-76 5:2/ -/6 94/�06 30- 8� � ��671 �V
ri

0- 8256� 4/ 2/1 -< 5:6 27629 -< �27�/699 -< 2/-5:67 �V
s
� 400 /-5 :627 2/1

72�4- 94�/20 96/5 <7-.
s
�

�:6 <-7.;02 5- 8208;0256 5:6 94�/20 9576/�5: 4/ 7686�54-/ 49 76�-756� 4/ � �;2�
54-/ � �� � �/ �27548;027 � 5:6 6�;254-/ 49 6�28501 5:6 92. 6 -< ��- 
 21 � 7-;/�
�:6/ /- -39528069 �76�6/5 5:6 94�/209 �7-�2�254-/ � 2/� 45 49 
67- -5:67� 496 �
P/ -3952806

obs
49 �76�6/54/� 2 8-..;/48254-/ 365�66/ 2 96/�67

s
2/� 2



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

76864�67
r
� 4< 5:6 04/6 ? -4/ 4/�

s
� 45:

r
4/56796859 5:6 2762 -<

obs
4/ 25 06295 -/6

�-4/5 � �/ 5:49 8296 �6 921 5:25 ��� ��� � �� �� � � �

Pr−RPMO =







0
4<
∃ obs ∈ O = {obs1, ..., obsm} |

-39 -3957;859 9
Pwr−TRG Else �� ���

P/ 4.�-752/5 -3967�254-/ 5- �-4/5 -;5 49 5:25 4/ .1 -�/ 72�4- �7-�2�254-/
.-�60 � 5:6 �4952/86

d
3 65�66/ 5�- 8-..;/48254/� /-�69 49 8-.�;56� 4/

2 904�:501 �4
676/5 �21 5:2/ 4/ �
� � �:49 49 3 682;96 � �2/5 5- . -�60 2/
2762 5:25 8-/94959 -< 5:6 4/567/20 9;7<286 -< 2 �-7;9 � �:6 /65�-7� 94.;025-7 �
/-7. 2001 9-0601 :2/�069 94.;0254-/ 567724/9 9�;276�9:2�6� -7 76852/�;027�
9:2�6� � �:6 72�4- 94�/209 .;95 3 6 82�2306 -< �7-�2�254/� 5:7-;�: 5:6 6��69
5- -3524/ 2 5-7;9 � � 4/86 5:6 76864� 4/� �-�67 49 <;/854-/ -< 5:6 �4952/86 � 2
.-�4�8254-/ 5- 5:6 20�-745:. 5:25 8-.�;569 /-�69 �4952/869 49 /66�6� 5-
4.�06. 6/5 94�/209 �7-�2�254-/ 5:7-;�: 5:6 3 -7�679 �966 � �;254-/ � �C� �
�/ � 4�;76 � �� 45 49 9:-�/ 2 �-9943 06 572�60 �25567 <-7 2 .-3406 /-�6 72/�-. 01
.-�4/� � 45: 4/ 2 5-7;9 � � :25 �6 966 49 :-� 2 �V 82/ 87-99 5:6 3-7�679
� 45:-;5 8:2/�4/� 5:6 �476854-/ -< 459 .-�6. 6/5 �� 72� 27-;/� 3 6:2�4-7� �

�;75:67.-76 � 4/ 5:6 3-55-. 74�:5 8-7/67 � 45 49 9:-�/ 5:6 8-..;/48254-/
72/�6 <-7 2 /-�6 80-96 5- 5:6 6��69 �:6/ /- -39528069 276 :4/�674/� 5:6
�7-�2�254-/ � V-56 :-� 5:6 72�4- 94�/209 572/9. 45 5:7-;�: 5:6 3 -7�679 �

� �	 �� � � ��� ��
�
�	
��	�� ���

V�C �7-�4�69 2 
2�4- �7-�2�254-/ .-�60 �:48: 8-;0� 3 6 ;96� <-7 8-/94��
674/� 5:6 �7696/86 -< 8-/95724/59 5- �76�6/5 5-520 94�/209 �7-�2�254-/ 4/ 2
94.;0254-/ 567724/ ��� �
�- 4/57-�;86 72/�-. 6�6/59 � 5:6 ���U �
 ��� � � U R� ��A � ;5404
69 2 72/�-.
�2742306

X
� �:6 9:2�-� 4/� .-�60 76�;4769 2 76<676/86 �4952/86

d0

5- 8208;0256
5:6 2�672�6 76864�6� �766 ��286 ���� 94�/20 9576/�5:

Pwr−FS(d0)
� �:676 49

5:6/ 2 �25: 0-99 6��-/6/5
β
�:48: 4/ � �;254-/ � �� �6� 6/�9 -/ 5:6 94.;0256�

6/�47-/.6/5 2/� 49 8-/952/5 �;74/� 5:6 94.;0254-/ � �59 �20;6 �6� 6/�9 -/
5:6 6/�47-/.6/5 2/� .;95 3 6 6.�47482001 �6567. 4/6� � �/ ��� 2 <6� �20;69
3 65�66/ 5�- �<766 9�286� 2/� 94� �4/�--7 � /-/ 04/6 -< 94�:5� 276 9;��6956� <-7
867524/ <72. 6�-7�9 �

X
49 /-7. 2001 �495743;56� � 45: . 62/ 
67- 2/� 952/�27�

�6�4254-/
σ
82006� 9:2�-� �6�4254-/ � �-7. 2001 O
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departure point

arrival point

� 4�;76 � �� O P 72/�-. .-�6.6/5 �25567/ <-7 2 �V 4/567/2001 .-�4/� 4/ 2
5-7;9 �

Pwr−SH = Pwr−FS(d0)

(

d

d0

)β

10X �� ���

•
�:676 O

X(x) : {x ∈ [−∞, +∞]|P (x) = N(0, σ2)}
�

�:-7501� � 45: 5:49 .-�60 8-77685 7686�54-/9 276 �;272/566� <-7 80-96 �7-� 4. 4�
5469 � 2/� 4.�-9943 06 -�67 0-/� �4952/869 � �:67629 8-77685 7686�54-/9 276 5-52001
;/�76�4852306 <-7 . 6�4;. �4952/869 � �:6 9576/�5: �-�67 �27469 94�/4�82/501
3 65�66/ 8-/968;54�6 572/9. 4994-/9 � 2/� 6�6/ 45 �4
679 <-7 5:6 7686�54-/ -< 5:6
92. 6 572/9. 4994-/ 25 �4
676/5 76864�679 � �/ <285 � 6�671 76864�67 � 400 :627 2
867524/ �-�67 5:25 49 8-.�;56� 3296� -/ 3-5: 5:6 �25: 0-99 6��-/6/5

β
� 2/�

5:6 72/�-. �2742306
X
� � 4/86 /645:67 -< 5:696 5�- �272.65679 49 �6� 6/�6/5

-/ 5:6 76864� 4/� 2/�06 -/ 5:6 2/56//2 � 8-/968;54�6 �28�659 <7-. 2 96/�67 5-
5:6 92.6 76864�67 4/ 2 952548 986/274- 9;
 67 <7-. 72/�-. 0-99 �28�659 �
�:49 .-�604/� <29:4-/ 062�9 �671 80-96 5- 7620 �-70� . 629;76. 6/59 � �/ <285 �
51�482001 5:6 72�4- 94�/20 9576/�5: 76864�6� �- 69 /-5 -/01 �6� 6/� -/ 5:6
�4952/86 3 65�66/ 96/�67 2/� 76864�67 � P/ 2��454-/20 �671 2
 6854/� <285-7
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49 <-7 4/952/86 5:6 2/�06 25 �:48: 5:6 94�/20 2774�69 -/ 5:6 2/56//2 � �:49
. 62/9 5:25 5�- �4
 676/5 7686�54-/9 -< 5:6 92. 6 572/9. 4556� 94�/20 . 21 �4�6
�4
 676/5 769;059 6�6/ �:6/ 5:6 �4952/86 49 6�;4�206/5 � �/ � 4�;76 � �� 45 49
� 49�0216� 2 �-9943 06 7620 72�4254-/ �25567/ <-7 2/ -./4�476854-/20 2/56//2
�B�� � �:6 ��;76 9:-� 9 :-� 5:6 94�/20 9576/�5: 8:2/�69 25 �4
 676/5 �476854-/9
�2/�069� �
�:6 7620 .-�60 �4
679 <7-. 5:6 9:2�-� 4/� .-�60 ��A � <-7. 204
6� 4/ � �;2�
54-/ � �� � 4/ 5:6 <285 5:25 5:6 72�4- 94�/20 9576/�5: �- 69 /-5 �271 4/ 2/ ;/�76�
�4852306 �21� 3;5 725:67 45 �- 69 �76849601 �6� 6/�4/� -/ 5:6 2/�06 �

 0

-50

-100

-150

-200

-150

-100

-50

 0

 0 -50 -100 -150 -200 -150 -100 -50  0

dB
S

M

Azimuth

Antenna Pattern

� 4�;76 � �� O P 92.�06 �02/6 72�4254-/ �25567/ <-7 2/ -./4�476854-/20 2/56//2 �

� �� �*�&)���'�

�:6 6/5451 . -340451 .-�60 �7-�-96� 9:-;0� 062� 5- -3967�6 5:25 2/ � 732/
�/�47-/. 6/5 94�/4�82/501 2
6859 5:6 �7-5- 8-0 � 67<-7. 2/86 � �/ <285 3296� -/
5:6 � 74567 =9 4/5;454-/ � 9:2�-� 4/� -39528069 9:-;0� �6876296 5:6 � 67<-7. 2/86 �
�-76-�67 � 5:6 �27548;027 2/� 957485 .-54-/ .-�606� . 4�:5 82;96 �-3406
V-�69 ��V 9� 5- . -�6 4/ 5-52001 -��-9456 �476854-/9 �7-32301 4/57-�;84/�
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0-/�67 �60219 � >/ 5:6 -5:67 :2/� � 5:676 49 2 94�/4�82/5 �7-32340451 5:25
5�- �V 9 � 400 572�60 5-�65:67 <-7 �;456 0-/� 54. 6 � �< 5: 49 - 88;79 � �7-5- 8-0
� 67<-7. 2/86 . 4�:5 4/876296 31 76�;84/� 5:6 7-;54/� -�67:62� /66�6� <-7 2
9;88699<; 0 8-..;/48254-/ � �/ 2 <766 .-340451 .-�60 � 5:676 276 /- �;272/�
5669 5:25 . -34069 :6274/� 628: -5:67 � 400 �66� �-4/� 9- 209- 4/ 5:6 <;5;76 � �/
<285 � 4/ .-95 -< 5:6 �5254954820 �25567/9 5:6 /-�69 = � 476854-/ �685-79 72/�-. 01
�4
 67 -< �:256�67 �20;6 4/

[0, π]
� 645:67 � -9454�601 -7 /6�254�601�

� �� ��� (�� �$)#)'&$

�:6 /65�-7� 94.;025-7 :29 3 66/ 4/56�7256� � 45: 5:6 �7696/56� 
 2�4- � 7-��
2�254-/ �-�60 � 45: >39528069 2/� 5:6 �-7;9 6�56/94-/ �
�;75:67.-76 � 2 .-�;06 5- 762� 4/ 4/�;5 5:6 . 2� -< 2 8451 :29 209- 3 66/
�6�60-� 6� � �:49 2��454-/20 .-�;06 � ��R� �R� � � 67. 459 5- 762� <7-. 2 56�5
� 06 5:6 �:194820 �69874�54-/ -< 5:6 ;732/ <72. 6�-7� � �:6 7-2�9 �:676 /-�69
.;95 .-�6 � 2/� 5:6 87-994/� � -4/59 :2�6 5- 3 6 9� 684�6� 4/ 5:6 � 06 � >/86
5:6 8451 . 2� :29 3 66/ 8-7768501 �698743 6� � 5:6 .-�;06 �7-�;869 5:6 965 -<
.-�6.6/59 /66�6� 5- � 67<-7. 2 94.;0254-/ 6�� 674. 6/5 29 2 � �R����� �06 �
�:6 .-�6.6/59 276 �6/67256� � 45: 5:6 <29:4-/ �698743 6� 4/ �6854-/ � �� �
�:6 965 -< -39528069 .;95 209- 3 6 9� 684�6� � �/ <285 � 5:2/�9 5- 2/ 2��454-/20
.-�;06 4.�06. 6/56� �	�� ����R � � � 5:6 5-�-0-�4820 8:2728567495489 -< 2 94.;02�
54-/ 567724/ 82/ 629401 3 6 �698743 6� �4768501 4/ 5:6 �,� 9874�5 � �:6 -39528069
82/ 36 9-0601 9� 684�6� 5- 3 6 76852/�;027 � 3;5 . 2/1 76852/�069 0- 8256� 80-96
5- 628: -5:67 �-7 6�6/ -�6702��4/�� <-7. 2 �6/6748 9:2�6� 30-8� �
�:6 �/:2/86.6/59 -< V�C 276 �;304801 2�2402306 29 2 �28�2�6 <-7 5-7;9 2/�
-3952806 6�56/94-/ � �:6 :-�6 49 5:25 -5:67 /65�-7�9 7696278:679 � 400 �/�
5:6. �-75: 5- ;5404
6 �



����	�� �

���� ��	����

�:49 ,:2�567 �7696/59 5:6 94.;0254-/ 6��674. 6/59 5:25 �676 �-/6 5- 5695 5:6
�76�4-;901 �7-� -96� � 732/ �-340451 �-�60 ���� � �
�6�6720 986/274-9 �676 -3524/6� 31 �2714/� 5:6 4/�;5 �272.65679 2. -/� 5�-
.-340451 . -�609 �
� � � ��� � � 2/� 5�- 72�4- �7-�2�254-/ �25567/9 ��
� �

��> � � �:6 �-994306 8-.34/254-/9 -< �2479 �-340451 �-�60 � 
 2�4- � 7-�2�
�254-/ �-�60 ��� �
�� � � �676 56956� 31 �2714/� 3-5: 5:6 . 2� 4.;. 9�66�
-< .-�6. 6/5 � 2/� 5:6 94
6 -< 5:6 5-7;9 567724/ � �:6 �27548;027 7-;54/� �7-�
5- 8-0 �:-96 � 67<-7. 2/86 �676 . 629;76� 49 	1/2. 48 �-;786 
-;54/� �	�
 �
�CC � CB� � 2 8-..-/01 ;96� 762854�6 7-;54/� �7-5-8-0 ��:6 94.;0254-/9 �676 �694�/6� 5- 8-.�76:6/� 5:6 � -9943 06 4.�048254-/9 -<
5:6 ;732/ 6/�47-/.6/5 -/ 5:6 7-;54/� �7-5-8-0 � 67<-7. 2/86 � �/ �27548;027 �
5:6 4/567695 �29 5- -3967�6 :-� 5:6 �0286. 6/5 -< 7-2�9 2/� 5:6 �7696/86 -<
3;40�4/�9 82/ 2
685 5:6 7-;54/� -�67254-/9 � P 05:-;�: � 
� � 9:-� 9 ;/762049�
548 . -�6. 6/5 �25567/9 4/ ;732/ 6/�47-/.6/5 � 2/� ��- 
21 � 7-;/� �--701
.-�609 5:6 94�/209 �7-�2�254-/ 4/ 5:6 8-/867/6� <72. 6�-7� � � 95400 7;/ 94. �
;0254-/9 � 45: 
� � 2/� �
� <-7 8-.�2749-/ �;7�-96 � 45: 5:6 -5:67 .-76
762049548 <29:4-/9 �


 �� ��� ��� �!'� �$)� '$ 
 �)#'(

��- 965 -< 6�� 674. 6/59 �676 7;/ 5- 9:-� 5:25 5:6 �4
676/5 �2479 ��� � 
�� �
82;96 5:6 7-;54/� �7-5-8-0 5- � 67<-7. �4
676/501� �:766 �4954/85 �2479 :2�6
3 66/ -3967�6� � 2/� 5:61 276 76� -756� 4/ �2306 � �� � � :6/ ;94/� 
� � .-340451
.-�60 5:6 -3952806 8-/95724/59 �676 20�219 -
 � �/ 8-/57295 � 6�671 54. 6 5:25
��� �29 6.�0-16� � �6 6�20;256� 5�- 82969 O �795 � 45: 5:6 72�4- 8-/95724/59

��
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4 �6 � -39528069 �� � 2/� 9;396�;6/501 31 96554/� 5:6. �� 2/� 31 ;94/� 6�28501
5:6 92. 6 .-�6.6/5 �476854�69 �
�2306 � �� O 	 4
 676/5 �2479 ��� � 
�� � 5:25 :2�6 3 66/ 95;�46� � 45: 6��674�
. 6/59 �

� ��� � RT R � � R U � � �� � � ������� � � U R� S�U�� � � �� � � � U R�

S �� 
� � �
�
��� �� ��� �
�
��� �� ��� 
��>

�:2/�9 5- 5:6 5:766 �2479 ;/�67 95;�1� � �29 2306 5- 4/�6954�256 5:6 4. �285
-< 3-5: 5:6 �76�6�/6� .-�6. 6/5 �25:�219 � 2/� 5:6 4/80;94-/ -< 3;40�4/�9 �
�:6 24. �29 5- 9:-� 5:25 2 762049548 945;254-/ �76�6/59 5:6 7-;54/� �7-5- 8-0
<7-. �67<-7. 4/� 25 5:6 5-� -< 459 82�234045469 � �:49 4/ -7�67 5- �25:67 6/-;�:
8-/��6/86 5- 8024. 5:25 
� � 2/� �
� �- /-5 288;725601 76�7696/5 7620
04<6 945;254-/9 � 2/� :6/86 5:61 9:-;0� 36 ;96� 364/� 2�276 -< 5:647 04. 452�
54-/9 2/� 4/288;728469 � �< �674�6� � 5:49 8024. 9:-;0� 76. 24/ �204� 76�27�0699
5:6 . -340451 8-/�454-/9 �9� 66� -< .-�6.6/5� � 2/� 5:6 94
6 -< 5:6 94.;0254-/
9;7<286 �
�/ 4542001� 2 �795 965 -< 7;/9 �676 � 67<-7. 6� � 45: 3 -5: 
� � 2/� ��� 31
�271 4/� 5:6 . 2�4.;. 9�66� 4/

V el = {5, 10, 15, 20} (m/s)
� �/ 5:49 . 2//67 �

� 95;�46� :-� 5:6 �4
676/5 �-340451 �25567/9 2/� 72�4- �7-�2�254-/ .-�609
2
685 5:6 7-;54/� �7-5-8-0 � 67<-7. 2/86 4/ �4�6794�6� .-340451 8-/�454-/9 �
�;396�;6/501� 2 968-/� 904�:501 �4
676/5 965 -< 6�� 674. 6/59 :2�6 3 66/ 6�6�
8;56� � 45: 3-5: 
� � 2/� ��� 31 �2714/� 5:6 94
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;0254-/ 6�� 674. 6/5 5:25 8-;0� :2�6 3 66/ 8:27285674
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�676 9;396�;6/501 8-/94�676� 5-�65:67 2/� 2�672�6� � 	-4/� 4/ 5:49 . 2//67 �
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5-7;9�9:2�6� 9-04� �:676 �V 9 :2� 2 9- 82006� � 72� 27-;/� 3 6:2� 4-7 �
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2��454-/20 �272.65679 � 400 3 6 �76849601 �698743 6� <-7 5:6 8451 . 2� ;5404
6� �
20-/� � 45: 5:6 .-340451 � 45:4/ 45 � �-76-�67 � 2 .-76 �652406� �69874�54-/
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� �:49 54. 6 82/ 36 966/ 29 9�045
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�2306 � �B O � 4.;0254-/9 8-..-/ �272.65679 �
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� ���Q R � R � �� �� R
�/ 45420 572/946/5 54. 6

ti
���

� 4.;0254-/ 54. 6
ts

���
dt

���
�-520 54. 6

tTOTAL
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���	�� � �� 	�� ���
����
�P, � 4/� �2167 � 7-5-8-0 ��C �� � � 4��
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,-..;/48254-/ 
 2/�6 C�� .
����� ��

���
,:2//60 /-. 4/20 32/�� 4�5: C �345�968
�72/9� -75 �2167 572� 8 51� 6 �	�
P��048254-/ �2167 572� 8 51� 6 ,X

�6/�4/� <76�;6/81 ��28�65�968
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6 � 3156
,-..;/48254/� �2479 V �C

�:6 	� ���� � �:296 �
t ∈ [0, ti)

� 49 2 572/946/5 4/567�20 -< 54. 6 /66�6� <-7 :2�4/�
5:6 � �9 �49�-96� 4/ 2 . 2//67 �:48: 49 76�7696/5254�6 -< 5:6 .-340451 �25567/
364/� ;96� ��� � V-56 5:25 5:49 49 -< �27548;027 4. �-752/86 �:6/ 9576659 276
3 64/� �66. 6� � 94/86 5:6 4/ 45420 � 0286. 6/5 -< 5:6 /-�69 49 25 5:6 87-994/�
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R� � �� � �:296 �
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5:6 4/567�20 -< 54. 6 �:676 5:6 94.;0254-/ 57;01 52�69 �275 2/� �7-�;869 5:6
769;059 � �:6 � �� � �:296 �

t ∈ [ti + ts, tTOTAL)
� 49 2 �671 9:-75 4/952/5 -< 54. 6

/66�6� 5- �4�6 2 8:2/86 5- 5:6 �28�659 ? ;95 96/5 -7 <-7. 6701 �;6;6� � 5- 3 6
8-7768501 �604�676� � �:49 4/567�20 =9 � 4�6 :29 3 66/ 69523049:6� 5- 3 6
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<285 � 29 /-5486� 4/ 2 769574856� 965 -< 7;/9 �-/6 -/ �;7� -96 � /6�67 5:6 �;6;69
4/ 7686�54-/ /66�6� 0-/�67 54. 6 5- 3 68-. 6 6.�51� �:6 8-..;/48254/� �2479
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�006� ;� �:6/ 5:6 7620 94.;0254-/ 36�4/9 �
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actual sim. period

dt

final time

Sending CBR traffic

time0 ti+ts
tTOTAL

Initial transient interval

ti

� 4�;76 � �� O �:6 54. 6 �42�72. -< 628: 94.;0254-/ 6�� 674. 6/5 �

� �� �� ��� ��
�	 ����� �	���

�/ .1 4.�06. 6/5254-/ -< ��� � :2�6 8:-96/ 29 4/�;5 �272. 65679 5:-96
76�-756� 4/ �2306 � �� �

�2306 � �� O ��684�6� �272.65679 <-7 5:6 ,451 . 2� �
� ���Q R � R � �� �� R
A-74
-/520 �56� 94
6

Hs

C�� .
W6754820 �56� 94
6
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C�� .
� 7-32340451 -< �2;96

Pp

� ��
� 7-32340451 5;7/4/� �6<5

Pl (0.9 · 0.2) = 0.18� 7-32340451 5;7/4/� 
 4�:5
Pr (0.9 · 0.3) = 0.27� 7-32340451 �-4/� �5724�:5
Ps (0.9 · 0.5) = 0.45�4. 6 -< �6�275;76 �� �B�� 968 �

�2;96 54. 6 �� �B�� 968 �

� :6/ ;94/� 5:6 � 732/ �-340451 �-�60 ���� � � 45: 5:6 72�4- 8-/95724/59
2854�256� � 2 965 -< 9:2�-� 4/� 3;40� 4/�9

B
:2� 5- 36 �7-�4�6� 29 2/ 4/�;5
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� 2/� /64�:3-74/� 3;40� 4/�9 :2� 5:6 92.6 �4952/86 <7-.

628: -5:67 � �:696 299;.�54-/9 . 2�6 5:6 965 -< 3;40� 4/�9
B
5- 3 6 <;/854-/ -<
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B =
{

bi,j|(0 ≤ i < Nv)
∧

(0 ≤ j < Nh)
} �� ���

�:676 O

•
�:6 /;.367 -< :-74
-/520 7-2�9

Nh

� 2/� W6754820 7-2�9
Nv

<-00-� 29
9� 684�6� 4/ �6854-/ � �� �� 4 �6 � 769� 6854�601

Nh = h/Vs

2/�
Nv = w/Hs

�
V-56 5:25

|B| = Nh · Nv

�
•

P �6/6748 3;40� 4/�
bi,j
49 2 3;40� 4/�

bν1,ν2

�966 �6854-/ � ��� � 45: 459 06<5
3-55-. �6756�

ν1 = (50 + i · Hs, 50 + j · Vs)
2/� 459 74�:5 5-� �6756�

ν2 = (ν1x +100, ν1y +100)
� P 00 5:6 8--7�4/2569 276 6��76996� 4/ . 65679 �
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. 629;76� 2/� 2/201
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2 �252 �28�65 <7-. 5:6 572/9. 45567 =9 2��048254-/ 02167 � 5- 5:6 8-7769�-/��
4/� 76864� 4/� -/6 � �:49 �6021 209- 4/80;�69 �-9943 06 54. 6 /66�6� <-7 645:67



� � � � � � � � � �
 	 � � � � 
 
 � � � �
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�:6 S �� ���� 	�R �� R�U 49 5:6 5-520 /;.367 -< 7-;54/� �28�659 572/9. 4556�
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2/201
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