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摘要 

 
本論文提出一結合多載波分碼多重進接系統和渦輪碼的上鏈基頻接收機。在

上鏈傳輸系統中，使用者間互相的干擾是影響系統表現的主要原因，因此在我們

的接收機中使用了多層級平行干擾消除，在每一層級中將資料決策後的結果重建

以估計每位使用者對其它使用者的干擾訊號，然後於下一層級中將干擾訊號消除

掉，由於本論文中重建干擾訊號的地方在渦輪解碼器後，故將之稱為渦輪多用戶

偵測。由電腦模擬結果可以看出，在理想通道估計下，系統的表現可以趨近於單

一使用者的理論值；在通道估計下，系統的表現則與通道估計的準確度有關。    

在作干擾訊號的重建時，使用軟式決策會比硬式決策好，但渦輪解碼器只有系統

位元的軟式決策值，因此我們利用資訊傳遞演算法去推導出同位位元的軟式決策

值，並由電腦模擬看出，在干擾嚴重時，同位位元使用軟式決策去重建干擾訊號

的表現比用硬氏決策好。此外，我們也利用訊息傳遞演算法去推導出和渦輪解碼

器相同的式子，並利用此演算法來解釋渦輪解碼。 

 I



Design and Simulation of  
an Uplink Baseband Receiver for  

a Multicarrier CDMA System with  
Turbo Multiuser Detection 

 
Student: Yong-Ting Chen   Advisor: Dr. Chia-Chi Huang 

 
Institute of Communication Engineering 

National Chiao Tung University 
 

Abstract 
 

We propose an uplink baseband receiver for a turbo coded multicarrier CDMA 
system. Because other users’ interferences are the main cause of the degradation of 
the system’s performance in the uplink transmission, we adopt a multi-stage parallel 
interference cancellation (PIC) multiuser detection to improve the performance. The 
interference is estimated and regenerated from the result of data decision in each 
stage, and it is canceled from the received signal in the next stage. In our proposal, 
the interference is regenerated from the soft decision of the turbo decoder, so we 
name this architecture turbo multiuser detection. From the result of the computer 
simulation, we can see that the system’s performance can be improved to approach 
the theoretical single user bound on the condition of ideal channel estimation. The 
simulation result also shows that the performance improvement severely depends on 
the accuracy of channel estimation when turbo multiuser detection is applied. 
Besides, interference regeneration using soft decision performs better than one using 
hard decision. However, the turbo decoder offers only the soft decision of systematic 
bit, so we propose a method to derive the soft decision of parity bits of turbo code by 
using the concept of message passing algorithm. The simulation result shows that it 
performs better when soft decision of parity bits is used and the improvement is 
apparent especially when interference is serious. In the thesis, we also use the 
message passing algorithm to derive the same decoding equation of turbo decoder 
and explain the turbo decoder by using the message passing algorithm. 
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Nx x x=x � �Ô ª ß « é®Ä Å � > ��?(Parity bits) 
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� ( ),s p
k k ky y y= � ( ),s p

k kx x � Æ � � n � � &(AWGN) �  6  

� ( )1, , ,b
a a a by y y y+= �  

� ( )1 1 2, , ,N
Ny y y= =y y � �®ê � � ¦ ? 

 

2.1 ��� 

   à á ß « é � § Ù Ô ª ß « é; � Ù ¶ ü é® ¨ Ô �© ª 2.1®

 � ~ \C Ù Ô ª ß « é�! « V W U « ¬ ß « é(Recursive 

systematic convolutional code)� 

� R Z V W Uß « �� z Æ ¾ § Ù Ô ª ß « é0 � �u > � ­ ®

' > � V W �?�̄ 
 � c � �ç H � Ù Ô ª ß « éÄ Å � V W �?

s
kx � ° � Ù 4 � > K   � V W �? Ï { ' ç � X Y Z � ± ² V

(Punctured)��ë « � � ± ² V �  &Ï º 4 � D % Î � s
kx ( X Y Z

s
ky ) � D ¶ ü é X ³ F �| ´ f H h Ù Ô ª ë « éë « § 4 �� z V

W ß « µ Ó ± ² { ¶ · �ç ® � � " ! � 

 

ku s
kx

1
k
px

2
k
px

 

ª 2.1 « x � 1/3 � à á ß « é q rª 
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    � R ù « ¬ ß « é� �  ¸ ³ (Input weight)£ � �� �̧ ³ X 0

T ¹ £ �o� Ù ß « é� K L ^ º �~ \� Ù Y Z 
 bÄ Å � �£ �

�¸ ³ ��£ � �̧ ³ Y � Y ^ �� z « ¬ ß « é� K L 0 � �  ¸

³ £ � �  » ¼ � � g� Z ½ Z ! « U « ¬ ß « éÏ ' 0 © z �- !

« U « ¬ ß « éo¾ ��  ¸ ³ £ �� �¸ ³ ' � �Y 0 £ �ú 
 �

 ¸ ³ � ª ¿ �i �� z ½ µ Ó ¶ ü é À Á �  ¸ ³ � ª ¿ �Ï § Ù

Ô ª ß « é > � Ä Å � �¸ ³ £ � � x � 0 ± £ �̄ Â ¹ � � £ � �

¸ ³ ± � gz Ã ¶ ü é Y � �Ï { | À F Y Á �̄ § Ù Ô ª ß « é Y

' Â Ã Ä Å u > � � � � �̧ ³ �� z ¶ ü éY � Ï K L Y ^ � 

    � z à á ß « é¯ 4 � § Ù ! « V W U « ¬ ß « é µ Ó ¶ ü é

| ¶ · �ç " ! ; e i Â ¹ � � £ � �¸ ³ �¾ � ¶ Ä 
 � � p � à

á « �ë « é m Å © i º 4 Æ Ç Uë « (Iterative decoding) e i K L � 

 

2.2 � ��(Decoder) 

 

    � Berrou Â 3 ®e � � à á « � ë « é\�¯ 4 � � Bahl Â 3

�y 20�[ ®e �� �� X È � x (MAP)�� ��(» É � BCJR�

� �)�� z � 2.2.1 ¶ \ 
 � � � p � MAP�� ��� Ê � z ��

�� Ë Ì ¯ 4 I �   Í � ®Î Ô �� Ï Æ � ' Ð � Ë �� oe �Ñ _

� Ò 7 [7]g­ Á � 2.2.2 ¶ \ 
 � � p � Berrou © i T MAP�� �

� 4 � Æ Ç Uë « (Iterative decoding)\g� X � 2.2.3 ¶ \ 
 � � a

� à á ë « é� � � « �¯ F Ó Ú - R à á ë « � Ô � 1 � Õ Ö ��

2.2.1 MAP ��� 

    �MAP ë « é\�© × ( ) ( )1| 1|k kP u P u= + > = −y y �ë « é�

| � 1ku = + �Ø Ï � | � 1ku = − �½ | � � U� Ù � � K  �Ï �� 
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( )ˆ signk ku L u= � �� � 

~ \ ( )kL u  É Õ- � { d Ë T Ú (Log-likelihood ratio)�� � �� �� 

( ) ( )
( )

1|
log

1|
k

k
k

P u
L u

P u

� �= +
� �= −	 


y
y

�  

½ � Æ Uº 4 ß « é ¤ 7 Û �  � �� } Ü j ª ë �
 � { | F � ¾

U� 

( )

( )
( )

( )
( )

1

1

', ,

log
', ,

k k
S

k
k k

S

p s s s s

p
L u

p s s s s

p

+

−

−

−

� �= =
� �
� �
� �= =
� �
� �
	 


�

�

y

y
y

y

�                     (2-1) 

~ \ ks S∈ �ß « é�� s k � � ¤ 7 �S +� 1ku = + � ® Î Ô � ß «

é ¤ 7 Ý P ( ) ( )1 'k ks s s s− = → = \®¸ � ( )',s s ¥ Ó �> 
 � �S − Ï �

1ku = − Þ ß ¾ � ¥ Ó � 

�(2-1)U\� 
 � { | T ( )p y S V � � � [6]{ v � 

 

( ) ( ) ( ) ( )1', , ' ',k k kp s s s s s sα γ β−= ⋅ ⋅y                          (2-2) 

~ \  

1. ( ) ( ) ( ) ( )1 1
'

, ' ',k
k k k k

s S

s p s s y s s sα α γ−
∈

= =��                   (2-3) 

� ( )0 0 1α = : ( )0 0 0sα ≠ =  

2. 
( ) ( ) ( ) ( )

( ) ( )
1', , | ' | ' | ',

             |
k k k k k

k k k

s s p s s y s s p s s p y s s

p u p y u

γ −= = =

=

�
         (2-4)   

3. ( ) ( )1 |N
k k ks p y s sβ + =�  

( ) ( ) ( )1 ' ',k k k
s S

s s s sβ β γ−
∈

=�                               (2-5)  

� (0) 1Nβ = � ( )0 0N sβ ≠ =  
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� � � � � � 	
 � � � 
 � (2-1)�� (2-6)�� 

( )
( ) ( ) ( )

( ) ( ) ( )
1

1

' ',
log

' ',

k k k
S

k
k k k

S

s s s s
L u

s s s s

α γ β

α γ β
+

−

−

−

� �⋅ ⋅
� �
� �⋅ ⋅� �
	 


�

�
�                      (2-6) 

� � � � � � 
 � � � 	 ( )k sα � � � � � k � � � � � � � 	

( )k sβ � � � � � � k � � � � � � � 	 ! " # $ % & ' [8]� (

5.1)* + , - � . / ( 0 1 2 � 3 4 5 6 7 	8 k � 9 � : ; � < �

� = � > ? 	@ A B C D E 1 � � � F G � H 	
 � ; � � � � � I

� J � K L [7]� 

( ) ( )
( )1

k
k k

s
s

p y
αα =�  

( ) ( )
( )1 1|

k
k N k

k

s
s

p y y
ββ

+

=�  

M * � � � � � 	� 
 � � � N O P # J � �" � 

 

( ) ( ) ( )
( ) ( )

1'

1'' '

',

', ''
k ks S

k
k ks S s S

s s s
s

s s s

α γ
α

α γ
−∈

−∈ ∈

= �
� �

�
�

�
                            (2-7) 

( ) ( ) ( )
( ) ( )1

1''

',
'

'' '',
k ks S

k
k ks S s S

s s s
s

s s s

β γ
β

α γ
∈

−
−∈ ∈

= �
� �

�
�

�
                           (2-8) 

( )
( ) ( ) ( )

( ) ( ) ( )
1

1

' ',
log

' ',

k k k
S

k
k k k

S

s s s s
L u

s s s s

α γ β

α γ β
+

−

−

−

� �⋅ ⋅
� �
� �⋅ ⋅� �
	 


�

�

��

�
��

                     (2-9) 

�� ( )k sα� � ( )k sβ� �(2-3)�(2-5)�� � 	 
 �� 
 � � ��� �

� �� � � � � ( )kL u �� �� � �� � � � ( )k sα � ( )k sβ � � �

� 
 !"#$% & ' ( !) * + , -. / � (2-3)�(2-5)�� � !0

�� � 1 2 3 4 � 5 6 (2-7)�(2-8)�� � �                                                    
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2.2.2 ��� MAP � �   

    7 8 9: ; < �MAP = � > !�� � ( )',k s sγ � ? @ A B C D

E F ( )kp u !G H > I A ( )kp u �J !� K L , M 6 0.5!N#8 O !

#= � > 	 P Q � � Viterbi = � > � R S�TU & H V W �X Y !

�MAP 	 P Q Viterbi = � > �Z [ \ ] ^ _ !"#` � � � 8 a

MAP R Sb c R Sd  e � �Berrou f g : h i �j k S�l Sb

� � m n �o a6 p l Sb !N 2.19: ; < qr R Sb & s � � o

aMAP 6 p R Sb !t 	 � u � P % : v �C D E F ( )kp u !Y r

W w X x R S�TU �y 8 9z { | L ; < N} L MAP = � > ~ �

�j k R Sz !� 2.2$j k R Sb �� � �� 

 

s
ky

1p
ky

2p
ky

2L

12
eL

21
eL

 

� 2.2 SF $ 1/3�j k R Sb � � � 
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� � { | � X � (2-4)�!{ | � ( ) ( )
( )

1
log

1
ka

k
k

P u
L u

P u

� �= +
� �� �= −	 


� !"$#��

� ( ) ( )1 1 1k kP u P u= − = − = + !"#{ | � � � i : 

( ) ( )( )
( )( )

( )( ) ( )( )
( )( )

( ) ( )( )
( )( ) ( )( )

( )( )

exp exp 2 exp 2
1

1 exp 1 exp

exp 2 exp 21
1

1 exp 1 exp

a a a
k k k

k a a
k k

a a
k k

k a a
k k

L u L u L u
P u

L u L u

L u L u
P u

L u L u

⋅
= + = =

+ +

⋅ −
= − = =

+ +

 

� � � 7 o �!{ | � � � ( )kP u � 6 : 

( ) ( )( )
( )( ) ( )( )

( )( )

exp 2
exp 2

1 exp

         exp 2

a
k a

k k ka
k

a
k k k

L u
P u u L u

L u

A u L u

= ⋅ ⋅
+

= ⋅

                      (2-10) 

 

#� ! 

( ) ( ) ( )2 2

2 2

2 2 22

2 2

2

| exp
2 2

               exp exp
2 2

               exp
2

                

s p p
k k k k

k k

s p p s p p
k k k k k k k k

s p p
k k k k

k

y u y x
p y u

y u y x u y y x

u y y x
B

σ σ

σ σ

σ

� �− −
� �∝ − −
� �
	 


� � � �+ + + += − ⋅� � � �� � 	 
	 


� �+= � �
	 


           (2-11) 

� � c
2

0

E1
N 2σ

= q"#(2-4)� � � 6  

( ) ( )( ) 2', exp 2 exp
2

s p p
a k k k k

k k k

u y y x
s s u L uγ

σ
� �+∝ ⋅ ⋅ � �
	 


             (2-12) 

�(2-12)��!{ | , : � � � � �� � � !s "$y � ���

-� � P � � K � � � � !. � p � p � P � � �� � { | � (2-12)

� ¡ (2-6)�� I � 
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( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( )( ) ( )

( ) ( )( ) ( )

1

1

1 2

1 2

' 1 |

log
' 1 |

' exp 2 exp
2

log

' exp 2 exp
2

k k k k k

S
k

k k k k k

S

s p p
a k k k

k k k

S

s p p
a k k k

k k k

S

s p u p y u s

L u
s p u p y u s

y y x
s L u s

y y x
s L u s

α β

α β

α β
σ

α β
σ

+

−

+

−

−

−

−

−

⋅ = + ⋅

⋅ = − ⋅

+
⋅ ⋅ ⋅

=
− +

⋅ − ⋅ ⋅

� �
� �
� �� �
	 


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


�

�

�

�

�

 

¢ £ ¤ ¥ !7 �] � � 6 � 

( ) ( ) ( )

( )
( ) ( )

( ) ( )

2

1 2

1 2

2
                                      

' exp
=log  

' exp

          
s

a ek
k k k

p p
k k

k k
e S

k p p
k k

k k
S

y
L u L u L u

y x
s s

L u
y x

s s

σ

α β
σ

α β
σ

+

−

−

−

= + +

� �� �×⋅ − ⋅� �� �
	 
� �

� �� �×⋅ − ⋅� �� �� �
	 
	 


�

�

��
           (2-13) 

(2-13)��¦ 8 �$C D E F �P � � K � � � !#J � § ¨ 8

aMAP R Sb u � i O q¦ © �$ª « ¬ ­ �® ¯ q¦ ° �$
 ¬

¬ ­ �® ¯ !± $� ² ® ¯ (Extrinsic information)�"#P Q ¦ 8 a

MAP R Sb D1 r ³ !(2-13)� � � 6 (2-14)�� 

( ) ( )( )( ) ( )121 21 2

2
DIT IT

s
e ek

k k k

y
L u L u L u

σ
= + +                         (2-14) 

� � ( )( )( )21DIT ITe
kL u T´ D2 µ ¶ D1�� ² ® ¯ !· ¸ s (2-13)��

� ( )a
kL u �q ( )12

e
kL u T´ D1 ¹ µ ¶ D2�� ² ® ¯ � 

 

2.2.3 ���������(Pseudo-code)  

    "$l Sb �º > � ^ » ¼ !"#y z { | � ½ i R Sb �¾ 4

S!¿ ? @ ���s !"$l Sb � � À m n �o a6 p l Sb !"

#H > 
 � Á Â #o aS� � (2-5)��� 
 � � !"#{ | � Ã P �
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�8 a6 p l Sb � M � Ä Å ¬ ­ (Termination bits)!% > Æ Ç È É

Ê Ë Ì [8]�¦ 4.2.39� 

 

    � � R Sb ? @ A B l Sb �� � �Í Î _ Ï [ ¯ �Ð F Ñ Ò

Ó \ � 

� ������������������������ 

D1� 

   Ô 
(1)
0 ( ) 1 for 0

          0 for 0

s s

s

α = =
= ≠

 

   Ô 
(1) ( ) 1 for 0

          0 for 0
N s s

s

β = =
= ≠

 

   Ô ( )21 0 for 1, 2, ,e
kL u k N= = �  

 

D2� 

   Ô 
(2)
0 ( ) 1 for 0

          0 for 0

s s

s

α = =
= ≠

 

   Ô Q ¦ 8 aÕ Ö � � i (2) ( )N sα -!M �  

      (2) (2)( ) ( ) for all sN Ns sβ α=  

 

� ���� thn � 	� 	� 	� 	  

D1� 

   for =1:Nk  

     Ô × I ( )1,s p
k k ky y y= q� � 1p

ky $ E1 Ø Ù �
 ¬ ¬ ­ ¢ £ AWGN 

        Ú B -�J � 

     Ô Û � (2-12)�� � : � � K � 's s→ � ( )',k s sγ !� �� ( )a
kL u  

$ ( )( )( )21DIT ITe
kL u � 
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    Ô P : � � s!Û � (2-3)�� � ( )(1)
k sα � 

   end 

    

   for =N:-1:2k  

    Ô P : � � s!Û � (2-5)�� � ( )(1)
1k sβ − � 

   End 

 

   for =1:Nk  

    Ô � � ( )
( ) ( )

( ) ( )

1

1

1 1
(1) (1)

2

12 1 1
(1) (1)

2

' exp
=log  

' exp

k k

k k

p p
k k

e S
k p p

k k

S

y x
s s

L u
y x

s s

α β
σ

α β
σ

−
+

−
−

� �� �×⋅ − ⋅� �� �
	 
� �

� �� �×⋅ − ⋅� �� �� �
	 
	 


�

�
 

   end 

    

D2: 

   for =1:Nk  

     Ô × I ( )2,s p
k k ky y y= q� � 1p

ky $ E1 Ø Ù �
 ¬ ¬ ­ ¢ £ AWGN 

        Ú B -�J � 

     Ô Û � (2-12)�� � : � � K � 's s→ � ( )',k s sγ !L ��� s
ky

5 6 ¢ £ Ü Ý b �J ( )IT s
ky !� �� ( )a

kL u $ ( )( )12
IT e

kL u � 

    Ô P : � � s!Û � (2-3)�� � ( )(2)
k sα � 

   end 

    

   for =N:-1:2k  

    Ô P : � � s!Û � (2-5)�� � ( )(2)
1k sβ − � 

   end 
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   for =1:Nk  

    Ô � � ( )( )
( ) ( )

( ) ( )

1

1

2 2
(2) (2)

2

21 2 2
(2) (2)

2

' exp
IT =log  

' exp

k k

k k

p p
k k

e S
k p p

k k

S

y x
s s

L u
y x

s s

α β
σ

α β
σ

−
+

−
−

� �� �×⋅ − ⋅� �� �
	 
� �

� �� �×⋅ − ⋅� �� �� �
	 
	 


�

�
 

   end 

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

   for =1:Nk  

    Ô � � ( )( ) ( )( ) ( )( )2 21212

2
IT IT IT IT

s
e ek

k k k

y
L u L u L u

σ
� �

= + +� �
	 


 

    Ô  

       

( )( )( )2if  DIT IT 0

         decide  1

else

         decide  1

k

k

k

L u

u

u

>

= +

= −

 

   end 
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��� 

�

� � � � 	 
 � �

�������������	
�����
�	����� � �����

 
§ Q � j k Þ � ß à á �! j k R S b ? @ â i ª « ¬ ­

ã äå æ ç è é ê ë è ì í äîì è äï �
 ¬ ¬ ­ ã äð ë ñ ì è æ äîì è ç äï �ò ® ¯ ó µ ¶ Þ

� ß à á b !¿ s µ « j k R Sb � K I i ª « ¬ ­ �ò ® ¯ !"#

8 ô j k Þ � ß à á $õ ö ò � ã äð ë ñ è ì ë ÷ äå ø ù è äï Þ � ß à á !ú û

�
 ¬ ¬ ­ õ ö � � j k R Sb I i ª « ¬ ­ ò ® ¯ -!¢ ü � ý þ

-� ¢ £ j k l Sb I i !"#
 ¬ ¬ ­ �#� $8 ü ® ¯ �ää

ääää�) � �!{ | L ; < ¯ � µ � = � > � � � !d h i � � # 	 =

� > 
 i j k S
 ¬ ¬ ­ ò ® ¯ �% > !� h � µ « j k Þ � ß à á

�TU �ä

 
 
�������� � 	 
 �
 
 

� ð 
� � � � �s L 8 aZ [ � � � p R 6 � Þ ¥ ` �� � ��

�º > s L � � � T´ 6 � � �!d Û � � � ��Å � �) ² E F �

� 
 � õ �� ² E F !� -�L #¯ � µ � ¶ � � !c $� � � � �

) ² E F ! � -� -& � � i � � �� ² E F �- � E F �ä
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��������� � � � 	 
 � � 
 � �� � 
 � � � �

 

    � � � � � � § 8 � � �9� : � 6 !�  ! � $8 a9� �o a9

� �� � �{ | L � � ��" # �� � # 6 T  ! � �� �!9 � :  

T��� $ � õ $ % !r � :  T��� $ & � !: ' � $ % ( �&

s ) Å * #9 � �& � ? @ + , - . � � / 0 !� N) Å * #9 � �

& � . ? @ 	 f !"#�  ! � �!1 :  T�$8 . � �2 , q iA 

T�s 8 � ix � K �J ! 0 1 2A A A× × 3  T 0x 4 1x � 2x �5 � 2 , !"

# 1 6 7 Q 0 1 2A A A× × � A B xµ → � � ( ) Å 9 � 
�� & � 8�� ² E F !

P 9 � î r ³ 3 $�î9 � ) Å �� & � 8� 9 ² E F !"# A B xµ → � �

$9 � 
 µ ¶ 9 � î �¯ � �ä

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�  ! � ä� � ��� �  

1x

2x

0x

0 1 2N A A A⊂ × ×

0x

0( )L R xµ →

0( )R L xµ →
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ä ������������ � �� �� �� � ����

� õ � ää

ã : 8è é ñ ; ë ÷ äé < = é ï ä
+ > & � ä â ¡ â i ä
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( ) ( ) ( )u u u
m m ms D Pτ τ τ= + � � a �� � �

k

����� � � �

k

T U � z� o p � � � � + �� � )�
 T U � �� #9j�  

r ¡ ¢ £ ¤ 
 � w ¥ � � ¦ �  § ¨ �T U � )© i ª �« ¬ ­ ® o

p q ¯ 
 �° ± T U � j²�³ x t� � � � " � � )k

kkkkk

������m�� � �

´ r �³ x Cs L e � µ ¶ c · ¸ �J ¹ � & 2 �n B �I J

s L ³ x (Random binary sequence))²�³ x Sº � » ¤ I J s L ³ x

�¼ ! jk

k

k
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� ½ ¾ ! (Balance property)j: � r ¿ À � ²�³ x d�1�Á Â Ã 0

�Á Â ¤ r �)k

� Ä Å ! (Run property)jÆrunÆ�Ç È � 0m 1 : ¿ À ³ x dÉ Ê

· ¸ �� � )Ë h ÆrunÆ� � � 1 �J ¹ Ì � 1
2
�ÆrunÆ� �

� 2�J ¹ Ì � 1
4
�ÆrunÆ� � � 3�J ¹ Ì � 1

8
)z� � � �

m�Í ! Î Ï ½ Ð Ñ Ò M (Linear feedback shift register)D E � ²�

³ x �CÆrunÆ�Á Â � ( 1)
2

N +
� 2 1mN −� )k

� �  ! (Correlation property)j²�³ x �Ó �  Ô Â �¿ À ! )k

²�³ x �¿ À � 2 1m − �m9½ Ð Ñ Ò M �� � )Õ È r ¿ À � bT k

B ¿ À � � ( )p t �Ó �  Ô Â �k

2

2

1
( ) ( ) ( )

b

b

T

c T
b

b c

R p t p t dt
T

T NT

τ τ−= −

=

� kkkkkkkkkkkkkkkkkkkkkkkkkkkkk� a �a � k

Cd cT �� � 2 ^ )Ö × 7 Ø �Õ È �²�³ x �Ó �  Ô Â ��

� h i jk

( 1)1                                      
( )     

  for the remainder of the pefiod1  

cc
c

N t t TNTR

N

τ
+� − ≤�= �

−�
�

��

������������������

kkkkk� a �Ù � k

k

k

a b � b � � � � k

: r W X J ¶* ; J & Ú �o p d�� � � Û Ü Ý Þ �
 � ! �

ß à �% & � � � �¦ �  § �á )â : % & Ú �o p d�� ã � �

� B ^ �¦ �  § ä G å æ Cç ¨ �� è �� � � �Ó �  § é ä G

ê ë )k
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� � � 9Sr ¡ n �ì V í î ï (Hadamard matrices)�¼ ð F ï

ñ q D E )� V   N N× �ì V í î ï NH © D E q ò [ � � � 2nN =

�� � � �� � h i �ó ô Ú õ jk

[ ]1

1 1
      

1 1

1 1 1 1
1 1 1 1

 
1 1 1 1
1 1 1 1

                               
                                    
                               

=

� �
= � 
−� �

� �
� 
− −� � � 
= =� 
 � 
− −� �
� 
− −� �

�
= �
�

1

2

2 2
4

2 2

N/2 N/2
N

N/2 N/2

H

H

H H
H

H H

H H
H

H H

�

�

�

1

    

� �
� 


� � 


 � 
�

� 

� 
� �

2

N

h
h

h

�
�

 

                                                     (4-6) 

Cd ih � NH î ï dl i x �x ö ÷ �� r �� � � N�� � � )ß Ç

à �% & � � � ^ ø ù i x ¼ ! jk

1 0

N
T

ik jk
k

N i j
h h

i j=

=�
= = � ≠�
�i jh h kkkkkkkkkkkkkkkkkkkkkkkkkkkk (4-7) 

é � à � ã � � � B ^ ø ù 
 � �¼ ! )k

kk

a b � b � k" � � k

" � � 9r e ú �¦ �  § & 2 � ��Â û ü ¤ �¼ ð ³ x )C

ý þ �¦ �  �Â 9�å æ ¥ ½ ����): ® � dª � � " � � D

E �F G ¶C�  § �¼ ! )k

k
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" � � 9Sà ��� � � z(preferred pair)� m�³ x q ¡ 1 )�

Õ r ¡ � � � z m�³ x atb�³ x atb � 9� � � 2 1mN = − � m�

³ x jk

0 1 1

0 1 1

{ } ( .... )

{ } ( .... )
n N

n N

a a a a

b b b b
−

−

= =
= =

a
b

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk (4-8) 

Satb D E �" � � �	k

2 1( , ) { , , , , , , }NG T T T −= ⊕ ⊕ ⊕ ⊕a b a b a b a b a b a b� kkkkkkkkkkkkkkkkkk(4-9)  

CdT�Ð K - . (shift operation)� 
 � k2 1m + �" � � )k

k

k r ¡ � � � z�¦ �  § � � g 
 Õ �i x ° �§ j ( )t m− t 1− ¶

( ) 2t m − �Cd ( )t m �Õ È h i jk

1
2

2
2

1 2
( )     

1 2

m

m

m
t m

m

+

+

�
+�= �

� +�

��� � � �

��� � � �

kkkkkkkkkkkkkkkkkkkkkkkkkkkk(4-10) 

: q D E �� � ú ( )G a b, d�ß à z� �¦ �  § � e ú 7 � � � �

z�¼ ! )k

k

k ��� FFT�� � � z � �� � : " � � � � N 5 7 r �� è �

� � �w � Cç ¨ Ì � � " � � lr �� � �§ �© � � � �� � )k

k

����� � � � �

�

k � � � � � @ A (Two-path fading channel)�r Å � ä Í @ A ��

�@ A � U � � � � �jk
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1 2( ) ( ) ( ) ( ) ( )h t a t t a t tδ δ τ= + − kkkkkkkkkkkkkkkkkkkkkkkkkkkk (4-11) 

Cdτ�ls  � � � z� lr  � � � ! " )k

k

Cd 1( )a t t 2 ( )a t �à  � � � # Â $ % ��� � 1 N� & ' � 5 ��

« Sà ( ) (independent) B * + � Q @ A , - (Jake’s fading channel 

model)q D E )k

k ,
1

1
( ) exp( 2 )      1,2

N

k n k n
nf

a t j f t k
N

π φ
=

= + =� kkkkkkkkkkkkkkkkk(4-12) 

Cdk
2

cos( )n d
f

n
f f

N
π= � df � � ç . / 0 U ¹ (Doppler frequency)� ,k nφ 9

l k  � � l n� & ' � 1 2 � K )k

k

a b a k7 3 ¤ 
 � 4 5 k

k

Tx 1

Tx u

Tx U

�
�
�
�
�

1( )s n

( )us n

( )Us n

�
�
�
�
�

( )W n

( )r n

1( )h n

( )Uh n

( )uh n

` 4.2k7 3 ¤ 
 � W 6 , - k

k

k
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h 7 ` 4.2 q � �z7 3 W 6 �� � � * ; J � 7 �q * ;   �

� � 9$ Ó % & 
 � �� � O v ( ) @ A �Á ¶jk

1

( ) ( ) ( ) ( )
U

u u
u

r n s n h n W n
=

= ∗ +� k

Cdk

( )us n   jlu�
 � �W X � � ) 

( )uh n   jlu�
 � W X � � q O v �@ A ) 

  ( )W n   j5 1 ! 8 9 : ; < � (AWGN)) 
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��� 

�

� � � � 	 � 
 � � (MC-CDMA)

� � � � � � � � � � � � � �

(TMUD)� � �  
 
 

����� � � � 	 
 � MC-CDMA � 
 � � � � � � � � �

� � � � � � � �� � �  �� � � � � � � [1]�� � � � � � !

�" # $ % & ' 
 � ( ) *�+ 
 � ( ) *% & ,  - . � / - - .

�" # $ �0 $ 12 3 !4 � ' � � � � � *�5 6 0 7 8 9 : ; !� 

< = > ? MAI�@ A �B C D E ,  �� � F G H I = J 

    K L M N O �P Q RS T � / U V 0 S W �X Y Z �� � [� \

] ^ _ !̀ a [� 
 � � � � � � � � � b c > ? MAI �@ A �[

d ,  �I = e f g h i [� j k �I = .  

 

5. 1  ����  

 

�l �m & � Z n o p q 1�r s �t u q 1v K w !& a k x s y 

� u  R[� j �z {  

� l  R
 � � � � � � �: ; �z {  

� n  RN O | ) } �k ~ z {  

� w  RN O | ) � � m � � m � � * (Parallel to serial converter) 

!�k ~ z {  
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� m  R0 QPSK � � !�k ~ z { �� � �  OFDM q . �z {  

� k  R OFDM q . �� � �  (Subcarrier) �z {  

� s �,  - . �p1�� i 9 / - - . � p2�� � 9 / - - .  

� I � QPSK q . �� � �� �Q� QPSK q . �� � ��  

� m1�� i 9 MAP ( ) *�m2�� � 9 MAP ( ) * 

 

5. 2  ����� 

 

�� � D & � MC-CDMA ,  � � � � � � � 5 � � 5.1 � � J

� � L M ,  V � � � � �/ U J�   \ ¡ ¢ (Radio frequency, RF)

$ 10 + £ ¡ ¤ ¥  (RF front end) � � W ¦ ¡ $ 1 r !�� § ¨ © $

1ª « ~ ¬ �­ ® �̄ 0 7 FFT � � �° d � � 9  k � � � � �$

1�D ± ' ¦ ¡ � � � B ² !³ �́ � �t � m � � µ # ¶ q . k

~ �z { q 1J 

 

r ( )mR k

	
, ( )m l kH



, ( )m lRd k

�
, 1( )m l k−DI

�
, ( )m l kPI

	
1, ( )m E k−H

	
, 1( )m l k−H

1l =Others

_ _E MUD itr TMUD itr= ×

 

� 5.1 MC-CDMA � � � � � � � � (	 u
� � ) 

 



 48


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

��  
� � ! " � �� # � $� % &  
� � ' ( ) * + , $- .

) * + , � / 0                           $       1 2 	 u 


� � 3 	 k 
4 5 6 � 7 + 8 9 ) * 
 : ; < (Channel frequency 

response)� 

= � � � > ? � � @ ) * + , � / A B C D  
� � � ! " �

�$� E F G H � ( )mR k 7 I � � ! " � �� � � � ( )m kPI $! " � �J

K L H (Pilot interference cancellation) � M � 3 N O P ! " � �& Q

R � �S T � J K �U V W X Y � Q R � �
 ( )mRd k ' ( Z [ \ � ] (

J K L H Z � � Q R S T � 

    ^ _ � $̀ a b - . ) * � + , 0c d � $e _ � C f 3 N Z �

� S T g h i j k 9 l � � �m n �) * + , � o p h q ; W 3 	r

_ � s t � 

 

 

5. 3  �������� 

 

0u v � � � � � Z � � S T w x � ? � $ y � � z { m | �

} ~ � ! " � �� � � � ) * + , 9 � �� ! " � �� � � � N Q R

� �� � � �0� � ? ! " � �J K Q R � � � $' ( Q R S T 9

�$b L H 7 I � � � ! " � �J K (� 5.2)� 

    � � ) * + , � 
 � � ! " � �� 
 k C D ! " � �J K $	 u 

y � � 3 	 k 
4 5 6 � C D 9 ! " � ��
, ( )

u
m lPI k � 2 � 0� 

 

                                                       (5-2) 

( )mR k

	 	 	 	1 2
( ) { ( ), ( ),..., ( )}

U
m m m mk H k H k H k=H 	 ( )

u
mH k

�
	 [ ]
	 [ ]

1,
,

, 1

( ) ( )          if   1                       
( )

( ) ( )          others                        

u
u m E u u
m l u

m l u u

H k bp m CP k l
PI k

H k bp m CP k

−

−

� × × =�= �
� × ×�
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� � ( ) uCP k 1 2 	u
� � ! " � �� 
 � � 
 k �� V G H � ( )mR k

7 I C D ! " � �� � � $� 

 

                                                       (5-2) 

 

7 � 0X Y � Q R � �
 , ( )m lRd k � 

 

 

( )mR k

	
1

1, ( )m EH k−

	
2

1, ( )m EH k−

	
1, ( )

U
m EH k−

1( )CP k

2( )CP k

( )UCP k



, ( )m lRd k

�1
, ( )m lPI k

� 2
, ( )m lPI k

�
, ( )

U
m lPI k

	
1

, 1( )m lH k−

	
2

, 1( )m lH k−

	
, 1( )

U
m lH k−

1l =

Others
1l =

Others

Others

1l =

[ ]1bp m

[ ]2bp m

[ ]Ubp m  
 

� 5.2 � � � � � � � 	 
 � � 
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u
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5. 4  ��������	�
��
� 

 

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

! " # $ % & ' ( ) *� � + , � � � - . � � � � /- . 0 � 1 2


 - . � 	 �- . � 	 � 3 � �4 5 6 � � 7 8 - . 9 + , � � : ;

� � � <=  � � > ? @  � � � 	 � - . � � � � + , � � � � �

A B � � �� � � � � � � C D  � � <9 ' E � � � B F G H I <

+ � � 
 J � K LM N O P <Q R S T � � � � � � � � U <V N W

X Y Z � � � [ \ � 

 

 

5.4.1  ��� u � �  l  � � � 	  

 

] l  � � � � � ^ � 5.3 _ ` <� 1l =  ab c � � T � - . <

Q R �d  � ! e ) � � + , � � � - . � � � � <f B L
 , ( )m lRd k

g h 2 i j /k l i j m n o 1 2 � p q ! �r  1l > a<s t � @

 � � 	 � MAI� 

 

                                                       (5-3) 
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	 ( )
u
mH k

�
, ( )

u
m lDI k,

u
m lv�



, ( )m lRd k

�
1

, 1( )m lDI k−
�

, 1( )
U
m lDI k−


cd ( )u k



, ( )
u
m lRC k

( )tanh �
Al =

Bl =

( ) ( ){ }A= 1 _ -1 1 _MUD itr TMUD itr∼ × ∼

( ) ( ){ }B _ 1 _MUD itr TMUD itr= × ∼

,
,

I u
m lθ

,
,

Q u
m lθ

,
,

s u
n lθ 1,

,
p u

n lθ

1l =1l =

2,
,
p u

n lθ

�
1
, 1( )

u
m lDI k

−
−

1l =

�
1

, 1( )
u
m lDI k

+
−

1l =

,
ˆu
w lδ
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, (1)

u
m lRC

*cd (1)u

N

*

, (1)u
m lH
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u
m lRC k

*cd ( )u k
N
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u
m lRC N

*cd ( )u N
N

*
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m lH k

*
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m lH N

,
u
m lΦ

,
,

I u
m lθ

,
,

Q u
m lθ

1,
,
p u

n lθ

( ) ( ){ }A= 1 _ -1 1 _MUD itr TMUD itr∼ × ∼

Al =

Bl =

Bl =

( ) ( ){ }B _ 1 _MUD itr TMUD itr= × ∼

Al =
,
,

I u
m lθ

,
,

Q u
m lθ

,
,

s u
n lθ
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,

p u
n lθ

,
,

s u
n ly
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,

p u
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2,
,

p u
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    ��������	
��
 � � � �  l  � � � � � � A� B� 

A � � � � � � � �  ���	
! "[1]�# $ % & ��' (  )

"*B � � +% & , � �  ���	
! "- ��' (  ) "�. /

5.4 0 1 2 

 

                                                       (5-4) 

 

3 . 2 

 

 

 

 

4 5 ( 6 7 89 : 6 7 (���' ( );��< = > 4 ? @ A B C

� D E F G "H I J  MAI K ��E F L 
 � � M N O P ( 6 7 8

9 : 6 7 - ��' (  Q R � 

 

 

5.4.2   ����� � ��� � 	 
 � 

. /  5.4�S T U V W ? @ ; X Y ? @ 
 , ( )m lRC k Z [ \ ��� X

Y ] 
�̂ _ ` a Z [ \ ��b �( 6 7 c 9 : 6 7 �d e 
 � f �

 9 : 6 7 g h H i j k 3 � l (Maximum Ratio Combining, MRC)� 

 

 

                                                       (5-5) 

 

 

 

( ) ( ){ }A= 1 _ -1 1 _MUD itr TMUD itr∼ × ∼

( ) ( ){ }B _ 1 _MUD itr TMUD itr= × ∼

{ } { }
_ 3  ;  _ 2

A= 1,2,4,5  ; B 3,6

MUD itr TMUD itr= =
=���


 	
*
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,
0
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k
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N

−

=
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�� m n c ,
u
m lΦ o Z p  H u

mv �q r s t ? �u v �� w x �

y z { 9 : I J H | }  , +
1 2

, ,
0

( )
N

u u u
m l m l m

k

H k v
−

=

Φ = ×� ����~ � � �

��
 � � � < �� � w x � "� � � t ? �� �  
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( ) ( ) ( )
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( ) ( )( )
( ) ( ) ( )

( )

( )
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,

,
,

221

, ,
1

, 2, ,

221
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1

, 2, ,
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, ,

Re Re
1

Re | Re exp
2 2

Im Im
1

Im | Im exp
2 2

Re
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m l

m l
m l

N
u u u
m l m l m

ku u
m l m u R u R
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u u u
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v
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πσ σ

πσ σ

σ

−

=

−

=

� �� �
� �− Φ − ×� �� �� �	 
Φ = × � �
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� �� �
	 


� �� �
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� �� �
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�

�
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1

2212 2 2,
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5.4.2.1   ��������	
��
� 

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

� � � � �� � � �   

!(5-7)"�# � � � � � � � �$ % 
 � 
 � � � �� & 
 � '

( � � # ) "� * + �, - ./ 0 1  2 3 4 5 
 � 6 7 8 9 � ��

� � � � � � � �: & 
 � ; �# 
 � � � � ���� < = � > �?

@ A B � (Time diversity)�, - 0 1 C .D !E F �4 5 G H I /

J K 6 7 8 9 L # �����) M   

 

 

 

 

                                                     (5-7) 

 

 

 

 

( ) ( )( ) ( ) ( )( )
( ) ( )( ) ( ) ( )( )

( )( ) ( ) ( )( )
( )

, ,

, ,

,

( 1) Re 1| Re ( 1) Re 1| Re      if  w=2m
ˆ

( 1) Im 1| Im ( 1) Im 1| Im           if  w=2m+1 

  

Re 1| Re
Re log

Re 1

ˆ 
u u u u
m m l m m l

u
w

u u u u
m m l m m l

u u l
m mu

l m u
m

u
w

P v P v

P v P v

P v
L v

P v

δ

δ
� + × = + Φ + − × = − Φ�= �

+ × = + Φ + − × = − Φ��

= + Φ
=

= −

�

�

����� � � � 	 
 � � � 	 
 � � � 	 �

( )( )
( ) ( )( )

( ) ( )( )

( ) ( )( ) ( )( )( )
( )( )( )

,

, ,

,

Re 1| Re
log

| Re 1 Re 1| Re

exp Re
Re 1| Re

1 exp Re

u u l
m m

u l u u l
m m m

u
l mu u

m m l u
l m

P v

P v

L v
P v

L v

� � � �= + Φ
� � � �=
� � � �Φ − = + Φ
	 
 	 


∴

= + Φ =
+

 

( )( ) ( ) ( )( )
( ) ( )( )

( ) ( )( )
( )

( ) ( )( )
( )

( )
( )

( )( )

,

,

,

2
,

, ,

2
, ,

, , ,

22 ,,
, , ,

2
,

Re 1
exp

2Re | Re 1 2 Re
Re log log

Re | Re 1 Re 1
exp

2

Im log

m l

m l

m l

u u eff
m l m l

u Ru u u eff u
m l m m l m lu

l m u u u Ru u eff
m l m m l m l

u R

u
l m

H

P v H
L v

P v H

L v

σ

σ

σ

� �� �− Φ − × +� �� �
� �� �� � � �Φ = + Φ� �	 
� �≈ = =� �� � � �Φ = − − Φ − × −� �	 
 � �� �� �� �� �

	 
	 


≈
( ) ( )( )
( ) ( )( )

( ) ( )( )
( )

( ) ( )( )
( )

( )
( )

,

,

,

2
,

, ,

2
, ,

, , ,

22 ,,
, , ,

2
,

Im 1
exp

2Im | Im 1 2 Im
log

Im | Im 1 Im 1
exp

2

m l

m l

m l

u u eff
m l m l

u Iu u u eff u
m l m m l m l

u u u Iu u eff
m l m m l m l

u I

H

P v H

P v H

σ

σ

σ

� �� �− Φ − × +� �� �
� �� �� � � �Φ = + Φ� �	 
� �= =� �� � � �Φ = − − Φ − × −� �	 
 � �� �� �� �� �

	 
	 




 56

( ) ( )( ) ( ) ( )( )
( )( )( )
( )( )( )

( )( )

( ) ( )( ) ( ) ( )( )
( )( )( )
( )( )( )

( )( )

, ,

, ,

( 1) Re 1| Re ( 1) Re 1| Re  

exp Re 1 Re
= tanh

2exp Re 1

( 1) Im 1| Im ( 1) Im 1| Im

exp Im 1 Im
tanh

2exp Im 1

u u u u
m m l m m l

u u
l m l m

u
l m

u u u u
m m l m m l

u u
l m l m

u
l m

P v P v

L v L v

L v

P v P v

L v L v

L v

+ × = + Φ + − × = + Φ

� �−
� �=
� �+ 	 


+ × = + Φ + − × = + Φ

� �−
� �= =
� �+ 	 


�

� �

 

 

 

 

 

 

 

 

 

 

                                                     (5-8) 

 

 

                                                     (5-9) 

 

 

 

 

 

 

 

( )( ) ( )
( )

( )( ) ( )
( )

( )
( )

( )

,

,

, ,

,
, ,

2
,

,
, ,

2
,

, ,
, , , ,, ,

, ,2
, ,

Re Re
tanh tanh

2

Im Im
tanh tanh

2

Re Im
        = 

m l

m l

m l m l

u u eff u
l m m l m l

u R

u u eff u
l m m l m l

u I

u eff u u eff u
m l m l m l m lI u Q u

m l m l
u R u

L v H

L v H

H H

σ

σ

θ θ
σ σ

� �� � Φ� �� �=
� �� � � �	 
 	 


� �� � Φ� �� �=
� �� � � �	 
 	 


Φ Φ
=� �

������� � 	

( )

( )
( )

2

,
,

, ,
,

tanh          if  w=2m
ˆ

      tanh          if  w=2m+1 

ˆ 

I

I u
m lu

w l Q u
m l

u
w

θ
δ

θ

δ
�
�= �
��


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



 57

5.4.2.2   ��������	
��
 

 

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

( ) ( )( ), ,Re , Imu u
m l m lΦ Φ � � � � � � � � � �	�  ! " ( ), 1, 2,

, , ,, ,s u p u p u
n l n l n lε ε ε� � �  

	#� � $ % � & ' ( �! " ( ), 1, 2,
, , ,, ,s u p u p u

n l n l n lε ε ε )* � � � � + % & ' (

� , - 
 P	. / 0 1 

 

 

 

 

 

 

 

 

 

 

2 � � 3 4 5 6 , 1, 2,, ,s u p u p u
n n nb b b� �� � � 7 8 3 9 : ; <  	             

( ) ( )
( )

( ) ( )
( )

( ) ( )
( )

( )

, 1
1 ,

, 1

1, 1
1 1,

1, 1

, 2
2 ,

, 2

2 2,

1|
log

1|

1|
log

1|

1|
log

1|

s u M
n ls u

l n s u M
n l

p u M
n lp u

l n p u M
n l

s u M
n ls u

l n s u M
n l

p u
l n

P b
L b

P b

P b
L b

P b

P b
L b

P b

L b

ε
ε
ε
ε

ε
ε

� �= +
� �=
� �= −	 


� �= +
� �=
� �= −	 


� �= +
� �=
� �= −	 


,u

,u

,u

,u

,u

,u

������ � � �	 
 � � 
 ��

��� ��� � � �	 
 � � 
 ��

( )
( )

2, 2

2, 2

1|
log

1|

p u M
n l

p u M
n l

P b

P b

ε
ε

� �= +
� �=
� �= −	 


,u

,u

 

( )
( )

( )

( )

1, , 1,
, , ,

2, , 2,
, , ,

1 1, 1, 1,
1, 2, ,

2 2, 2, 2,
1, 2, ,

,

,

, , ,     

, , ,     

:

MAP

MAP

M u s u p u
n l n l n l

M u s u p u
n l n l n l

M u M u M u
l l l P l

M u M u M u
l l l P l

ε ε ε

ε ε ε

ε ε ε

ε ε ε

ε

ε

=

=

=

=

M ,u

M ,u

�

�

��������	
��
 � � � � ��� �

� � � ��� �� � � �	 � �� �� �

� � � ��� �� � � � 	 � �� �� �



 58

� � = > ? @ A MAP � � (  : 

( ) ( )
( )

( )

( )

1
1

, 1 1
1 ,

, 1 1
1

1

,

', ,
1| ( )

log log
1| ', ,

( )

  
 (State).

  1 

M
n n l

s u M M
n l ls u S

l n s u M M
n l n n l

M
lS

n

s u
n

P s s s s
P b P

L b
P b P s s s s

P

s S
n

S b

ε
ε ε
ε ε

ε

+

−

−

−

+

� �= =
� �� �= + � �� �= =
� �� �= − = =	 
 � �� �
	 


∈

= +

�

�

,u

,u ,u

,u ,u

,u

�� ������	
��
������������

�� � �

� � � �� � � � ( ) ( )
( ) ( )

1

,
1

'  

  1 '  
k k

s u
n k k

s s s s

S b s s s s
−

−
−

= → =

= − = → =

�  � ! " #

� � � �� � � � �  � ! " $

(5-10) 

 

( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1
1 1

1
'

1
'

, 1, ,
,

', , ' ',

' ',

           ' ',

           ', |

BCJR ,
M

n n l n n n

n n n
s S

n n n
s S

s u M u s u
n n n l n

P s s s s s s s s

s s s s

s s s s

s s P b P b

α γ β

α α γ

β β γ

γ ε

ε− −

−
∈

−
∈

= = = ⋅ ⋅

=

=

=

�

�

,u

�� ������	 


� � �  

 

,

,

,

,
,

1,
,

2,
,

21
, , ,

,
1

21
1, , 1,

,
1

2, , 2,
,

1

   ( )  

( )  

( )  

( )

       ( )

       ( )

n l

n l

n l

s u
n l

p u
n l

p u
n l

N
s u eff s u

n l
k

N
p u eff p u

n l
k

N
p u eff p u

n l
k

H k

H k

H k

H H k

H H k

H H k

−

=

−

=

−

=

=

=

=

�

�

� �������	
��


� � � �� � � � �����	
��


� � � �� � � � �����	
��
� �

� � �

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

,

,

,

21

22 2 2, , , , ,
, ,

22 2 21, 1, 1, , 1,
, ,

22 2 22, 2, 2, , 2,
, ,

   

       

       

n l

n l

n l

s u s u s u eff s u
n l n l n

p u p u p u eff p u
n l n l n

p u p u p u eff p u
n l n l n

H b

H b

H b

σ ε

σ ε

σ ε

= − ×

= − ×

= − ×

�

�

 



 59

( )
( )
( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1
1

1 ,
1

1

, 1, ,
1 ,

, 1, ,
1 ,

', ,
log

', ,

' 1 | 1
              = log

' 1 | 1

   

(5 10) :

M
n n l

s u S
l n M

n n l
S

s u M u s u
n n n l n n

S
s u M u s u

n n n l n n
S

P s s s s
L b

P s s s s

s P b P b s

s P b P b s

α ε β

α ε β

ε
ε

+

−

+

−

−

−

−

−

� �= =
� �= � �= =� �
	 


� �⋅ = + ⋅ = + ⋅
� �
� �⋅ = − ⋅ = − ⋅� �
	 


−

�

�

�

�

,u

,u

��� �����

( ) ( ) ( )( )
( )

( )( )
( )

( )

( ) ( ) ( )( )
( )

, ,

, ,

2 2
, , , 1, 1, , 1,
, ,,

1 2 2, 1,
, ,

2
, , , 1, 1
, ,,

1 2,
,

1 ', 1
' 1 exp

2 2
           = log

1
' 1 exp

2

n l n l

n l n l

s u s u eff p u p u eff p u
n l n l ns u

n n ns u p u
S n l n l

s u s u eff p u p
n l n ls u

n n s u
n l

H H b s
s P b s

H H
s P b

ε ε
α β

σ σ

ε ε
α

σ

+
−

−

� �− × + − × +� �⋅ = + ⋅ − − ⋅
� �� �
	 


− × − −
⋅ = − ⋅ − −

�

( )( )
( )

( )

( )
( )

2
, , 1,

21,
,

1, ,

1, ,

', 1

2

  ', 1  1 

', 1  1 

u eff p u
n

np u
S n l

p u s u
n n

p u s u
n n

b s
s

b s b

b s b

β
σ−

� �
� �
� �
� �
� �� �× −� �� �⋅� �� �� �� �

	 
	 


+ = +

− = −

�

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

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

 

 

( ) ( )
( ) ( )

( )

( )
( )

( )( )

,

,

, , , ,
,1 , 1 ,

2, ,
,

2
1, 1, , 1,
,

1

,
1 ,

1 2
log                                        (5-11)

1

', 1
' exp

2
=log

,  :

n l

n l

s u s u eff s u
n n ls u e s u

l n l ns u s u
n n l

p u p u eff p u
n l n

n

n l
e s u

l n

P b H
L b L b

P b

H b s
s

L b

ε

σ

ε
α

σ
−

� �= +
� �= + +
� �= −	 


− × +
⋅ −

����� ���	
�

� 


( )
( )

( )
( )( )

( )
( )

( ) ( )
( )

( )

,

,

21,

2
1, 1, , 1,
,

1 21,
,

1, 1, , 1,
,

1 21,
,

', 1
' exp

2

', 1
' exp

               =log

n l

n l

np u
S

p u p u eff p u
n l n

n np u
S n l

p u p u eff p u
n l n

n np u
S n l

s

H b s
s s

H b s
s s

β

ε
α β

σ

ε
α β

σ

α

+

−

+

−

−

� �� �
� �� �⋅� �� �� �� �	 

� �� �− × −� �� �⋅ − ⋅� �� �� �� �

	 
	 


� �× × +
� �⋅ − ⋅
� �
	 


�

�

�

( ) ( )
( )

( )

( )
( ) ( )

,

1, 1, , 1,
,

1 21,
,

,
2 ,

,

 
', 1

' exp

                            

1
log MAP

1

n l

p u p u eff p u
n l n

n np u
S n l

s u
n e s u

nls u
n

H b s
s s

P b
L b

P b

ε
β

σ−
−

� �
� �
� �
� �
� �� �× × −� �� �⋅ − ⋅
� �� �� �

	 
	 


� �
� �
� �
	 


= +
= −

�

� �
 � � � � � � � � � � ��� � �

� � � � � �

 



 60

( ) ( )

( )

( )

, ,

,

,

, , , 1, , 1,
, ,

2 2, 1,
, ,

2, , 2,
, , ,

, ,22,
,

, ,
, 1, 2,
, , ,

(5 11) (5 8) ,  (5-11) ,  

, (5 8)    

, ,

n l n l

n l

n l

s u eff s u p u eff p u
n l n l

s u p u
n l n l

p u eff p u
n l I u Q u

m l m lp u
n l

s u eff
ns u p u p u

n l n l n l

H H

H

H
y y y

ε ε

σ σ

ε
θ θ

σ

ε

− −

−

=

�� �� ��� ���

	 �
 ��� 	 � � 
 � � � �� � � � � �

� � �
( ) ( ) ( )

, ,

, 1, , 1, 2, , 2,
, , ,

2 2 2, 1, 2,
, , ,

,
,

,
,

, ,

 

,  (Soft factor calculation),  

n l n l

s u p u eff p u p u eff p u
l n l n l

s u p u p u
n l n l n l

I u
m l

Q u
m l

H Hε ε

σ σ σ

θ

θ

� �
� �
� �
	 


� � � � � � � � � � �  ! " # $ � % � �  ! " # $ � & ' ( ) *

	 + , - � ) * . / 0 1 � 2 ) * 3 4 �

5 �6 � 7 8 �

 

( ) ( )  ;  DIT

 
n n n

n

x x n x

x n

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

� � 	 
 � � � 
 � � � � � � � � �

 

( )( ) ( )
( ) ( )

( )( ),

, , , ,
,2 , 2 ,

2, ,
,

MAP 

1 2
IT IT log IT IT

1

                                                                       

n l

s u s u eff s u
n n ls u e s u

l n l ns u s u
n n l

P b H
L b L b

P b

ε

σ

� �� �� �= +
� �� �� �= + +

� � � �� �= −	 
	 
 	 


��������	
��
 ������������

( )
( ) ( )

,
1 ,

,

                                        (5-12)

1
log MAP

1

s u
n e s u

l ns u
n

P b
L b

P b

� �= +
� �
� �= −	 


� � � � � 
� � � �	�


 

 

:α β

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

� � � ��  � ! " # $ % 
 & ' ( � � � ) � * + , � - . / 0 1

2 � 3 4 * + 5 
 � � � � � � � � � � � � �16789 : ;< = >

 

 

 

 



 61

( )( ) ( )
( )

,

1, , 1,
,2 1,

21,
,

, ,
1 1

( ', ) 1 ( ', ) 1

2
IT                                                                             (5-13)

( ') IT ( 1) ( ) ( ') IT ( 1
log

n l

p u eff p u
n lp u

l n
p u
n l

s u s u
n n n n n

s s A s s A

H
L b

s P b s s P b

ε

σ

α β α− −
∈ + ∈ −

= +

⋅ = + ⋅ + ⋅ = −� � ( )
( ) ( ), ,

1 1
( ', ) 1 ( ', ) 1

) ( )

( ') IT ( 1) ( ) ( ') IT ( 1) ( )

   A1+  1  1 
           A1-   -1  1 
           B1+  1

n

s u s u
n n n n n n

s s B s s B

s

s P b s s P b s

β

α β α β− −
∈ + ∈ −

� �⋅
� �
� �⋅ = + ⋅ + ⋅ = − ⋅� �
	 

� �

�� ������	
� ��
�		
� ���

������	
� ��
�		
� ���

������	
�

         
      

   -1  
           B1-   -1   -1 

��
�		
� ���

������	
� ��
�		
� ���

 

������ ( )2,1 p u
nlL b �� 	 ��
 ( )( )2 ,IT s u

l nL b � ( )( )2 1,IT p u
l nL b � 


� � � � � � � � 	 � � � ( )2,1 p u
nlL b � 
 � � 0.5 	 �� ,

,
s u
n lθ � 1,

,
p u

n lθ �

2,
,
p u

n lθ � 

    � � �� �  ! " # �$ % & ' ! ( ) * + , - . / 0 1 2 !

3 4 5 6 7 � ) , 8 9 : � 	 ; � < = > ? @ � � �� �  ! " # �

$ % & ' �A B 
 C D E F � G � H ! MAP � G � I J K Modified 

MAP � G � , L M 5.5 0 N . 

 

,s u
ly

1 ,e u
lL

1,p u
ly

2,p u
ly

2 ,e u
lL

2, ,s u
lL

2, 1,p u
lL

1, 2,p u
lL

,s u
lθ

1,p u
lθ

2,p u
lθ  

� 5.5 � � � � � � � � 



 62

( )
( )
( )

( ) ( ) ( )( )
( )( ) ( )( ) ( )( )( )

, , , ,

1, 2, ,

1, 1, 1, 1,

1, 2, ,

2 , 2, 2 , 2,

1, 2, ,

1 , 1 , 1 ,

1 2

2 2 , 2 , 2 ,

1 2

2, 2

, , ,

, , ,

, , ,

, , ,

IT , IT , , IT

IT

s u s u s u s u

l l l P l

p u p u p u p u

l l l P l

p u p u p u p u

l l l P l

1e,u e s u e s u e s u

l l l l P

e,u e s u e s u e s u

l l l l P

s,u

l l

y y y

y y y

y y y

L b L b L b

L b L b L b

L b

=

=

=

=

=

=

y

y

y

L

L

L

�

�

�

�

�

���

( )( ) ( )( ) ( )( )( )
( )( ) ( )( ) ( )( )( )
( )( ) ( )( ) ( )( )( )

( )
( )

, 2 , 2 ,

1 2

2, 1 2 1, 2 1, 2 1,

1 2

2, 2 2 2, 2 2, 2 2,

1 2

, , , ,

1, 2, ,

1, 1, 1, 1,

1, 2, ,

2 , 2,

1,

, IT , , IT

IT , IT , , IT

IT , IT , , IT

, , ,

, , ,

s u s u s u

l l P

p ,u p u p u p u

l l l l P

p ,u p u p u p u

l l l l P

s u s u s u s u

l l l P l

p u p u p u p u

l l l P l

p u p

l l

L b L b

L b L b L b

L b L b L b

θ θ θ

θ θ θ

θ

θ
θ
θ

=

=

=

=

=

L

L

�

�

�

�

�

( )2, 2,

2, ,, , ,u p u p u

l P lθ θ�

 

 

 

( ) ( )

( ) ( )

( )

2 ,
,
,

2 1,
1,

, ,

2 2,

,

:

tanh tanh  if  w=3n
2

ˆ tanh tanh if  w=3n+1                (5-14)
2

tanh tanh
2

s u
l n s u

n l

p u
l nu p u

w l n l

p u
l n p

n l

L b

L b

L b

θ

δ θ

θ

� �
� �=
� �
	 


� �
� �= =
� �
	 


� �
� �=
� �
	 


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

� � �  ! " # $ % & ' ( ) * � � � �

( )2,   if  w=3n+2u

�
�
�
�
��
�
�
�
�
�
��

 

 

 

 



 63

 

��� 

�

� � � � 	 
 �
 

	 
 � � 
 �� � � � �� � � � � � �� � � � � �  �! "

# $ % & ' ( ) � � �� � *+ , - . / �0 1 2 3 4 5 6 1 2 3

� � 7 8 94 5 �: ; �< = > ?( @ A BC?D E F G H I J � �

& K �L M BN

OP & K � Q � � �� � �( ) � � R S T� U V � U J W X �

Y Z � � �I Y Z � � [ � � � � \ 9] ^ �_ ` � � *a b c d �

e �Y Z � � f_ ` � � g h TJ i �j k T! " V l m h � n � �

k � � o o p �: ; �q OW � ; P o o p �: ; �( *T& K � � r �

s t u v ! Tn w 	 x Y Z � � ; � y n �T z { | } 
 s t D @ A T

n w � y n �~ � �j k T z { � } 
 � n w � y n � � T� � & K �

� 
 �N

NN

����� � � �

 

s t � � FFT � � � � � (FFT matched filter)�� � � h � y n

�: ; B*� D x < � * FFT � � � � � � � � y n �E F �� � B

� � 1( )x n� 2 ( )x n � � � � � O N � � � � 1( )X k � 2 ( )X k �O 1( )x n 9 2 ( )x n

� FFT l m � 1( )x n f 2 ( )x n �� � � �  
1 2

( )x x τΓ ¡ ¢ £ < � ¤ 



 64

{ }
1 2

1
*

1 2
0

*
1 2

( ) ( ) [( ) ]

            IFFT X ( )X ( )

N

x x N
m

x m x m

k k

τ τ
−

=

Γ = −

=

�
                                  

(6-1) 

b 
 ( )N
� O( )  mod  N� B¥ 	 ¦ ¡ X �� � � � � � � �   ¡ ¥ b n

w � � � § � k �̈ �J IFFT�l m © ª B 

 

« 1( )x n 9 2 ( )x n O� � � m¬� � ( )c n �� ( )c n �] � � ­   O¤ 

{ }

1
*

0

*

( ) ( ) [( ) ]

         IFFT ( ) ( )

1 ,    0
            

,    0

N

c N
m

c m c m

C k C k

N

τ τ

τ
τ

−

=

Γ = −

=

− ≠�= � =�

�

                                (6-2) 

 

 

( )c n ( )C k

*( )C k

*( ) ( )C k C k ( )c τΓ

 

� 6.1N* o o p � � � � � � � � y n  

 

y n � ( )c n �] � � �   ® ¡ ¥ n w 	 � y n � ( )C k ¯ � § k ¨

� IFFT l m ª � B] � � �   � ° ± y n � � y n �² ³ �T´ µ

� ¶ � · �� � � ( 0τ = )�¡ ª � J ¸ ¹ (peak)ºB	 � 6.1 » O< �

* FFT � � � � � � � � y n �£ ¼ �B 

 



 65

6.2 ���� 
 

( )mR k

*( )uCP k
N

	
, ( )

u
m lH k


, ( )
u
m lH k

�
, ( )

u
m lh k , ( )u

m lh k�
, ,IIR1( )

u
m lh k

�

�

, 1

,

( )  ( 1 )

( )  ( 1 1, 1 )

u
m l

u
m l

DI k u U

PI k u u u U

− =

= − +

�

� �

,
ˆ ( )u
m lh k

[ ]ubp m

 

� 6.2 �� � � � � �(�u 	 
 � ) 

 

�
 
 � � ���� � � � � � �� 6.2 � � �� � �� � � �

( )mR k � �  ! 
 � �" # � � $ % &' ( 
 � �) * � � $ % + ,

- . / 0 1 2 3 �u 	 
 � ) * � � 4 5 �� � �' 6 ! 
 � �"

# � � $ % 78 9 : 
 � ; < =>?@ A B �" # C D � � E' ( 


� �) * � � $ % F 1l = G�H 
 >?I J K LM?@ � � N ���

8 C D �O 1l > G�P H 
 Q >J K �>?@ � � N ��� 8 C D �

� �RS 6� 5.1 � � �� T U 6��� � � V ?@ WX Y Z �O[2]

6��� � � P [ X � 

 

\ 
 ) * � � ] ^ 
 _ ` 	 K a b =a b _ ` �	 K [ ]ubp m M

c d BPSK e f �gMc \ h i jk � O,�l mFn o p q r 3 s

t ut v �_ ` 	 K a b =w a b [ ]ubp m 8 x yz�{ x �| V I J

K �) * � � �s	 3 _ ` } ~ �� } � �f � �+ � H ' ( H 
 � �

� �) * � � F[ t J K �&Q � H 
 � �) * � � yzM�N �s



 66

	 _ ` } ~ �� } � �f � �� Q � H 
 � P [ X �n � 8 d � ?� �

� � � � �� � =G�P ' ( H 
 � � � �) * � � � � 4 �$ % P

X l � � �$ % s� � 3 � � �� � Os� � 

 

n � � � � �� FFT yz� � =� ) * � � �� k � �+ ,-

�u 	 
 � . / � � ��� � � � � � , ( )
u
m lh k �' 6 uCP ] � � �) * �

� k � j�� � N ] � 7� �   � ¡¢ £ ¤ ¥ ¦ § ¨ © ª «9 s¬ ­ ® �¯° q

r � N  ! 
 � ��� " � � ± ² : 
 � ; < n o ` � M³ �´ µ �¶

 

\ 
 �� � � �· ¸� X ¹ - º � » �� ¼ ½ ¾ l ¿ �À � �̄

° Á . � Â �� � � � � � , ( )
u
m lh k d � ?I ?� � � � � � �� � =

(First order IIR filter)» Ã Ä Å Æ (Path selection)Ç È �� ,- Y É ¸�

�� � � � 

     

α

1 α−
�

, ( )
u
m lh k

�
, ,IIR1( )

u
m lh k

�
1, ,IIR1( )

u
m Eh k−

 

� 6.3 ?� � � � � � �� � = 

¶

��7?� � � � � � �� � =�] ?I Ê ��� � =�+ Ë Ê

V I J K 6º � �Ì � �α ] Í �¼ ½ l Î �' Ï Ð�Å Æ &� � º

� Ñ (SNR)Ò�� f � Ó Ô 3 ¬ �α Õ Ï �� � =� Ö Õ Ð�l m×

º � Ï G�Å 
 Ø Ï �αÙÚ Û Ü Ý Ø Þ �gOÚ Û ß à ��� � �



 67

á � â ãGY Z �×�� f � Ó ( ä å Ó )G�P Å 
 Ø Ð�αÙ�?

� � � � � � �� � =�® æ ç Î + è � � � é 

� � �
, ,IIR1 , 1, ,IIR1( ) (1 ) ( ) ( )

u u u
m l m l m Eh k h k h kα α −= − × + ×                (6-3) 

' 6E è � LM?@ � 

 

�
, ,IIR1( )

u
m lh k , ( )u

m lh k

�
, ,abs ( )

u
m lh k �

, ,IIR2 ( )
u
m lh k

 

� 6.4 �� Ã Ä Å Æ � � � 

 

¯° ê \ �?I ë ë ì � � =Ú Û �{ x Ë Ê º � í �� � � �

$ % �OÃ Ä Å Æ ` î 6�ï ð í ÙM��ñI ë ë ì � � =Q �F


Ú Û �� ¼ ½ í Ã Ä ò ó Ï Ð�À � �l mô õ Ø à �Ú Û à � �L

Md \ ?ö�Ã Ä Å Æ ÷ N �� � � � ��	 ø �� � ù ú û � � �¶

 

�� � � ü ý þ m�¸� � �� � � � �6Ã Ä 	 ø �! 5 �g

O�¯° F� � p � h i jx 7) * � � �k � j�\ 
 h i j�9

s¬ � �� [ � � �	 
 ] ' 9 s¬ Ù[  7� �s � Ã Ä 
 X N �

� � �À � �l m�� � � � ��� � � � � , ( )u
m lh k Ï Ð � [ · ¸�

¯° � 
 ?I Ã Ä � s¬ (Inter-path Decorrelating) ` î � � � Ã Ä s

¬ � � � � � � � � �� � Ã Ä 
 � � � ¬ ­ � � � . � �Ã Ä Ï



 68

Ð�LM� � N Â �� � � � � � , ( )
u
m lh k c d \ FFT � � M,- � ��

� � �	 , ( )
u
m lH k �± ² � M³ �: 
 � ; < =̂ 
 � 

 

������� � � 	 �

 

� Ð � Á � �  ! Å Æ Ã Ä 	 ø �x â ��?I Ç â 7� ÷ N Ú

Û " Ý � � � �
, ,IIR2 , ,IIR2 , ,IIR2 , ,IIR2{ (1), (2),..., ( )}

u u uu
m l m l m l m lh h h N=h 6 # $L Ì � Ã Ä

�
, ,IIR2 max( )

u
m lh k �� % & ?' ( Ù ,th lE � ,th lE 7» LÏ # $ Ã Ä � , ,IIR2 max( )

u
m lh k �

# $ � � ) & * lTh ¾ 
 �
, ,IIR2 max ,( ( ) )

u
m l th lh k E− �Ã Ä 	 ø Å Æ �· P ] 0

+ , - � � �� � � � � � , ,IIR ( )
u
m lh k 6 # $ Ì � Ï 
 lTh �Ã Ä �. , �

# $ » LÏ # $ Ã Ä � # $ � Ð
 ' ( Ù ,th lE �Ã Ä �' � Ã Ä 	 ø

/ 7 � �0 7º � &�� ¼ ½ � � 4 �12 �3 

 
�

�

�

, ,IIR2

,
, ,IIR1 , ,IIR2

0 ( ),
( )       

,( ) ( )

u
m l lu

um l u
m l m l l

h k Th
h k

h k h k Th

� <�= �
� ≥�

                   (6-4) 

 

�ñI x â ] Á 4 { Ú Û �" Ý 5 6 ' # $7 8 �9 : 7 8 " Ý

, � � , ,IIR1( )
u
m lh k 6 # $> l Ì �Ã Ä � ; < ' ( Ã Ä � 

 

 

 

 

 

 

 

 



 69

�� � � � �� � � � 	 �

 

[ � � �k � j� �= > [ t Ã Ä �� � X s� À � �� � ��

� � � Ü # ¹ � 
 
 � � ? ) * � � k � j[  7 � �9 s¬ Ù�1

/ � 3 
 � �k � jFn o ` 7 @ A �� �m I J K Ò�� � � � �

Ã Ä I ® P7 B �� i I Ã Ä C D 7 iτ » � j I Ã Ä C D 7 jτ �s¬ Ù

ijρ 7 

( )( )
1

*

0

1
( ) ( )

N

ij u u j i N
k

cp k cp k
N

ρ τ τ
−

=

= × − −� ¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶(6-5) 

P Ã Ä s¬ � � + è � 7 

 

11 12 1 12 1

21 22 2 21 2

1 2 1 2

1
1

1

P P

P P

P P PP P P

ρ ρ ρ ρ ρ
ρ ρ ρ ρ ρ

ρ ρ ρ ρ ρ

� � � �
� 
 � 

� 
 � 
= =
� 
 � 

� 
 � 

� � � �

R

� �

� �

� � � � � �
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MC-CDMA � � / & é 

e f (modulation) QPSK 

e � � �(carrier frequency) 2GHz 

� Ö (total bandwidth) 0.64MHz 

ö e � I ® (number of subcarriers) 64 

3 Ü J K G 
 (useful symbol time) 100us 

l m 
 n (guard interval) 25us 

o I J K G 
 (overall symbol time) 125us 

" # å �(data rate) 16/3Kbps 

k � l ® (spreading factor) 64 

ä å (vehicle speed) 30 km/hr(100 
km/hr) 

V p q � �(Doppler frequency) 55.56 Hz (185.19 
Hz) 

Ã Ä I ® (path number) 2 

LÏ C D r s (max delay spread) 18.75us 

) * � � » " # � � � f �Ñ Ù 

(Pilot to signal power ratio�PSPR) 
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� x =Ï Ð 1000 bits 
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� � ú � ¶¶¶1/ 7 � � Ã Ä Å Æ ��� � � � { Ã Ä ¼ ½ �� Â ¶

� � �� � � � � �H 
 : 
 � ; < & Q R : 
 � ; < F[ t H 


� � �Ñ Ø �' 6 Q R : 
 � ; < 7d � RI � � �: 
 �

; < ã?ö Q R � j¡Q R � jH 
 � I � � «�LMFd ?

I � � �: 
 � ; < Eu SNRW7 3dB�ä å 7 �}}¶� ¥ � � ¤ �

�� � � 6��?I ë ë ì � � =αÙ / 7 }ú û � 
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¶¶¶¶� �� a b �̄ ° Ñ Ø � F � � �� � � � � H 
 : 
 � ; < & Q R :


 � ; < �� � �̄ ° � 1/ [ � ] H 
 : 
 � ; < � ] Q R : 
 �

; < �� �6 V 3 Q R � j=�. ] : 
 � ; < �$ % � � ] � Q R

� j=>,- �� � C D MA � w � � �� ] Q R : 
 � ; < �$ %

� � P ] � Q R � j=M,- �� � C D MA � w � � �l mFÑ Ø

	 K x � �G� °̄ W] FQ R � j=>w x Ñ Ø �¶

¶¶¶¶F� � ú � &� � ú � 6¯° + �   - µ � �� � � � �F[ t � �ì

� ~[ t H 
 � � �H 
 Q R : 
 � ; < W+ � ¡ � 
 � �L ¢ �µ

T Ù�' 6�µ T Ù� £ i \ ¤ �} ¥ 6� ¦ ç ¡ � � «,- �' ¦ ç � � é¶

¶

( )3

1
1

2 2 2
bitP

ρ ρ
ρ ρ

� �
� 
= − −
� 
+ +� 
� �

¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶¶(7-1) 

 

' 6 ρ7?I 	 K � � � ì �F § § ¨ à � 7 ù û � � � �� � � �6 © ?I ª «

(Chip)� SNR7 µG� ρ P 764 µ× � 

¶¶¶¶\ � � ú �&� � ú � ¯° W+ �   - H 
 Q R : 
 � ; < �� �è

�sí 
 : 
 � ; < W3 Ï ó � �¬ ­ �� � � ú �Ò� � ú � &� � ú �

¯° W+ �   -  U �� Q R : 
 � ; < WÑ ! 5 U �� Q R : 


� ; < Þ �® ' FH 
 � J K G� � � ¯ Õ Ï �� ] l 7FH 
 �

° G�Fx Q R � jG�H 
  U �� Q R � j� ,- �t 	 	 K �

U 	 K ¡ � Y 	 K �l 7 Q R � j=+ � ± 5 ¸ & mt 	 	 K ] ² �

~�� �¬ ­ �l mH 
 � ° G� U �&! 5 U �� Q R : 
 � ;

< è �� [ : �� ×H 
 � J K G�$ % J K �mGQ R � j=[ #

³ ¸ & t 	 	 K ] 7 ² � ~���mG © H 
 ! 5 U ��Ì î H t 	 	

K f 4 ² � ~���á X | � ��è �� Ë �¶
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¶¶¶¶� � ú � ¯° Ñ Ø � H 
 [ t � � ® � Q R : 
 � ; < �F � I �

6¯° Y + �   - H 
  U �&! 5 U �Q R : 
 � ; < �� � �¶

¶¶¶¶� � ú û &� � ú � 6¯° K \ � �� � � �̀ î 5 � w   ä å 7

� }¶� ¥ � � ¤ & �}}¶ � ¥ � � ¤ � : 
 � ; < & Q R : 
 � ; < �� � �F

� � ú û 6¯° + �   - : 
 � ; < Fd � � I � � M�è � @ d ´

- µ &�O Q R : 
 � ; < P + � H m� �� x � � è �F ¶ ü ?

ö�FH 
 � �® Q 7 � � G3 &: 
 � ; < � ® Q 7 � }�è �? · �¶

[ � ³ ¸ ¹ ��F�� � � [ ] µ � � º » � �H 
 Q R : 
 � ; <

�è � � � ¼ Fµ � �� � � � ½ · Ï ó � �¬ ­ �® ' ×�� � �

³ � G�� ä å 7 �}}¶� ¥ � � ¤ G�� � ú � �FH 
 � ³ : G¾ ¿ À 3

¬ ü �� ] l 7×�� � � ³ � G�3 H Q R � jM�	 K x � � Ñ

� j>Ê �� ] Fx $ % C D G�q r Á � Á � jM�U 	 K c Â �

� � ��� �l m?I Ø · �" � Â �?I ³ [ · �" � �' " � �

] [ · ��l m� Ã ¬ ­ �� � � �· ¸� �] � T U H 8 Ä x �?

I C õ �Å Æ ��

�

�

�

�

�

�

�

�

�

¶
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����

�

� � � � 	 
 � � 
 � �
 

 

    � T U 6 � � � Q R j�ã" � � Ç S � â (Message passing 

algorithm�MPA)�� ^ 
 MPA T = N Q R j� j�Ç â �' ç Î »

[8]6�st �	 
 ] È ¯° ^ 
 MPA � É � Q R � j7Ã ] ½ · /

� ��Ê Ë 8 È �MPA + � 
 Ì º � Ø Ê �Ç â 8 Í � Mø ` � �

) + � ´ - ³ Þ �è ��' Ç â 
 ] � Ï Î Æ Ï � 4 ³ : I Ð Î Æ �

� s � Ç " � � Ð I Ñ Ò�O Q R jF � � p H 
 �  I 4 ^ ] j

=�© Fn o p õ ?öw � j�Ì º � X ³ Ó �l mQ R � já H 


�  I 4 ^ � j=w � ��  I 4 ^ � j=X � s � Ç " � � Ð I Ñ

Ò�' � Ç �Ç â + 
 MPA T = N 8 �� T U � ^ 
 � MPA w T =

N Q R j� t 	 	 K �í ® + # �Ñ B �~ W x U " � �� x 7 Q R

: 
 � ; < � �$ % � � �C D �� � _ ` �a b � + �   N � U

�� Q R : 
 � ; < FH 
 � ® Q J K G�X Ñ ! 5 U �� Q R : 


� ; < �è �Þ ��

� � � �F Ô Õ " # [1]6�MPA - � ] 
 8 � LDPC(Low density parity 

check code)��l m MPA S � â ~ Ö + � F × 
 F' Í ��� � j

=6� � ] H 8 + � Ø k �Ç G Â ?� 

    m I �� T U Á [2]6� ± N �: 
 � ; < � � K \ � Q R � j

H ' 4 7Q R : 
 � ; < �� _ ` a b � " Ý + �   N �Fµ � ��

� � � �H 
 Q R : 
 � ; < + � H � ��è �¡ � 
 Ë ?H 
 � �
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�µ T Ù(Theoretic bound or Single user bound)�� ] F�� � � � Ù

µ � � º » � �Q R : 
 � ; < sí 
 : 
 � ; < � ¬ ü á X ¹ � 


�� � � �· ¸� �l m�� � � � ¬ ü ] H 8 + � Ø k �Ç G Â

ñ�̄ ° + � Õ Ú M í ) * � � �9 s¬ �� ¬ ­ ~] K \ Û ×�Û

�� � � ´ µ � ± Ó �� � � �· �̧ ��

� � � �m I �� T U �� �] � N n o ` �l m�� � � X Ø [ · ¸�

� ] F� N n o ` 6� . 3 ?I ) * � � �mG�� � � + � Ø ·

¸�O� N � ��Ü $ ô Í � Ý 	 Ñ � N � �Ï �l m¯° + � Õ Ú

F� N � �6 K \ Q R : 
 � ; < 8 J K � �� Ü $�' � â ] - �

Þ i jFà � 7 �G�0 # ± ² � ß � � �k � j�mG¯° + � H


 ' Í � � � �Ø � �� # ± ² Ø : ß �k � j�gM̂ 
 Q R � j

Á ' Í H 
 � �$ % C D N 8 à á �	 
 ] È �¯° [ 0 H 
 k � j

8 â 5 H 
 � �	 H 
 � Q R j8 â 5 H 
 � �� ] H 8 + � Ø k �

Ç G Â � �¯° @ H 
 _ ` a b í � N n o ` � �x � Ê Ë � a b �

ã ä å æ ��¶
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� � ��

�

� � � � � � � � � � � � �
� � � � �  ! " # $ % & � ' (
� ) * � + � �
 

    � å æ Á - � � N O � n o ` �_ ` a b ç ç x ?Á � ¬ �H '

4 7� N O � n o ` � _ ` a b ç ç �è õ ] Á V I H 
 � ��� /

& 7st �� H o I � � . é 3 ?I ) * � � �n o ` . ô M í m)

* � � x �� � � �uFx �� � � Gê w IIR � � =�{ x �m I �

×H 
 � �® Q F 64 I � ë G�̄ ° H 
 à � 7 64� Þ i j8 â 5

[ t �H 
 � �×H 
 � ® Q ì � 64 I G� ì � �H 
 � P H 
 à

� 7 63�h i jc K �?I 	 K H ' à � 7 64�� | m	 K » h i

j��?I 	 K st Eu) * � � & ! H 
 � � � � f � Ñ 7

0.2é1�' Í � � P » � N O � n o ` st � 

 

����� � � � �

_ ` a b Â 1/ c d 7é 

� 1/ n o ` @ A � 3 
 � �k � j� 

� 1/ � �@ � 4 e � t v » J K t v � 

� 1/ � � ` � f �g Ï =» h Ñ ® 	 � � =(Analog to digital 

convertor)] i ��� 

� 1/ 8 9 ' Í j k �$ % 7� � 

 

_ ` a b ��� a z 7é 
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� ¾ # $ Â { Ã Ä K 4 �í î Ó ï º � �� � 

� ¾ # $ Â { Ã Ä | } ¼ ½ ��  (Rayleigh fading channel)�' ¼ ½

a z (fading pattern)\ ~ � ¼ f �� a z � a b � 

 

MC-CDMA � � / & é 

e f (modulation) QPSK 

e � � �(carrier frequency) 2GHz 

� Ö (total bandwidth) 0.64MHz 

ö e � I ® (number of subcarriers) 64 

3 Ü J K G 
 (useful symbol time) 100us 

l m 
 n (guard interval) 25us 

o I J K G 
 (overall symbol time) 125us 

" # å �(data rate) 16/3Kbps 

k � l ® (spreading factor) 64 

ä å (vehicle speed) 30 km/hr 

V p q � �(Doppler frequency) 55.56 Hz  

Ã Ä I ® (path number) 2 

LÏ C D r s (max delay spread) 18.75us 

) * � � » " # � � � f �Ñ Ù 

(Pilot to signal power ratio�PSPR) 
0.2 

�� yzÇ â  LÏ Ñ B P t  

 

Q R j / & é 

j� 1/3 

] j= u v w I ®  3 

� x = y ç  _ ` � x = 

� x =Ï Ð 1000 bits 
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� � ú �¶¶¶� N � [ � �6�1/ 7� � Ã Ä Å Æ ��� � � � { Ã

Ä ¼ ½ �� Â � � �� � � � � �H 
 : 
 � ; < & Q R : 
 �

; < F[ t H 
 � � �Ñ Ø �ä å 7 � }¶� ¥ � � ¤ ��
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� � ú � ¶¶¶� N � [ � �6�1/ 7� � Ã Ä Å Æ ��� � � � { Ã

Ä ¼ ½ �� Â � � �� � � � � �H 
 : 
 � ; < & Q R : 
 �

; < F[ t H 
 � � �Ñ Ø �ä å 7 �}}¶� ¥ � � ¤ ��

¶
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    � A.1ã A.26�¯° Ñ Ø � [ t � � �: 
 � ; < ã Q R : 


� ; < F[ t H 
 � � � x � � è ��' 6 N I � � �Q R : 
 �

; < � è x Nö � · �{ x éð: 
 � ; < � I � � ã?ö Q R � j

( � I � � )ð�LMc x : 
 � ; < ?I � � �gMFm´ ; < x �

�� 

    � a b " Ý + �   N �×H 
 � �® Q 7 64 I G�H 
 : 
 �

; < F ¾ I � � Má # H x � � è � ¡ � 
 Ë ?H 
 � µ T Ù�è

��� ] ×H 
 � �® Q - ´ 96 I G�H 
 : 
 � ; < ¾ ¿ À 3 ñ

ò ¬ ­ �mG © H 
 Q R : 
 � ; < �P FRI � � M�x � �è �

P # ¡ � 
 Ë ?H 
 � µ T Ù�è �E � ] l 7H 
 � �® Q F 64

I � ë G�� 3 
 8 â 5 H 
 � �k � j ó m 
 W3 ³ Þ �� � �

��l m[ ô õ Q R � j=� ô õ �. õ H 
 : 
 � ; < á # Á ' Í

H 
 � �$ % � � ö ÷ �� ] ×H 
 � �® Q - ´ 96 I G�� �6


 8 â 5 H 
 � �k � j�� � � �f , ³ � �mG. H 
 : 
 � ;

< � â Á $ % � � ø ù �ú þ � a b " Ý + �   N �x � � è �À 3

ñ ò ¬ ­ �� ] mG © # û ü Q R � j=� ô õ �á # H � ��è �

3 ¹ � �± ý �	 
 ] È �mG� �̂ 
 � Q R j&k � j8 â 5 H


 � ��

� � � � Ñ Ø � �ú � ã� �ú � �Fä å 7 � }¶� ¥ � � ¤ G� Q R : 
 � ; <

q r x RI � � þ # ´ - ¡ � Ë ?H 
 � µ T Ù�è ��� Fä å 7

100 km/hrG�0 ô õ � I � � á # ´ - ¡ � Ë ?H 
 � µ T Ù�è

�� � ] l 7 Q R � j=FG 
 �s¬ �Ð��� è �Ñ Ø Þ �¶

� N � �6�Q R : 
 � ; < F Ù µ � �� � � G # 3 � · �è

��è õ ] F� N � �6��� � � + � Ø �N � �6· ¸�� F�

N � �6�� � �� G� �- $ % Ø Ï �q r H 
 ë ë ì � � =Á $ %
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� � �αÙÅ ,ß Ð�� â 3 Ü � � $ % �αÙÅ ,ß Ï �P ) � [

��� �f � �l m� N � ���� � � � 3 ¬ ü �� 
 �¶
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