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ABSTRACT 

 

The Single-pair High Speed Digital Subscriber Loop (SHDSL) is the new 

generation symmetric DSL technique which could supply at most 2.3 Mbps downlink 

and uplink data rate symmetrically to subscribers on a long loop. However, the 

InterSymbol Interference (ISI) is severe especially duration the transmission over a 

long loop. Normal data transmission is impossible without properly taking care of the 

ISI problem. To assure SHDSL tranceivers to provide full-rate transmission, we need 

a powerful adaptive equalizer to ease the ISI problem. The decision feedback 

equalizer is the most often used equalizer for sovling the ISI problem. However, it has 

the error propagation problem, which will degrade the system performance. To 

improve the performance, the joint equalization and channel decoding is necessary. 

Nevertheless, combining the trellis decoder in the decision feedback equalizer will 

result in high complexity hardware. A powerful equalizer called 



  iii 

Tomlinson-Harashima precoder (THP) system was proposed to solve this problem. 

By use of the procoding technique, the joint equalization and channel decoding can be 

accomplished by cascade a linear equalizaer and a TCM decoder for channel coding. 

In this theisis, starting from algorithm design and computer simulation, we design the 

THP system and TCM decoder hardware architectures according to the G.SHDSL 

recommendation. The resulting hardware could achieve the maximum 2.3 Mbps data 

rate under the 50 MHz operation clock. The hardware was verified on the FPGA 

development board.  
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1.1 ���������������� 

� � � � � � � 	 
 � � 
  (Single-pair High Speed Digital Subscriber 

Loop�SHDSL)��� � � �� � � DSL � � ��) � �� G.991.2(G.SHDSL)[1]

�± · r } � � � � } � � � 
ö 	 ¦ 
� �� � � DSL 
 � � � 
 �� 


SHDSL � 7 � � �s � r � 
 � � ¦ � � � %� W �s � � 
 � � � �� 
�

� � � � � � � " 2.3Mbps�� � � � ÎÂ � �  �� � � 7 � � �� � � r  

Ú�� � ADSLü� � �� � �F 
$B C��ADSL�� G �� � � �� � �

� Ç � * � � (downstream)� Ç � ö � � (upstream)� Ç �: / ö ADSL�SHDSL

� � 5 ]� � ! � � � � �� Ç " ö 192 kbps # 2.3Mbps�X $ % � " 4

10kft(3km)# 20kft(6km)�& ' �È � � 5 4-wire mode � ( ) �6� 7 � Ç � *

# 4.6Mbps�+� ] 2.3Mbps � Ç � 7 " 4 16kft(5km)$ % �& � G � +E | %

, ¦ � �F 
�-. '2 / �d 0 2 � c/ d � � � �-1 ] SHDSL$2 3�

]� � & � 9 �À . '2 / " 4 4 & X 5 T 6 � 

 

# $�%& '( ) * & _ 7 } �\ 8 9 : (InterSymbol Interference, ISI)üÜ

+, �-.�& +
; < = \ 8 9 : �! q ü6
H I J �> [ � & _ ` \ ��

È � ]? @ A � B 8 9 �DFE(Decision Feedback Equalization) [2,3]üÜ +C6


�H I J �: ­ DFE PQ R S T (error propagation)� � D mL M T 6 (decision 

delay)¡ D U V�¡ � û 2 < = E � 8 9 �f0 �-.@ A C@ A � 

G.SHDSL F 
 Tomlinson-Harashima precoder (THP) [4,5] ( ) m G Ð ` \ H I

(Trellis code modulation�TCM)[6,7,8] ; J H I J m& _ ` \ � K � �%� � � �

Tomlinson-Harashima precoder L P DFE�� 9 �M � ]< = \ 8 9 : / d 1 N
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PQ R S T mL M T 6 �U V�$X � ]Ü Y Z � O P(cascade)TCM K \ J ]

^ « 8 9 �6
 TCM ` \ � ]̂ « 3-6dB�` \ ^ a � 

 

1.2 � � � �� � � �� � � �� � � � 	 
 �	 
 �	 
 �	 
 �  

�5 Q � ISI-.�> ? @ A Þ � � D R � �H I J �Tomlinson-Harashima 

precoderÚS ö  T � G H I J mL M � O H I J �U N PV � W 'ÎQ R S T

H -.W %�� ]Ü Y Z �m TCM K \ J X | �̂ [ ` \ ^ a �~ � � �� �

ü% G.SHDSL�jk� �B Cz ] THP ( ) � �H I J Î] TCM � & _ ` \

Y ] Viterbi decoder J K \ K � �� � �K L \ 8 9 : -.r � * ` \ ^ a �6


 THP3H I J m TCM K \ J Z | [3,9,10,11]�%º » �­ ® * �[ ]MATLAB

J o p q �u v �L \5 o p q y�6
 C ] 2 « ¬ \V� ^ p u _ �̀ a �

� �\V� �u v r b c �P5 \V� b c �u _ �> ? d e & u _ B Cz � �

� � �� � �Þ � �!y� � ��> ? � } { | f } ~ mj G � � à �� � B

C�!y] FPGA (Field-Programmable gate arrays)J s 
 � � Y g h � 

 

1.3 ��� 
��� 
��� 
��� 
  

~ � � i j k l b m i � n Y o p -� � 

� � i üq � �%� r i �> ? s SHDSL PMD t �̂ � ! � � 5 u � �v

°�Y u � �v °5 PMD t �jk�PMD t * w x 5 TCPAMÎChannel precoder

m TCM K \ J �U ? ü� H I J r & _ ` \ �K � � Úò �y ~ z { " | 3

%� } i m� ~ i " | 4 �%� } i �" | H I J �y ~ z { �+, �H I J H �

w � ~ � � i � � � THP ( ) �%� ~ i �" | TCM K \ J �ò ö � � �� �

2 %� � i � 4 �w � THP ( ) m TCM K \ J �� � � � �P� ; �� � i 2

v °� � �u v �Z 1 m ASICÎFPGA�Þ J �� m i �� ; � � mk Z � 
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_____________________________________________________________________ 

� � 	� � 	� � 	� � 	  G.SHDSL PMD 
 � � � �
 � � � �
 � � � �
 � � � �  
_____________________________________________________________________ 

~ i " | 5 G.SHDSLjk% PMD t �u " �l � SHDSL�jk J � A �

v °�$H I J m TCM K \ J 3ü~ � � �Þ � � V�% PMD t �� c� 9

P� 

� { � d � (timing)� Å m� � � 

� ` \ mK \ � 

� H I mK H � 

� N � (echo)� � � 

� H I (line equalization)� 

� � � � Z (link startup)� 

 

 1. Preactivation 2. Activation 3. Data Mode 

'� 
G.994.1 � �

probe signal � �

G.994.1 

Preact. � � act. � �

Preact. 
Data 

Signal 

@ A � }

�� �  

a. Data rate 
negotiation 

b. Power backoff 
c. Timing 

recovery 

a. Echo cancellerÎprecoder 

coefficient training 
b. PrecoderÎCRCÎencoder�

coeff. transfer 

a. Timing 
trackingÎTHP 

coefficient 
tracking 

 
� 2-1�� � � Z 
 ®  

 

~ � � � cK � %� r g r � � g �̀ \ mK \ mH I �� � Þ � ¡ D � � � �

%� * Central office � �� � � ] STU-C(SHDSL Transceiver Unit at the Central 

Office)u a �Remote � �� � � ] STU-R(SHDSL Transceiver Unit at the Remote 

end)u a ��w x � � STU-C m STU-R �� Z d �PMD t [ � � G.994.1Î
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Preactivation m Activation ® � �� } � � � Z 2 Ã � « � � � u � �� e � 7

� � w x ^ � � � � � Z � } y3 « � � � u � �� � � ­   ¡ � precoderÎ

encoderÎCRC�� « ¬ � e � 7 � � � � Z 
 ® -� 2-1�   

 

2.1 PMD Preactivation 

)(my)(md )(ms

)(mz

 

¢ 2-1�Preactivation £ ¹ u _  

 

-¢ 2-1� STU-C+ STU-R � ¤ J � preactivation u _ �£ ¹ ¢[1]�{ �

m � � symbol time�¥ ö ¦ h '�6
 2-PAM H I �i ]	 � d £ §H ö symbol 

time�${ \  �spectral shape�ã ¨ d £ m power backoff 2 % G.994.1[12] d (

\�G.994.1ü ITU� xDSL$\�Ä / � � �� xDSL � � d @ A © ª « & P

� � �¬ & '­ �Pò � 7 �  Î® ¯ Î�  Î� � H �£ � � 

 

2.2 PMD Activation Sequence 

)(mf

)(ms )(my )(tz

)(md

 

¢ 2-2�Activation £ ¹ u _  

 

¢ 2-2� activation�u _ ¢�% PMD � � u � � ]Ã � ^ � �� �� cJ

activation�® � [1]�STU-Cm STU-R 2 J � B ¬ & ; " } activation u � ^ � �

Activationc« ¬ echo cancellerÎprecoder coefficient H   ¡ �J � 5   ¡ @ A s



  5 

precoderÎencoderÎCRC H ° � ± ² �p � } activation�2 3'� f(m)³ z �3

� � } ± ² K � � 

 

2.3 � � � �� � � �� � � �� � � � (Data Mode) � �� �� �� �  

P� ; �� � u � " | �SHDSLü] TC-PAM (Trellis coded pulse amplitude 

modulation)� �H I ´ � �-¢ 2-3 i µ �� PMD t � � u � �£ ¹ u _ �C

� 7 �� � ¶ 6
& u _ �� STU-x e 4 precoderÎencoder H �° � y�� �

u � §� ]̂ � � 

 

)(nf )(ns )(mx )(my )(tz

 

¢ 2-3�PMD t � � u � £ ¹ u _  

 

¢* { � n � �· 	 � d £ (bit time)�m � �· { � d £ (symbol time)�t

¸ ü�µ ¹ º d £ (analog time)�f(n)� scrambler�7 � ��­ scramblery7 z

� s(n)�s(n)� PMD layerc� ³ �'��U 2 � ­ TCM(Trellis Coded Modulation)

` \ J �� Å x(m)'��x(m)2 � ­ THP ( ) � & _ » ` \ Û { �� Å y(m)'

��!y��­ spectral shaper3¹ º '� z(t)� loop interface ³ z � 

]� ¡ j v ° TCM K \ J m precoder�ò ö scramblerÎspectral shaper �

PSD � £ ¹ [1]� 

 

2.3.1 TCM ������������ 

¢ 2-4üG Ð ` \ �! ¼ ¢�� � O � streamn scrambler�7 z 4 TCM�

7 � ��­ 5 O ½ � ¾ ± ¿ ¬ ¾ � J (S/P)2 ]À K D 	 � �O ½ � ¾ C¿ ¬ 7

z �� D { � �f K D 	 � * P� 	 � �­ \  � 1/2�� Á \ ` \ J �] K+1
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	 � �­ 16-PAM�Mapper�H I 7 z � 

)()0( 1 mXmKs =+

)(0 mY

)(1 mY

)(2 mY)()0( 2 mXmKs =+

)()0( mXmKs K=+ )(mYK

)(ns
)(mx

 

¢ 2-4�G Ð ` \ H I (TCM)̀ \ J ! ¼ ¢ 

 

)(3 mY  )(2 mY  )(1 mY  )(0 mY  )(mx  16-PAM 

0 0 0 0 -15/16 

0 0 0 1 -13/16 

0 0 1 0 -11/16 

0 0 1 1 -9/16 

0 1 0 0 -7/16 

0 1 0 1 -5/16 

0 1 1 0 -3/16 

0 1 1 1 -1/16 

1 0 0 0 1/16 

1 0 0 1 3/16 

1 0 1 0 5/16 

1 0 1 1 7/16 

1 1 0 0 9/16 

1 1 0 1 11/16 

1 1 1 0 13/16 

1 1 1 1 15/16 
� 2-2�16-PAM'�� Â � 
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K+1 D 	 � )(mYk �…� )(1 mY �Ã )(0 mY 2 C � Â 4 � D � 	 )(mx �-�

2-2�� D 16-PAM�� Â �� 

 

2.3.2 Channel Precoder 

�

�

sT sT sT sT

1−NC NC 1C 0C

)(my

)1( −my)2( −my
)1( +− Nmy

)(mv

)(mx

 
� 2-5�Channel Precoder � � � 

 

� 2-5� channel precoder�� � ��� 	 Modulo
 Precoder�� 
���

sT �� � � � � � ��� �� baud rate���� 
�� �� � � �  !" #$ %

& ' ( ) channel precoder� 
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_____________________________________________________________________ 

������������ Single Carrier Equalizer ����

Tomlinson-Harashima Precoder System 
_____________________________________________________________________ 

*+ , - . ��/ 0 �1 2 3 4 5 � � 6 1 7 �8 9: ; < = > ? = � 6 @

A �B C D + 6 �*1 7 �E�F G H I�J � �% K L M N O P (Intersymbol 

Interference�ISI)QR[13]�ISI ST G �O P , U �VW X Y X #, U $ SZ [

G \ ] ^ �1 7 , U �_ T̀ G �a b �c�d e f � g h̀ i �j k 
l m n

M N O P QR�op*+ , �B q %̀ r st u �+ 6 ��vEw+ 6 �x y �

z j k 
3 4 �{ w| �� }̀ ~ � + 6 �x y p�� � �[w� + 6 �y k �

J � j k 
�� �� �� VF �� � �*̂ � � � S�� � �� �� � � � ��

��9= | j k 
[3,13]�� � � � j k 
[2,3,13]
* G.SHDSL - . �% s#�

Tomlinson-Harashima Precoder (THP) - . j [4,5,9,10]� 

 

3.1 ���������������������������� 

j k 
& � � l � �B C D + 6   | �r �& 1 2 �, U q [¡ ¢ £ ¤ ¥

¦���§ T G �O P � ISI �̈ © �̂ ª « ¬ ISI �̈ © ­ ® ¯ ° j k 
�g

`� 

[ kI ± ² ³ e 1 �´ µ , U �� � 1 7 �� 
 )(tg ��� )( fG � )(tg �¶

· ¸ ' ¹ �V Wf > � )( fG =0�º « � )( fG ��» ¼ ½ �� � 2 ¾ , U  

�
∞

=
−=

0
)()(

n
n nTtgItv

        (3-1) 

[+ 6 )( fC 1 7 �@ � + 6 ��» ¼ ½ + 6 �* Wf > � )( fC =0�X #�,

U 9¿ !(3-2)± ²  
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�
∞

=
+−=

0
)()()(

n
n tznTthItr

           (3-2) 

�� 

�
∞

∞−
−= τττ dtcgth )()()(

                  (3-3)     

)(tz �q À Á | �Â Ã Ä Å , �Æ A � Ç � T/1  sample/s�̈ *�f � W X ��


 )(tp �SX #�, U + � �� 
 )(tp �" # 

�
∞

=
′+−=

0
)()()(

n
n tznTtxIty          (3-4) 

)(tx � )(tg � )(tc 
 )(tp ÈÉ Ê Ë (convolution)� )(tz′ �Å , )(tz 
 )(tp ÈÉ Ê Ë

(convolution)�¨ * 3 4 S )(ty [ T/1  sample/s �Æ A � ¦� Æ A �Ì*

0τ+= kTt � =k 0�1,…��Æ A � 0τ �Æ A Í Î �S" #� 

�
∞

=
+′++−≡+

0
000 )()()(

n
n kTznTkTxIkTy τττ          (3-5) 

> S!(3-5)q ± ² � 

�
∞

=
− ′+≡

0n
knknk zxIy � =k 0�1…              (3-6) 

Ï S!(3-6)x Ð � 

k

kn
n

nknkk zxI
x

Ixy ′+
�
�
�
�

�

�

�
�
�
�

�

�

+= �
∞

≠
=

−
00

0
1

� =k 0�1…   (3-7) 

� � q [Ñ 0x � � 1�" #� 

k

kn
n

nknkk zxIIy ′++= �
∞

≠
=

−
0

� =k 0�1…           (3-8) 

*!(3-8) � � § $ Ò #j U �Ó Ô�Õ Ö��� kI �× " #�, U / , �Ø Ù
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Ö��
∞

≠
=

−

kn
n

nkn xI
0

Ú � ISI�Ø Õ Öz �Å , Ö� 

� � Û Ü ISIÖ�Ý ¨ @ � O P �, U �l Þ Èß ³ 1 �, U �[ß �, U

% O P $ à e 1 �, U �º ��á â Ú È�M N O P (ISI)�ope ã n ISIÖ�

3 4 ä å æç 0
0

=�
∞

≠
=

−

kn
n

nkn xI �9è ç� 

	


�

≠
=

=≡=
)0(,0
)0(,1

)(
k

k
xkTtx k                   (3-9) 

« q [r ISIÖ�é v�@ � Ú �ê ë Ã (Nyquist)ìz [3,13]�í î @ � ìz � �

ï " )(tp q [� �+ 6 ð Á � ISI ñ ò � 

 

3.1.1 ��������������������(Linear Equalizer����LEQ) 

¨ *� � � �f � = | �j k 
�9�³ ² �ó �ôf � tapped delay line

õ Á ��� 
��f � �» ö ÷ ò w�� 
� 

 

sT sT sT sT

�

 

� 3-1�= | j k 
 

 

� 3-1�= | j k 
�7 ø �W X , U )(tr �� � j k 
$ �7 ¾ w� kI �

pj k 
�� �« �� � 3 4 ï ¾ l ��ù ^ ú�= | j k 
�û � ï æ�

zero-forcing[3,13]
ü � Í Î (Mean-Square-Error�MSE)ìz [3,13]�� � Sý @
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û � �æ�þ ��� �� 

� Zero-Forcing� 

 

�

}{ kz

AWGN

}{ kI }ˆ{ kI

 

� 3-2�+ 6 
 Zero-forcing j k 
 

 

9� 3-2�+ 6 F(z)�j k 
 C(z)� & � � Á f � �� 
�" #¿ !ö ÷ ò

w 

�
∞

−∞=
−=

j
jnjn fcq                           (3-10) 

í î ê ë Ã ìz 9× m n ISIÖ��z 3 4 ç 

	


�

≠
=

== �
∞

−∞=
− )0(,0

)0(,1
n

n
fcq

j
jnjn                 (3-11) 

Sú!(3-11)� z ' ¹ " # 

1)()()( == zFzCzQ                        (3-12) 

³ [" #� 3-2 ��j k 

)(

1
)(

zF
zC = �" #vj k 
 )(zC �E�ó h �

ç³ �� ISIÖ�é � [ Zero-forcing Ú È�*¼ � ú@ � j k 
� )(zF �� ��

³ [*+ 6 �	 i 
 ¡ �¼ � úS% �Å , � i �
 � � *� 

� MSEìz � 

*MSEìz ��� � × " #j k 
�� � }{ kc �r �� � Í Î kkk II ˆ−=ε

�§ � ü � Í Î �çü � Í Î � J� 

2
kEJ ε=                                (3-13) 
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� � × " #§ � �ü � Í Î � J�í î MSEìz �" #vj k 
 )(zC �' ( �

�[3,13]� 

0
1*

1*

)()(

)(
)(

NzFzF

zF
zC

+
= −

−
                  (3-14) 

�� 0N �Å , ¼ � � ¦�9è 0N � � � ��� � Zero-forcing ìz 
 MSE ì

z �j k 
�û � �� � � � ��� � ��9è 0N B �é ��MSEìz �j k


�7 ¾ % �� � � ISIÖ�*@ � � � � B � � @  � � ! � 

 

3.1.2 Fractional Spaced Equalizer (FSE) 

ß à " # �= | j k 
$ � baud-spaced�j k 
�̈ *� � ¯ ° FSE�f

 ù ^ ] % [13]�FSE �& õ 
 baud-spaced j k 
	 � � �Î ' *� �Æ A ¼

Ç �B ( ) �� delay line tapsÈ� * � � baud-spaced Ts�*�+ �� 
, - .

¨ �/ 0 ¿ + � Æ �� * � Tf=T/M�M�9 2�3�4 j È� �� 

1 2 �, U � � B C D + 6 $ [ Baud-space � Ç Æ A % �1 2 ¨ © �FSE 3 s

Tf=T/M�� Ç 4 � ¦Æ A ��v5 6 1 2 ¨ © (alias phenomenon)� 

 

3.1.3 ����������������������������(Decision Feedback Equalization����

DFE) 

� 3-3 ��f � � � � j k 
[3,13]�ôß 7 �� 
( ß 7 �� 
 a(z)ô

ZF-LEQ c(z)
Whitening 1+p(z)�� 
õ Á )�� � �� 
8 � � 9 : ; Á �ô�

Zero-forcing j k 

MSEìz È= | j k 
�� i Å , �� � ISI�
 � �p

� = | �� � � � j k 
q [< = @ � 
 � �9¿ !(3-15)�W X , U � 

�
∞

=
− +=

0n
knknk zhIr                        (3-15) 

)(zc � Zero-forcing j k 
��7 ¾ �� 
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kkk zIr ′′+=′ ˆ                               (3-16) 

 

}ˆ{ kI
}{ kr

input

}ˆ{ kI

output

 

� 3-3�� � � � �� 
 

 

!(3-16)� kr ′�� j k $ �1 2 , U Ö
Å , Ö�º « � ISI Ö� � & m ã

v��� kz ′′ � Zero-forcing j k 
 )(zc �7 ¾ �f > ? Å , (color noise)�̈ *�

@ A �Ñ> ? Å , �Ä k (whitening)�B 4 �� � � � �� 
r s predictive �

� 
l C Á Ä k B 4 �q [S> ? Å , Ä k Á Ä Å , �* )(za �7 ¾ " # 

k
n

nkkkk zpIIr ′′′++=′′ �
∞

=
−

0

ˆˆ                    (3-17) 

Predictive �� 
 )(1 zp+ � � Å , Ä k Á Ä Å , kz ′′′ � . N úB `C C ��#

whitening�E�� � � � �� 
�7 ø Å , vk �ôD E �� 
�= | j k 
F

ð ¾ �[3]9� 3-4�9è @ � � � � G � AR model�º « �¯ �D E �� 
�

= | j k 
�; � � all pole - . �Å , H �q `s linear predictive � !C C

whitening Å , �I z prediction�� 
J K̀ L M N spectral flatening�_ è � 

kv

 

� 3-4�Å ,  G  
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p!(3-17)O��
∞

=
−

0

ˆ
n

nkk pI �B P Q Ö�3 4 ScÖm ã � 3 s� � �� 


)(zp q [S@ � B P Q Öm ã �R ¿ kkk zIr ′′′+=′′′ ˆ � decision device�7 ø �1 7

, U � � & j k v�J R ¿ Ä Å , �ñ ò �ý Ä Å , ð Á �S Í q [[+ 6 T M


U À V M U W �r _ §̀ X k �Y �� � � � �� 
 � *� S Í Z � �QR�

f Y � � 9 : �vS Í � � �% ð Á @ � ¨ © Ý L �W � V M U W �V M U W «

% a b �O�f � Ñ� � 9 : [+ 6 T M 
. ¨ �� !�E�T M 
�*� � É

H ú�³ [@ � � !3 4 � ¾ [ Å ¦� Â �T M 
�\ ] � 

9è � � q [B s� � �� 
�« B % ¾ ¨ S Í Z � 
� � � � �QR��

� � K ¾ [Ý ^ 
_. ¨ � � �� 
�� æ�T � � ` �* 3.2 ª � � S% �a

b �" # � 

 

3.1.4 ������������������������ 

ß à ³ " # �= | j k 

� � � � j k 
$ �c � � d + 6 ò w�op�

*. N �+ , - . ws��+ 6 �ò w+ � �? æP e d 6 ��³ [�{ w| j

k 
�K L �j k 
�� �3 4 �q � � �`} { wB ( �+ 6 p� � ISI Q

R�̂ � ª Sf ý { w| �� æ�þ �� �� 

Steepest-decent Method[13]� 

�r ! 3-13�MSE J § � k �� � Sj k 
� �g ! ± ² 9¿ !(3-18) 

kkk GCC ∆−=+1 � =k 0�1�2…              (3-18) 

�� gradient vector� 

)(
2
1 *

kk
k

k VE
dC
dJ

G ε−==                    (3-19) 

kC ± ² � �*Ø k h �2 \ � kkk II ˆ−=ε �Ø k h 2 \ �� � S Í � kV z �W

X , U g ! �∆ z �f � } � �i �q [sl r ú!(3-18)� 2 \ � ¥ X j �k
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!(3-18)�9è § � MSE ¾ ¨ * 0kk = ��
0kC =0�c�Ì� l #§ X X j m �

!��� �« B % n o *�p q �B 4 v� 

Least Mean Square(LMS) [13]� 

kĈ ± ² kC �� r m � kĜ \ ± kG �� r m s *ˆ
kkk VG ε−= �� � q [" #¿

! 

*
1

ˆˆ
kkkk VCC ε∆+=+                        (3-20) 

c�ù ^ � LMS�t É �� � j k 
È� ��LMS�� æ� � ws*u v ú�

9Â � �î Y �{ w| j k 
ú��ù ^ �& õ �9¿ �³ ² � 

 

sT sT sT

sT

kε⋅∆

sT sT

�

�

}{ kV

kε⋅∆ kε⋅∆

0c 1c 1−Nc

}ˆ{ kI

kε
 

� 3-5�= | j k 
È LMS w x & õ  

 

3.1.5 ������������������������� � 	 
� � 	 
� � 	 
� � 	 
  

y 9= | { w| j k 
�� � É � j k 
�ß 7 �� 
�� � �� 
( % q

[ws LMS ( A �� æï ¾ � �� 

*
1

ˆˆ
kkkk VCC ε∆+=+                        (3-21) 
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kĈ ± ² Ø k h �2 \ �ß 7 �� � �� 
�� �g ! � kkk II ˆ−=ε �Ø k h 2

\ � � � S Í � kV z � ß 7 � � 
� � � � � 
È 7 ø , U g !

} ...    ...  { 1111 −++−++ MkkkNkkk IIIvvv �∆ z �f � sl r ú!�2 \ � ¥ q [X j

�i �� 

 

3.2 Tomlinson-Harashima Precoder (THP) 
� � � � j k 
(DFE) � = | j k 
z � � h m n M N O P _ wÈ` { �o

p| � *� S Í � � Ý L �q |̀ �ð Á � x _ ¿̀ a �O�� � �� 
ð Á �

� � � � (decision delay) r �T M 
} 4 ú� ~ Z � *�9è � � q [P e " d

+ 6 ò w(channel response)�� � ¿ �« �q `Ñj k 
�� � �� 
M N �*

Ý ^ 
(transmitter)_�*+ 6 ò wB % y k � 	 � ws« �q [�s@ A ��

æ�8 9�= �1 7 (xDSL)�Tomlinson-Harashima Precoding « �Ñj k 
[Ý

^ 
_. ¨ �- . �q [j _ � DFE �g `�ó * 1968-1969 � ( �� &

Tomlinson � Harashima B � p( Ý ° ���� Ú � Tomlinson Precoding�º �

� Ú ó Tomlinson-Harashima Precoding(THP)�*̂ � � �� � [ THP þ Ú � 

 

 

3.2.1 THP � � 
 �� � 
 �� � 
 �� � 
 �  

THP�& õ 9� 3-6 ³ ² �j _ �́ µ + 6 ò w� h(z)�c � � � d 6 + 6

ò w h(z)� s THP�� � p(z)� � ï " �ç ki �Ý ^ 
(Tx)_e 1 �, U �% e

� � Precoder�) % ¡ ã � −
j

jkj xp Ö�ô� � � �� 
(Precoder)% r 1 2 , U

� !̀ ? » � �U i �³ [�f � � � 2L(Module 2L)� � �: H S1 2 , U

» � *-L# LÈ� � � � ��� L�, U ki �, U § i i m � 

Ec�q [*Mod2L�: H $ " #��� N� precoder�� �� ¦ 



  17

],(

2L  mod   
1

0

LLx

ulexpix

k

N

j
jkjkk

−∈

−= �
−

=
−               (3-22)   

� � q [� #f � � � kz r � kx � � ú!(3-22)�» � � � �Á � 

k

N

j
jkjkk Lzxpix 2

1

0

+−= �
−

=
−                   (3-23) 

Ñ kx » � *-L� LÈ� �� � ��1 2 , U !̀ « % » � *t u � � ��S kx

� � + 6 �1 7 $ �W X , U � � ZF-LEQ c(z)" #È7 ¾ �� 

kk

N

j
jkjkk nLzxpix ′++−= �

−

=
− 2

1

0

              (3-24) 

)(zn

)(zx)(zi )(zr )(zs

 

� 3-6�THP - .  

 


ú! � � F ¾ v§ $ f ÖÅ , kn′s� �f > ? Å , (color noise)� ��Ï � �

whitening �� 
 1+p(z)S> ? Å , ' ¹ Á Ä Å , �� � q [" # 1+p(z)�7 ¾

�� 

k

N

j
jkjkk nxpxv ′′++= �

−

=
−

1

0

                    (3-25) 

��� 

�
−

=
−′+′=′′

1

0

N

j
jkjkk zpzn                        (3-26) 

� � v whitening�� 
�> ? Å , � � & ' ¹ Á vÄ Å , � kn ′′ z �Ä Å , � �� 

ôß à (3-23)�(3-25)û !q [T ¾ kv � 

kkkk nLziv ′′++= 2                         (3-27) 

Û Ü kv �ó �f � � Q � 2L �� ­ ��m Ï À úÄ Å , Ö�� �  � 2L : H

m ã kLz2 Ö$ " #� 
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]mod[ kkk niS ′′+=                          (3-28) 

kS � THP - . § $ × " #�Ö�ó �� �J �Ò #Ä Å , �1 7 � ki û Ö�9

è J �) % Ä Å , �W ú TCM T M 
$ « q [" #� W �V M U W �@ �E�

*. � úÄ Å , 
, U �? � J | ��*N � B Y , - s TCM T M 
ý Ä Å ,

º �� X �� � {̀ � 

 

 

 

3.2.2 ����������������(data flipping) � �� �� �� �  

 

� 3-7�/ 0 � B ¨ ©  

k!(3-28) 

]mod[ kkk niS ′′+=                          (3-29) 

c 9 kk ni ′′+ � * ],( LL− � � È� �/ 0 Á · �; �º « � 

Lni kk >′′+                               (3-30) 
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Æ  � 2L �: H « % Ñ � � kk ni ′′+ ý � � ],( LL− � � ��c� S Í « % Ý L

v�@ � ¨ © Ú �/ 0 � B (data flipping)[10]�/ 0 � B , - ð Á Í � �9cf

l % r �S Í Ç U À �E� THP r sÆ  �(module)2L ð Á / 0 � B �̈ © �

³ [*T M 
> � � 9 : �� � ú3 4 e < = @ � QR� 

¨ *þ ��̄ ° / 0 � B 9� �ð Á S Í �� � Ò #� 3-7 ³ ² �c � � �

1 2 , U �+1�W X �E��Å , O P �³ [W X #�, U � A�E�Å , O P

r ó �i � m   ¾ v ],( LL− �� � È� 3 4 Æ  �2LS, U A ý � � ],( LL− È

��, U A Æ  � 2LÈ$ � � " #v, U B�, U A & � � ý � ) ],( LL− ��

� È�v�9è S, U B 2 ) � � 9 : �" #È7 ¾ �-1�§ $ �T �-1�
]

® 1 2 �m B ( �³ [Í � �S Í *@ � �¡ Ý L v� 

/ 0 � B ¨ © % ð Á THP - . � + 6 V M û � �_ `¿ a �3 4 ¢ [�

��H B £ r / 0 � B ¨ © ñ ò THP - . �+ 6 V M û � _ `�3.2.3 ª S" #

T � cQR�� æ� 

 

3.2.3 ����������������(data flipping) � � � � 	 
 �� � � � 	 
 �� � � � 	 
 �� � � � 	 
 �  

ß à " # � / 0 � B % r THP - . �+ 6 V M û � _ ¿̀ a �̈ *� � "

# f � T � cQR�� æ��_ �5 6 v/ 0 � B �QR�[ 4-PAM �¤ ¥ �

�8 ¦ �9� 3-8 ³ ² �� � Ò #Èß ³ # / 0 � B ¨ © Ý L �r ± ² W X #�

, U �E��Å , ñ ò r ó   ¾ ],( LL− �� � � �S r Æ  � 2LÈ$ " #, U

r’�, U r z & ý � � ],( LL− �v� 

 

 
� 3-8�4-PAM ¤ ¥ � 
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9è e T � / 0 � B QR3 4 Ñ] ® �, U ¤ ¥ � § � �³ [� � [ } 4-PAM

¤ ¥ �{00�11}�û � , U �¤ ¥ �§ � Á 9¿ � 3-9� 

 

fd ′ fd

 

� 3-9�§ � $ È 4-PAM ¤ ¥ � 

 

¨ *¤ ¥ �� � & § � F v§ � � �, U ��æ�S, U {11�00} N ' [ } *Ó

Ô�̈ Ô+ ( 2L�+ : �« q [" #§ � �¤ ¥ ��	 © ª vÒ #] ^ W X �

, U r
, U 11� transition metric� fd �9è , U r Æ v �2LÈ$ � transition 

metric fd ′ º j � fd �/ 0 � B �S Í « B % Ý L v�9� 3-9�� � � � Ñ, U

¤ ¥ �§ � F v� � �û � , U {11�00}�� ¾ r’� transition metric� fd ′ �w

« % j � fd � 

9è ff dd ′= �Ì transition metric�� � ? Í �R ¿ � � § i q |̀ �¬ 4

« �­   � T M 
�¬ 4 �­   � ® � æS*Ø ¯ � � ��í î § � ¤ ¥ ���

æ�TCM T M 
� � transition metric�� � Sd e �° i � 
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_____________________________________________________________________ 

���� 4 ���� � � � � � �� � � � � �� � � � � �� � � � � � (TCM) 	 � 
	 � 
	 � 
	 � 
  
_____________________________________________________________________ 

ô� *1 7 ± ² ³ » � ¿ �³ ��, U $ e ´ q `�[� � � !̀ 1 7 �[

l #³ d e �_ `�*1 7 g Ç ³ » � ¿ � se l #� u �_ `�r s+ 6 V M

z �f � �_ �� æ� µ ôS1 7 �/ 0 � ��À ø ¶ � (redundancy)� + � �

sl · ¸ d e 1 7 �/ 0 � ��q [U À V M U W �c��g Ç _ W « q [K ¹ � 

Viterbi[14,15] ® � æ�f � § i q |̀ æz �T M � !�� � & ws*º F + ,

- . ��9» B + , ��+ ¼ , ½ ¾ - . 
�î Y j �9è *b + � � Ç �ws

��Viterbi T M 
q [ DSPs . ¨ �� � ��9è *Â � �ws��Viterbi T M


d [ VLSI � �. ¨ ¿ À ) % Viterbi T M �w x �*̂ � % � � TCM[6,7,8]


 Viterbi ® � æ�q [vT TCM V M 9� � 4 
 Viterbi ® � æ�T M � æ� 

 

4.1 ������������������������(TCM) 

ô� + 6 V M * V M ��� % À ø º F F � � + � (redundancy) l � · ¸ �

[M Ç R �V M 
p Á �c 9Â V M ��1 7 � Ç � sR �9è 3 4 1 7 � ( �

/ 0 ! ��V M $ z � Â V M �d e 1/R Ã �¼ ½ �*�» ¼ ½ / 0 ¿ ��B q

l̀ #+ 6 V M �@ A � 

p TCM z K L vV M �� y �� ��q [*�» ¼ ½ �» � ¿ K L 9Â V

M �� ( �1 7 � ¦�9cf l q [5 6 U À ¼ ½ �¿ �Õ Ä Å � TCM V M �

� y � 

1. U À f + � V M � Redundancy�� m � + � � 

2. S, U ¤ ¥ �¬ m2 � , U U À � 12 +m � , U � 

3. 3 sÆ � Ç N � !S m+1 + � , U ¤ ¥ �ú�� � , U �V M � 

Ø Õ Ä Å �3 sÆ � Ç N (set partition)�� �S, U N Á F � B ( �¦ Æ � �9

� 4-1 � 8-PSK �f � 8 ¦ �c @ �� U À , U �§ � È É Ê ´ (minimum 
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Euclidean distance)[U ) _ `� 

É Ê M � & ws* TCMú�ó K L + 6 V M �g `�µ ôÀ ø Ë  + �

(redundancy)�Ì r W X 
�Í r S Í �q |̀ � 

 

ε
ε21 =d

ε
ε)22(0 −=d

1B0B

ε21 =d

ε22 =d

0C 1C 2C 3C

 

� 4-1�8-PSK , U Æ � Ç N  

 

4.2 TCM ������������ 

� 4-2� G.SHDSL�sÈÎ Ï V M � y 
�TCMÈV M 
�M Ç R=1/2�

» � � ¦ K=10 ÈÉ Ê M V M 
�K L F Ö!(generator polynomials) N ' �

G1={0101101110}�G0={1100110001}�É Ê V M 
�+ 6 V M (channel coding)�

, U � 16-PAM � y 1 2 �9� 4-3 ³ ² �@ � 16-PAM �Ð U ¤ ¥ �(signal 

constellation)�16-PAM�, U & N Á 4 � , U Æ � C0�C1�C2
 C3�� � ,

U Æ � �$ �̄ � , U �, U Æ � ÈÑ Ò ô c1c0 û + � � u �V c1c0=00�SÑ

Ò Æ � C0�c1c0=01�SÑ Ò Æ � C1� c1c0=10�SÑ Ò Æ � C2�c1c0=11�S
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Ñ Ò Æ � C3� 

 

subset
select 

subset from
point

 signalselect 

0c

1c

2c

3c

0y

1y

2y

 

� 4-2�É Ê V M 
� K=10�R=1/2È TCM � � � 

 

0123 cccc

 

� 4-3�16-PAM Ð U ¤ ¥ � 

 

4.2.1 Viterbi ������������ 

Viterbi ® � æÓ * 1967 « & K ¾ sl �É Ê M (Convolutional code) T M È

s�Viterbi ® � æ* VLSIú� � º q [	 , - �& . ¨ �³ [*+ , - . ��

Á �f � B q 
 ¢ �9 : �*º F + , A ì�� � �A ìE Ô �op SHDSL�

r s� TCM �º �s#É Ê M �( A Viterbi º { � sl T TCM�[¿ � � �

� Viterbi ® � æ�� � çT M 
W X #, U � 

kkk ncy +=                               (4-1) 
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kc �� É Ê M V M $ × 1 2 , U � kn �q À Á | Â Ã Ä Å , �e ¬ W X , U �

� Y ï ¾ § X 1 2 � � Ĉ�q 3 s§ i q `| � �� r (Maximum Likelihood 

Sequence Estimation)æz ï ¾ �c � 1 2 � � C X #, � Y��§ i q |̀ � �

� P(Y|C)�z q " Ĉ� 

})|(
 

max
argˆ CYP

Csequences

all
C

	


�

=                 (4-2) 

E�Å , A ^ �. � Õ · �³ [q [N T § i q |̀ � ��� 

∏
−

=
=

1

0
)|()|(

D

k
kk cyPCYP                     (4-3) 

)|( kk cyP �*1 2 kc ¿ W X # ky � / 0 Y Ç � ¦ � ��p� � 3 4 ï ¾

)|( kk cyP �m �e Æ ý �(log)q þ k 9� 

( ) 2~)|(log kkkkk cycyPBM −=             (4-4) 

� � Ú kBM �N Ö � ! (branch metric)�ó � ky 
 kc È� �× !Ê ´ (Euclidean 

distance)�� � µ ô� ¾ § � × !Ê ´ � ¾ § i q |̀ � �� 

�


�
�
�

−
	


�

= �
−

=

21

0 
min

argˆ
D

k
kk cy

Csequences

all
C             (4-5) 

Viterbi ® � æµ ôt É �� ¾ § � × !Ê ´ q [� ¾ § i q |̀ � � Ĉ�c

® � æí î § i q `| (maximum likelihood)�æz � � ¾ § i q `| �� �

(decision)� � � ¾ � � , U � � � � � q ` | (likelihood)� m > � Ê ´

(distance)�@ � m > Ê ´ u Ø � branch metric�o$ Ù � q H̀ I4 Ú À �% "

#� f � q H̀ I� metric�¬ F � H I�� ¾ § i q |̀ �f / H I�p@ /

H IÚ �� Û H I(survivor path)�Ü � @ / � Û H I�Ý � (trace)� ã z q [�

¾ � � e ³ e T �§ X � � (decision)� 

[¿ � % ¾ Viterbi ® � æ�T M ¥ � � 

1. W X #, U � 

2. í î Î ¦ �(trellis diagram) � ¾ , U 
� f / q ` Þ � N Ö (branch)� Ê ´
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(branch metric)�(BMU)� 

3. *� f � Ï ß (state)ú � � ¾ q `�L � H I(survivor path)�(ACSU)� 

4. � � ³ ��Ï ß � metric�� ¾ § i q |̀ �L � � (survivor)�(SMU)� 

5. í î Ä Å ¯ �� ¾ �L � H IT ¾ § X � � (decision)� 

*Ä Å 2�3
 4 $ à à ° v« Ä Å % ôá f � â » �� � � �S*¿ ª ¯ ° � 

 

4.2.2 Viterbi ���������������� 

Viterbi ® � æq [N Á BMU�ACSU
 SMU Õ � M N �� � � 

 

4.2.2.1 Branch Metric Unit (BMU) 

 

1y 2y 3y)0,0(
1λ

)0,1(
1λ

)511,511(
1λ

)0,0(
2λ

)0,1(
2λ

)511,511(
2λ )511,511(

3λ

)0,0(
3λ

)0,1(
3λ

 
� 4-4�512 � Ï ß ÈÎ ¦ � 

 

� 4-4�� 4-2 TCM � � ÈÏ ß N=512 ý � Î ¦ ��ã _A ² vW X #�

, U ky �ä _ k ± ² �� �V� � � h W X #Æ A , U $ e � � ¾ 1024 / N Ö

�N Ö � ! ),( ji
kλ �(i,j)± ² ôÏ ß i �Ï ß j �N Ö �9� 4-4 ³ A ² � U �V

� � ¾ N Ö � ! $ 3 4 2 � ACSU ï Ï ß � ! (state metric)Ès� 
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4.2.2.2 Add����Compare and Select Unit 

V ACSU X # BMU �N Ö � ! È$ �Oe � ¾ Ï ß � ! (> Ú H I� ! �

path metric)�� � Ï ß % �û / N Ö �H I� � ) l �9� 4-5�p ACSU�B

4 « �� � @ û / Ï ß � ! �i � �Ñ ¾ � � �Ï ß � ! �� ÑÑ Ò �å è æ ç

¿ l �æ ç *� Û è é x (survivor memory)�º « �� * SMU���vÑ Ò $

O3 4 ÑÑ Ò �Ï ß � ! � *è é x �9�³ ² �û / H I� � ��ê ��¿ à

�H I�� Û H I�³ [ï ¾ vÏ ß j*�� k+1�Ï ß � ! � 

),(
1

),(
1

),(
11,

110 ),min( ji
k

ji
k

ji
kkj ++++ == γγγγ             (4-6) 

O% Ï ï ¾ cÏ ß �Ñ Ò , U �ë ì � 4-5�Vúà �H I�� Û z decision=0�

� È decision=1�ACSU % S decision 2 �* SMU��T M Ès� 

 

0i

1i

j

ki ,0
γ

ki ,1
γ

ji
kki

ji
k

,
1,

),(
1

0

0

0
++ += λγγ

ji
kki

ji
k

,
1,

),(
1

1

1

0
++ += λγγ

),(
1

),(
1

),(
11,

110 ),min( ji
k

ji
k

ji
kkj ++++ == γγγγ

1=jdecision

 

� 4-5�ACS � � �� � 

 

ACSU�	
� � 
 �(� � �
 �� �)� � �

 �� � � SMU��� �

� � � �  �! " 

 

4.2.2.3 Survivor Memory Unit 

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

depth)��23 4 5 SMU %6 & "& ' 789 : ; < = (termination)>? 9 : ;

< = @ A � B "8; < = C�D E �%F G >; < 
 �H IJ K �L MCN %&

' O / (survivor depth) P Q RF G >; < S %O / �T SMU %U VW � X Y Z

RL MO / "[I\8] ^ ! X 8_ ` a b �? K c d Ce X 8; < �f g h i
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SHDSLj�k , l 8; < = �m 2? K c ; < 
 �nd �o p q r IL M� B "

s T� � O / t u v P Q �w f 8@ x \CS k%� � 
 �yz { | %�  �}

� � ~� � CS k-D C�L @ x �  X 8� �W %� � yz \�F "� C% D

� n� � . / �L M� � �2� � + , %� � 
 �& ' %Y � � �T��� � .

/ W H � 5 � %� � O / � D=5K[8]"~� SMU & ' � a �+ , � ACSU � �

� �� % decision >� � 
 ��T SMU J � � � 6 � �� % decision�L ]

decision � �6 m 8%� � �  �+ , � 	K c 6 � � 
 �r �2� ~� � � &

' �   " 

SMU ¡ ¢ % � B 8 £ � 7 ¤ ¥ (Register Exchange Algorithm�REA)>

Trace-back¦B @ A � B "+ , 2§ ¨ 5 � @ A ? © ¦B � ª « " 

� TBA�TBA � ¬ R REA ­ n® 	� ~� � (trace-back)̄ X 8¬ W %° ± ²

n D+M³Mn� ~� � Cm ® %́ µ CS �m 2M> D8¶ · ¹̧ ��

�M=D"º ¡ TBA ? ® 	¬ W %» ¼ V� � ½ ¾ �m 2� 5 ¿ ¬ À Á ( � " 

� REA�º ¡ £ � 7¤ ¥ %� B IÂ ! W �%£ � 7�L ] £ � 7! | Ã � Ä

� �  %�   �T£ � 7W � >� � . / D>� Å Æ ' 7�� � O / K8

¸�� DiK P Q �Ç¯ ® 	 DÈ2K É Ê %£ � 7W � "Ë! REA%Ì Í

\R³& ' Î / ¬ Ï �³° ± ² (latency)n D" 

o p q Â ! 6 REA � n SMU�U VÐ Ñ �­ n REA Ò 8Ó ° ± ² �Ì Í �Ô

U VÕ � Ö × Ò 8Ø ¯ � �8Ù Ú Õ � �Ì Í "+ , Û Ü REA�? Ë! £ � 7

Ð Ñ �2 memory-based 9 : �Ý Þ ! W �£ � 79 : "� ® Ø ß » ¼ V�à �

É á r �2� � REA" 

 

4.3 �������� THP � � �� � �� � �� � � TCM � � �� � �� � �� � �  

â ã ä # $6 THP å æ %ç o è é ��jê 7ëº c ì í % ISI î ï & P

6 �Ç�ð § ñ ò   �© ó Iì í ô õ � ö ÷%è ­ �m 2
 THP å æ > TCM
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& ' 7ø yF | �2© C� � ISI%ù ú >º c Æ ' %ö û "³� ü ý þ f § " 

 

� 4-6�THP å æ > TCM & ' 7 

 

��7�8D 
 Æ ' ��7> TH precoder�	� � %  � X -� 	 Æ ' 
��

Ç�� 2 TH precoder � -= é e � � � 
· � � "· � � �2� � �M*� �

� 7�� 	 L M� � 7I� � � jê �
� � ò   ñ ê %� ü �� � ý � 2L%

� � Çr I TCM & ' 7"TCM & ' 7̄ I2 Viterbi � �B 9 : %�M& ' 7" 

� 4-6njê 7> TCM & ' 7%ø y��2� Ù Ú %� � º c Æ ' ö û "

T��%P � ~� jê 7	>& ' 7ø y�� t 	ë& ' 7� \P � �  Ö �[

I& ' 78° ± ² (latency)%î ï � \! " & P �ö ÷6 & ' 79 : �# $ / "


 THP å æ >¡ ¢ %P � ~� jê 7Z ¬ �%& \ THP å æ �· � � �' 6 ~

� � � 7�k v � \��� �"\· � � �� 8�M*� � � 7
Mod2L � � �


�? ( ) * r �\jê 7Ç+ · Ö & ' 7" 
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______________________________________________ 

���� 5 ���� THP � � �� � �� � �� � � TCM � � � 	 
 � � 
� � � 	 
 � � 
� � � 	 
 � � 
� � � 	 
 � � 
  

______________________________________________ 

o ä 	ª « THP å æ �TCM & ' 7%U VÐ Ñ ", 	I- . G.SHDSL PMD 

/ %Ø Q TQ 0 %�MU VÐ Ñ " 

 

5.1 THP � � 	 
 � �� � 	 
 � �� � 	 
 � �� � 	 
 � �  

1 â 2 ä m 3 4 �\ activation ý �X ë Precoder%¹ �� 5 Precoder � �

7Ë! (STU-R � 
 STU-C 
 STU-C � 
 STU-R)"o À 6+ , 
 THP å æ 7

8 í @ M9 8 � # $�8 & n: ; ý �
� <ý �" 

+ , Õ � % THP å æ I2 DFE(Decision Feedback Equalizer) � LMS-based

nÐ Ñ � ¹ �: ; (training)%ç o U VÐ Ñ �8 & 8*� � � 7�~� � � 7@

=¹ �"2� � > ¦(least mean square�LMS)%¦B � � *� � � 7�~� � �

7%¹ �"m 8� � 7�¹ ��? @ � <%Ã � H X Ë! � » ¼ V�­ � » ¼ V

Ë! Ö %A  ® 	B �%Õ � e ? C R8D E (F » ¼ VÉ á )�Ä " 

{ @ � <ý �*���7�X -� � G· � � � | % precoder � � 7%¹

�� H í 6 ¹ �I ¥ Ç� �{ @ � < ý �Y �� ü "THP å æ \� < ý �§ J

G � ü �v � � %  � H X � 	 TC-PAM> channel precoder%º c Æ ' >��

Ç� � �\· � 7�8�M*� � � 7�� *� � � 7( ) jK R DFE �*L

� � 7( ) �� � � 7n frctionally spaced��Ë! poly phase¦�9 : Á § �

��[16]"o p q %�É � � 7U V�9 : ¦B IG¹ �» ¼ Vi� <» ¼ V


�MM B N ÷7(Multiplier Accumulation�MAC)Ñ í �n memory-based�? ! W

�% M B 7>£ � 7"
R M B N ÷7%�O %P Q �P � < Î � (R)iå æ Q

ü ½ � (M)
� � 7¹ �O / (N)P Q "m 2 M B N ÷7M�=NR/M"5.1 À 	#
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$ THP å æ U VÐ Ñ �³Õ � 82§ ã Í R �� 

� t u ) S T � G.SHDSL � W %� ? Î � 2.3Mbps" 

� *� � � 7¹ �O / n��" 

� *� � � 7� W ¹ �O / n 64�~� � � 7U Q ¹ �O / n 128" 

T SHDSL� STU-C> STU-R%U VÕ � 
 THP%U V> DFE%~� �

� 7	v V y\�F n�M� �� �\U V%Ë! Ö �2� 8 W �f ¹ �» ¼ V" 

 

5.1.1 �������������������������������� 

� 5-1n THP å æ 2 DFE(Decision Feedback Equalizer) � LMS-basednÐ

Ñ � n¹ �: ; (training)%ç o U VÐ Ñ "�6%*L � � 7�~� � � 7
2

B ^ � � � 7%Ð Ñ 9 : �
Ë! SRAM Ã � ¹ ��¹ �n��V %" 

 

sT
2
1

qerror

kÎ

)(0 za

)(1 za

)(zp

)(tx

 

� 5-1�: ; ý �¦X � 

 

*� �~� � � 7¹ �É Ê ¾ / 
2 16 É Ê 2 ù �B �Y��*� � � 7

¹ �O / n���� W � n 64"~� � � 7̄ Ë! 128 ¹ �O / "? @ � <2

14 É Ê �Y"8 �̧ � 7¹ �%É Ê ¾ / > ? @ � <%É Ê ¾ / �+ , 
2â

Z ä %U Vý [ n\ . �P Q 6 É Ê ¾ / "¹ �>? @ � <m ® 	! � %» ¼ V



  31

W � f § � 5-1� 

 

 Feedforward Filter Feedback Filter 

Coefficient & Data 
Memory 

16x64 & 14x64 bits 16x128 bits (Coefficient only) 

Total Capacity 1,920 bits 2,048 bits 
� 5-1�: ; ý �» ¼ VÙ � 

 

LMS�¹ �] ^ ¦B f � 5-1� 

kkqkk XerrorWW ⋅⋅+=+ µ1                   (5-1) 

kW �n*L � � 7>~� � � 7%¹ �_ � ] [ bf wwW = " 

µ�n step size�n 2 %̀ a¦�Y �" 

qerror �n�ê Ç%ô õ b c (error estimation)�n 2 %̀ a¦��� " 

kX �n*L � � 7>~� � � 7%? @ _ �� ] [ bf vvX = " 

THP å æ : ; ý ��U VÐ Ñ W C 8 í ã M 9 8 M& # $�d e (1) ô õ b c �

ê 7>f É M B 7i(2)*� � � 7
(3)~� � � 7" 

 

5.1.1.1 ��������	
�����������	
�����������	
�����������	
��� 

o �ê 7��ê É g f � 5-2 m Y�x h �Yô õ b c error�y h �Y�ê

Ç�ô õ b c qerror "x h nv �ê % error�� x=0
 1C�ê ø i qerror n 1"

x h %j k X l � � 2%¦�� ö �Ô�ê ø i qerror × l � � 2%¦�� ö "

�ê Cô õ b c error � W C³�ê Ç% qerror � � 5 R error 8¬ W %�ê õ

%�� m %�ô õ b c error ¬ � C³�ê Ç% qerror � � 5 R error8¬ � %�

ê õ %"m 2\� error � � � C� �b c � ¬ Y � CT�ê Ç%�ê õ %× �
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� x n § �error%�ê õ %o ? X p q THP ¹ �%� r s � " 
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12 22 32 42 52

32−42−52−

)(eQ

 
� 5-2�ô õ b c �ê � 

 

 

)(errorabserrorq = sel]13[qerror

]12..13[qerror

]11..13[qerror

]0..13[qerror

]13[sel

]12[sel

]11[sel

]0[sel

12N

 
 

� 5-3 (a)�ô õ b c �ê 7 
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sel

2

4

8

16

32

64

128

256

1024

512

4096

12N

 

� 5-3 (b)�ô õ b c �ê 7t � � 

 

- . � 5-2%�ê É g �error v �ê í 12N � 12][ N
q errorQerror == "³U

VÐ Ñ f � 5-3�U VÐ Ñ ! 6 13Muv >�Mw ) 7� 1N nG  � sel P Q �

¡ �"x f � error=81110= abserror = 21011_0010_0011_00 � 	 � 5-3 � � �2

� � sel= 21111_1111_0011_00 � 91 =N �× r I� � �ê Ç 92=qerror " 

: \f É M B 7� � 6 � 5-16%M B 7�³U VÐ Ñ f � 5-4"­ n qerror

>µ y n 2 %̀ a¦�m 2 qerror⋅µ %F �n 21 NNN += " kX M 2 qerror⋅µ %

� ��í 6 �Mf É 7r �9 : "è o ã M�%_ M ® 	@ MM B 7�L ® 	¬

W %U V+ z Ô³ critical path ¬ O ": \� 8�Mf É M B 7>�M�ê 7|

H í �³+ z > critical path H � R@ MM B 7" 

- . � 5-1�*� � � 7>~� � � 7H ® 	� ¹ ��V �m 2X ! � @ M

f É M B 7�³Ð Ñ f � 5-4" 
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µ22 log=N

N

1N

)(nxk
)(nkε

 

� 5-4�f É M B 7 

 

5.1.1.2 �������������������� 

� 5-5 *� � � 7U VÐ Ñ ��n poly-phase Ð Ñ [16]�� U VÐ Ñ d e 6

�M� <» ¼ Vi@ =¹ �» ¼ V�» ¼ V{ Ù �f � 5-1 m Yn 1920 bits"Ë

! �=M B N ÷7ü � Å z (convolution sum)� ��! "�8�M÷B 7ü n¹

�] ^ (update)�! " 

*+ # 	 6 M B N ÷7%M�P Q 8ã M	| �} s + , \*� � � 7� Ë

! 6 � M M B N ÷ 7 � } 	 ~ y � W � ? Î � 2.3Mbps(symbol 

rate=2.3/3 sym/secM ⋅ )> � W ¹ � O / 64� m 2 å æ Q ü ½ � 
 ' n

MHz07.49
3.2

3
64 =÷ " 

: \# $» ¼ V8 A ) ü �8 í � <» ¼ V�¹ �» ¼ V"� <» ¼ V8 A

Z ¬ � ��R � � *� � � 7n�M fractional space equalizer³S � n T/2�T

+ , � ® 	ë�X � <» ¼ V� S \ » ¼ VÉ á 7 8 í @ 9 8 �8 n��É á 


� �É á 5 @ ME � � 7M& Ë! �f � <» ¼ V8 64MÉ á �5 � �É á 0i

2i4
 62� subfilter0 � � 32 � %? @ � <�5 � �É á 1i3i5
 63� subfilter1

� � 32 � ? @ � <" 


R¹ �» ¼ V�+ , J � 
³8 í @ =¹ �» ¼ V M0iM1�� = 32M

É á ¹ �Ã � � S �f � 5-1Y"� *� � � 7%@ ME � � 7 �
=

−=
31

0

00 )(
j

j
j zaza   
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����� �����

�	��
���

������kε

��� � �
�����

X

� 
��

� 
��

�

�����

���

���� �  ��!

�	��
��
� 
��"


��� � �
� 
��"


��# �

�%$
&
�('

 

� 5-5�*� � � 7U VÐ Ñ  

 

> �
=

−=
31

0

11 )(
j

j
j zaza �*� � � 7�¹ �n 0

ja > 1
ja "f � 5-2 m 8 A �� ME �

� 7% 32 ¹ �v 8 í @ 9 8 8 & � \» ¼ V M0iM1 6"» ¼ V M0 6� � j

n� �%¹ ��M1 ¯ � � jn� �%¹ �" 

 

M0 M1 

0
ja � 30,..,2,0=j  0

ja � 31,..,3,1=j  

1
ja � 30,..,2,0=j  1

ja � 31,..,3,1=j  

0
ja Ã � \ M0iM1 �� �» ¼ VÉ á � 1

ja Ã � \ M0i

M1��» ¼ VÉ á  

� 5-2�*� � � 7�¹ �» ¼ V8 A  
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n� � ¹ �» ¼ VX ? © R� <» ¼ V	8 í @ =? © X %» ¼ V"­ n�

� R» ¼ V%� � � � �t u IË! �� %» ¼ V�L A » ¼ V\� MC� � ²

� ) � � � u� � @ ³6�A � ü �f i + , � 6 � a� � ¹ �� M B N ÷Ç�

	� ] ^ ¹ �%� ü %� r l 8w � %CS � @ ] ^ Ç%¹ �6 "
» ¼ V8 í

@ = 

ÇX 8@ � %� � ½ ¾ ���=» ¼ VY \� � ¹ �C�� �=» ¼ V̄ Y

\� � @ ^ ¹ �%� ü "�¹ � 0
0a \â 1 MC� �v » ¼ V M0 v � � o � 6

¹ �] ^ >â �MMAC%� ��\â 2MC� C¹ � 1
0a �M1 v � � T¹ � 0

0a

v � ~M0�© ó %¹ � 1
0a v ] ^ >! | � â 2 MMAC%� �" 

��¹ �O / � B � 	
? � £ � 7� ] � � � ��f i + , � � ® 	Ë!

L M¹ �O / (³6 6420 ≤< L � �� ME � � 7¹ �O / )�� 	� ME � � 7

% M B N ÷7% N ÷a� � 	� LaÇr � < N ÷� � N ÷£ � 7r ? X v N

÷"�: ; ý �v � � C�¹ �» ¼ Vt u v � G ê �initial r X J G 8� G � �

Ë% 0)( =nkε i
�	

�


�

=≠

==

0)(

1)(
0

0

lja

lja
>
�	

�


�

=≠

==

0)(

1)(
1

1

lja

lja
�� �\â lM¹ �v � Ëê n 1"

: ; J G C�f � ]),([)( Nnxshiftn kk =ε �n=0,1,…,31�jR� 5-1 j� �   %

â 2 ¡ �! | � ¹ �¢ �� �"T̂ ¹ �í n )()()(1 nnwnw kkk ε+=+ �� ® 	�

5-5 ¹ �» ¼ V£ %÷B 7r �2H í ¹ �] ^ � �" 

 

5.1.1.3 �������������������� 

� 5-6 6n~� � � 7%U VÐ Ñ ��� U Vd e 6 @ M� <£ � 7(£ �

7{ Ù �n 128bits)i¤ M¹ �» ¼ V(» ¼ VW � n 2048bits�³» ¼ V%Ù �

A  f �)i@ M M B N ÷7
 @ M÷B 7"* + # 	 6 M B N ÷7%M� P Q

8ã M	| �} s + , \*� � � 7� Ë! 6 @ MM B N ÷7�} 	~ y� W �
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? Î � 2.3Mbps>� W ¹ �O / 128�m 2å æ ½ � t u 
' n 49.07MHz" 

~� � � 7Ë! 6 @ MMAC e ) H í 128 ¹ �O / %� ��� MMACM& ®

	@ =¹ �» ¼ V
�M 64 É Ê %� <£ � 7�m 2� a� ó � M MAC ) S

= é 64a%M B N ÷� �" 

� ~� � � 7 �
=

−=
127

0
)(

j

j
j

b zpzw �³¹ � jp �j=0 
 63 Ã � \ MAC0 %@

=¹ �» ¼ V6�³� ¹ � jp �j=64
 127 Ã � \MAC1%@ =¹ �» ¼ V6"

­ n� M MAC %¹ �» ¼ Vv 8 í 6 @ =¥ . / n 32 %¹ �» ¼ V�	ë¹

� jp �j=0
 63>¹ � jp �j=64
 127 � � 8 A "f � 5-3 m Y� 

 

M2 M3 M4 M5 

jp � 

62,...,2,0=j  

jp � 

63,...,3,1=j  

jp � 

126,...,66,64=j  

jp � 

127,...,67,65=j  

32 taps 32 taps 32 taps 32 taps 
� 5-3�~� � � 7�¹ �» ¼ V8 A  

 

� =¹ �» ¼ V> �� � 32 M¹ ��86 f � 8 A �Ç¦ �� Ù Ú %& P ��

» ¼ V� � ½ ¾ ? § %î ï �¹ �] ^ �Ç�2\ � �MC � � ² Ã � ~» ¼

V" 

� 5-6 U VÐ Ñ %� Ç? � f �� 

jn
j

jfb pIsignneq −
=

⋅= � )ˆ()(
127

0                   (5-2)
 

f � 5-2�M Ö )ˆ( kIsign jRI� Ü �Y ¨ � %� ü �T )ˆ( kIsign � ® 	�É

Ê r ��Y�1 � �̈ � �0 � �Y � �m 8%? @ � < )ˆ( kIsign H X v Ã � \

� 5-6 �� <£ � 76"MAC 6%M B 7× � ® Ë! w ) 7© ª I« Ü �Y ¨
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� r �29 : " 

)"*�+-,/.
021�0

)"*�+-,/.
031�04kε

5 +76

5 +76

8:9<; 9
= +76 5 +76

5 +76

8:9<; 9
= +76

4

)"*�+-,
5 +76�.

)"*�+-,
5 +-6�.

> 1�?

@ A

BDC ; E C ;

02F )HG 02F ):I

kε

0�J
K
0ML

02N
K
03O

)( kIsign
)( 64−kIsign

 

� 5-6�~� � � 7U VÐ Ñ � 

 

5.1.1.4 ����������������(slicer) 

GR\: ; ý �C�  � y 2 2-PAM ��¦�� � �m 2� 5-1 6%P �

�  � ® 	¬ & @ A ­ É �+Au� -A�A�Y W � � "­ n� ® 	¬ ® Y ¨ � �

� 5-1%P � �  ? � � 8�É Ê �? � 0 � �P � n+A�1 ¯ � �P � n-A" 

 

5.1.2 �������������������������������� 

)(ny

)(ny′
 

� 5-7�TH Precoder¦ X  
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�: ; ý �ø ¯ Ç�· � � �X ë~� � � 7%¹ �I f 
��� �% THP

� � 7 �� C�� � � X ° ! » ¼ Vë¹ � Ã � § |  ( � ¹ � » ¼ V>� 5-6

%¹ �» ¼ V� © )"¹ �­ ± ² 6 �Ç�L M THP � � 7r �2³ ° %\� <

ý �§ � ü "THP � � 7%¦X f � 5-7" 

THP U VÐ Ñ f � 5-8 m Y"³� � 7U Vd e @ M¹ �» ¼ Vi@ M� <» ¼

V
@ MM B N ÷7Ñ í "» ¼ VÙ �%A  � 5-4 f § � 

 

 THP Filter 

Coefficient & Data Memory 16x128 bits & 14x128 bits 

Total 3840 bits 

� 5-4�THP � � 7» ¼ VA   

 

� 5-8 n THP � � 7%U VÐ Ñ ��­ nL M� � 7å �n: ; ý �Ç·

� � �I f 5 ��7�%�\U VÐ Ñ Ö × � �́ µ R� 5-6%U VÐ Ñ "� 8

� <» ¼ VÙ �>MAC8] ¢ %%& " 

G� 5-8%� � 7�2� � ? �  

��
==

−+−=′
127

64

63

0
)()()()()(

jj

jnpjyjnpjyny

      (5-3)
 

Ö �6�2� � @ M� N ÷%� ��G@ MMAC�2̈ ¶ H í "T? @ � < y(n)

X � \� <» ¼ V6�\â 65 %� ó Í Câ �M� <» ¼ VX v � · �� C�

¸ % ? @ � < y(n-64)
X v f � � � � �M� < » ¼ V6"T � � ¹ �C� 	

\ a �M6iM7 @ M¹ �» ¼ V6� � � ��M6iM7 Ã � %¹ �8 A f § �� 

 

M6 M7 
p(j)�j=0,1,…,63 p(j)�j=64,65,…,127 

64 taps 64 taps 
� 5-5�THP ¹ �» ¼ V8 A . 
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)(ny′

)(ny )64( −ny

 

� 5-8�THP � � 7U VÐ Ñ � 

 

5.2 TCM ���������������������������� 

TCM & ' 7%& ' ¦�nW ¹ º K % Viterbi � �B �U V%, 	Ð Ñ » 8

nã M� ��Ê �8 & I(1)Branch Metric Unit(BMU)i(2)AddiCompare and Select 

Unit(ACSU)i(3)Survivor Memory Unit(SMU)"³6 BMU U V�Õ � ¬ n � ��

³� % ACSU> SMU�U VH I Memory-based%Õ � �Ô2À Á » ¼ V>~

y G.SHDSL Ø D n� � "TCM & ' 7�U VÕ � R �� 

� t u T � G.SHDSL � W %� ? Î � 2.3Mbps" 

� BMU u ¨ 5 THP å æ � <¼ � : ½ � Û Y " 

� ACSU� SMU Â ! » ¼ Vü Ã � �  " 

� � Å ' Æ ' 7� � O / K=10�¾ � � �M� ó   � (a symbol)t u = é w T

512( 12 −K )M
 �" 

L ¤ Í R �? µ ¿ H I2Î / n, %� � �̈ 5 L ¤ Í � � + , t u � Q �

U V Ð Ñ 2 ~ y	� "- R � » ¼ V%­ | � (1) t u Â ! � ' %» ¼ V

(in-place)i(2)�� %» ¼ V�� 5-7 8 A 6 TCM & ' 7%Ù �A  "+ , -ë

512M
 �8 í 8=(8 banks)�L ó �2Ý Þ » ¼ V%D E �Ç+ 
X # $f d



  42

8 A >f d À Ä » ¼ VÉ á "ACS 	�a�» ¼ VÁ � Â M
 �o � � �
 �

~�m 2 ACSU t u I�2� a� Â M
 � ACS � � butterfly%ç o Ð Ñ "512

M
 �
® 8 64a butterfly � �G �= é H Ã �­ n» ¼ Vn�� %�� a�

	M Ö 2MC� � ² n 128MC� � ² �m 2+ , � � � ó   � ® 	 128MC�

� ² = é " 

 

 
Radix 

 
k 

Ideal 
Speedup 

Complexity 
Increase 

Area 
Efficiency 

System 
Speed 

2 1 1 1 1 98.133MHz 

4 2 2 2 1 49.066MHz 
� 5-6�Radix-2k U VÐ Ñ Z ¬  

 

 ACSU SMU 

Total memory 7168 bits 25600 bits 

Banks 8 8 
� 5-7�TCM & ' 7�» ¼ V® �  

 

f � 5-6[18]�8@ A ? © %9 : Ð Ñ �f i 2 radix-2 9 : %Ð Ñ ® 	

98.133MHz ASIC%Î / �} radix-4%Ð Ñ ® 	 49.066MHz%Î / "­ nÂ !

radix-4 Ð Ñ ASIC ? ® ¬ Ä %� � Q ü ½ � ��Z radix-2 Ð Ñ Ï �� Î / �radix-4

� ® ¬ Ä Å ò / %� Æ �m 2+ , Â ! radix-4%Ð Ñ 9 : TCM & ' 7" 

 

Dky −

ky

 

� 5-9�TCM & ' 7¦X � 
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f � 5-9n TCM & ' 7U V¦X ��, 	7 8 n BMUiACSU
 SMU ã M9

8 9 : �
\ 5.2.1i5.2.2
 5.2.3 ã À 6# $U VÐ Ñ " 

 

5.2.1 Branch Metric Unit (BMU) 

BMU , 	( ) n� � branch metric"BMUI TCM & ' 7%â �� �? �

% branch metric � 
 ACSU � � path metric�! "GRo p q 6Â ! radix-4%

Ð Ñ �m 2�a® 	= é @ � � ó   � �T? © R radix-2 %Ð Ñ �a� ® = é

�� � ó   � " 

Ç R � 5-10�Ö n radix-4 butterfly�§ n radix-2 butterfly"L I¤ M
 �%

� Å Æ ' 7%D E ��radix-4 butterflyn�M 4 ? @ > 4 ? � %� ��Ê �- .

D E ��radix-4 butterfly � � ó @ a? @   � e ) � � ³ 8 È � �" � �M

radix-2 butterflyn�M 2 ? @ 2 ? � %� ��T� a� ó %  � H 	�� 8 È �

�" 

 

 

� 5-10�Radix-2> Radix-4 D E � 

 

� 5-11�É �n�
 � N=4%D E ��³6� M
 �%8 È Ö Ê Y%~ � �
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�³ radix-2 Ð Ñ �8 È � �"GÉ ��2jK � � � radix-4%D E ��© ó Ê

Ö 6 ³8 È � �"BMU r I	� � radix-4 Ð Ñ %8 È � �" 

 

)0,0(
kυ

)0,1(
kυ

)0,0(
kλ )0,0(

1+kλ

)0,1(
kλ )0,1(

1+kλ

)1,2(
kλ

)1,3(
kλ

 

� 5-11�Radix-4 D E � 

 

2 N=4nx �+ , Ë -� �� N=4 
 �D E �� radix-2 Ð Ñ %8 È � �f �� 

),(),(
kk

ji
k crdis=λ                           (5-4) 

³6 3,2,1,0, =ji � � ¤ M
 �" kr � kc 8 & n· �   � >
 � I f �) � � %

  � "dis(x,y)�Yn� x> y%Ì Í " ),( ji
kλ ¯ �Y�CS kC�
 � i I f 



� j%8 È � �" 

BMU t u ) S ë radix-4 butterfly Ð Ñ 6 � �x 8 È % 8 È � �(branch 

metric)�� | "Ç R � 5-11"G radix-2 � � %8 È � ��2� � � radix-4%8

È � �� 

),(
1

),(),(
1

jm
k

mi
k

ji
k ++ += λλυ                        (5-5) 

nCS k> k+1 @ @ radix-2%8 È � �� ÷�
" 

    � �8 È � �Ct u ¨ 5 Î Ï �Ð Ñ �ü B �%Û Ü �f � 5-12nÎ Ï Ç

%Ð Ñ ���6Ò � m F nÎ Ï %Ó � ��8 È %  � E Ô yn C0> C3C�
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t u R � >  � -17/16i17/16%Õ Ö Ì Í �L ó e ? X � � � <¼ � : ½ %p

q"

0123 cccc

 

� 5-12�Î Ï Ç�Ð Ñ � 

 

5.2.2 Add����Compare and Select Unit (ACSU) 

BMUë8 È � �� 
 ACSUÇ�ACSU X � � %ü ACS � �"2
 � N=4

%D E �nx ³� �f § � 

( )),3(
22,3

),2(
22,2

),1(
22,1

),0(
22,0,, ,,,],[ j

kk
j

kk
j

kk
j

kkkjkj Minsel −−−−−−−− ++++= υγυγυγυγγ  (5-6) 

³6 3,2,1,0=j � �
 �� � k � �CS �radix-4 %Ð Ñ I� @ a� ó e � �a

ACS � �" kj,γ I
 �� �� 3,2,1,0, =kjsel �Y© ª %� � �  " )0,0(
kυ �Y

�CS kC�
 � 0
 
 � 0 L x 8 È % 8 È � �" ),,,( zwyxMin n × � x�y�

wu z6� � %¤ M8 È � �� " 

f � 5-6 m Y�ACSU � �Ø Ù n�M radix-4 butterfly"*+ 3 4 	 & ' 7

� a® & � @ M� ó   � �� at u \ 128MC� � ² & H �m 2� MC� � ²

® = é ¤ M
 �% ACS � �"GR� a(@ MC� � ² )	� Â M
 �%� ��

m 2X 8Â M| Ú ? © » ¼ VÉ  state metric�f i 	� � Û Ü » ¼ VD E Ô)

À Á » ¼ V%
 Ý "\Ë! �� » ¼ VC�t u ë» ¼ V8 nÂ =(banks)�r 8

Þ B � � ß ² %8 A �à é " 

\� � state metric C�GRI8� É Ê ��YB �t u á ¾ � N ÷CX 8â É
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(overflow)%�) � �m 2� a\� �C�H 	� Y Ø ê %= é � a " 

)min( 2min,,, −−= kkjkj γγγ                   (5-7) 

f � 5-7�� a�� %
 �� �H 	ã � *�a× � %� � 
 �� �" 
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� 5-13�ACSU¦X � 

 

+ , 
 ACSU%U VÐ Ñ 8 n» ¼ VÉ á À Ä 7iradux4 butterfly> × ä �

� 
 �>
 �� �Y Ø ê ã 9 8 # $" 

 

5.2.2.1 �������������������������������� 


 �� �%Ã � ¦�n in-place�� ) Ë! 14x512 bits Ù �%» ¼ V�� M


 �� �! 14 É Ê �Y�nÜ ~ � (unsigned)�YB �{ » ® � 512M
 �� �"

f i 	å 8 Ë! L ] » ¼ V� S �® 	� � ) S �© �M» ¼ VÁ � � <�H �

Ç� � ~© �MÉ á �L ó %� � ® 	\» ¼ V%É á À Ä ¦B Ö § ( * " 

f i N= 42 %D E �\ Radix-2 butterfly�2æ í 4M stages�f � 5-14 m Y�
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� Ù Ú %�2 æ � ³» ¼ VÉ á % À Ä ¦�"­ n
 N= 92 %D E � Ü B \

radix-4 butterfly æ í f Ö ç ó X è Å é ê % stages�­ n N ? I 4% ` a¦" 

 

2222 ⋅⊗ SI 222 2⋅⊗ SI 223 ⋅S

 

� 5-14�
 � N=16� Radix-2 D E � 

 

m 2t u Û Ü në@ M radix-4 butterfly ë \�F �í 6 �M 8 ? @ 8 ? � %

butterfly"� ëL MÐ Ñ % 512M
 �%D E ��2Ø ì ¿ æ í 9M stages%D

E �": \� 	× � � M stage » ¼ VÉ á % è æ í î � �� � É á À Ä ¦��

ï Gè æ í î Ë�M8³ a %a b è æ � m 	%» ¼ VÉ á "	6 & è æ í î �

*�-� �ª « Kornecker Product ⊗%� �¦�[19]" 

� í î M > N� �
�

�
�
�

�
=

dc

ba
M 
 �

�

�
�
�

�
=

DC

BA
N  

³í î M > N� Kronecker Product � �n�

�
�
�
�

�

�

�
�
�
�

�

�

=⊗

dDdCcDcC

dBdAcBcA

bDbCaDaC

bBbAaBaA

NM  (5-8) 

� í î M n� É í î BI C�+ , �2� � �M� n normal factor ð �%� ñ

Kronecker Product��(5-9)n�M normal factor ð �%x E " 
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�

�
�
�
�
�
�
�
�

�

�

=⊗
N

N

N

DC

BA

DC

BA

DC

BA

NI

00
00
00

3        (5-9) 

 

� ð �%² = \R��
Å ò ¿ W í î � �8 & í �Mò ó Ô� © %� í î | �

��f �E (5-10 m Y�}8�_ �w�n_ � v� � 	 í î K � �Çm � � �_ ��

Ôí î Kn normal factor ð �C�̄ � 5-15(a)
ê � í � 5-15(b)" 

                      ttt vNIvKw ��� )( 3 ⊗==                     (5-10) 

 

0v

1v

2v

3v

4v

5v

0w

1w

2w

3w

4w

5w

0v

1v

2v

3v

4v

5v

0w

1w

2w

3w

4w

5w

( )543210 ,,,,, vvvvvvv =� ( )543210 ,,,,, wwwwwww =�

 

                   (a)                           (b) 

� 5-15�(a)� � � � � (b)� 	 
 � �
 � � � �  

 

�
10 ,BBS �� � � � ��� � � ��� � 10 BB × �� � � � � v��� !� � �

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

� 'v� 0!� � � �
10 ,BBS 1 2 3 �4 5 6 7 /8 9 : ; < # � � 8 9 �= > ��

? � 15�� � /� � v��# � �� � @ ABC� D � 0=i E 14=i ��� � � �

5,3S � � " � � v�$/� � & � , � - 
 �� � 'v� 0F � 5-16 @ G �H I A� �
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v�J 2=i BC/� � �K 5,3S � � " �& L E, � � 'v� J/ 6=j BC0M N 1 &

� � @ ABC i�O P � � � � 5,3S /Q R [3,5] S �# i/T U : V G ��K 5,3S W

X 1 Y � � " K T U [5,3] @ V G /BC j�F Q 9 @ G � 

                     ] , [:] , [: 5,3 abjbai S→                 (5-11) 

Z K !9 [�M N 1 \ ] ^ � � � " BC� _ /) ` a b 0 

 

]5 ,3 [: vectorbasis ]3 ,5 [: vectorbasis

i j

 

� 5-16� ] , [:] , [: 5,3 abjbai S→ �G  

 

c " �M N 1 & � d @ e f / Kronecker Productg shuffle permutation h i

A�j � 2 0k ��� � � � �
210 ,BBB SI ⊗ l 9 �m � � " BC/̀ n a b F 9

[(5-12) @ G �# J i�WX d � BCo T U � ] , ,[ 210 BBB � j�WX � " /B

C�# T U � ] , ,[ 120 BBB 0 

                  ] , , [:] , , [: 2,10 bcajcbai BBB SI  → ⊗              (5-12) 

K � d /p q �1 ] ��� MN 2= r / radix-2 � s t u v w x WX y � M �

stages�o z � stage ` n f { | l 9 / shuffle permutation��} i� stage/ shuffle 
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permutation�� 

110
222 1 −=⊗−− ,M,,       iSI
,iiM �               (5-13) 

~ M N 1 K � 9 �: Y ] butterfly � � � @ � � � � � /� � � ` n B� 0 

Z K & � � � @ � � � : /� )1,,1,0( −= Nkk � �� } i� stage / shuffle 

permutation� (
222 1 ,iiM SI ⊗−− )� � " �F Q 9 (5-14)@ G �� 1 � � butterfly � �

� /� � � � � � B� 0� 5-17� DAG � 8 � �0 

              ],,[],,[: bcaaddresscbak shuffle →                (5-14) 

 

 

� 5-17�� � B� � � � 8 � � 

 

� ` I � � N=512 � � /� � � [�M N � f # � � � � F 9 5-15� 

�
	

�



�

−−

−

⋅

⋅
)(22

22

22

22

2

iMMi

iMi

M

S

S

I

�

8,7,6,5
4,3,2,1

0

=
=
=

i
i

i
� 9=M             (5-15) 

O P � � � � # B� /� � 8 9 �stage � i=0,1,2…,8�y � 9 �0F � 5-17�

��� 9B� / counter�z � stage   ' � 0 � f 5110� � shuffle " ' ¡ 9B

� /¢ £ £ - � , � - 
 ��, £ - �¤, £ - � � M N ¥ /� � � B� 0 

 

5.2.2.2 Radix-4 Butterfly 

F � 5-13 @ G �ACSU¦§ 2 7 � radix-4 butterfly¨ ACS � � �z �s ©
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ª « ¬­® �� � 0¤� butterfly� 16�� ¯ � �� � g 4�� � � �� � �

O P 9 5-6�z �� � ° ± 5 4�² ³ � � c 
 /� � � �� � µ́ /² ³ �´

µ ² ³ ¶ · ¸ " ' ���¹ G º » kjsel , & ' ¼ E SMU ½ 	 ¾ � 2 0F � 5-18 

�7 ��� � ACS/� � ¿ � ��� radix-4 butterfly ° ¥ � 5-18 ® �) | /¿

� À 
 0 

 

0
nλ

1
nλ

2
nλ

3
nλ

x
n
00Γ

x
n
01Γ

x
n
10Γ

x
n
11Γ

00
2

x
n+Γ

00
2

x
nd +

 

� 5-18�Singal ACS of Radix-4 Butterfly ¿ �  

 

M N A� 5-19¡ radix-4 butterfly/� � Á Â � s £ �Ã � �d Ä �Å *  

I � � � TCM 	 ¾ � � ACSU¦§ 2 Æ �� radix-4 butterfly/� � Á Â 0!�

� Á Â Az �s © Ç È ¬­® �� � ACS � � ��� � M N / radix-4 butterfly

� � Á Â É { ' Ê C(idle)�As £ /Ë � � Ì �Í Î �r s _ 0 

Ï �� � � ° � 
 Ð À �Ñ � 5-19�z Ò �s © ª « ' ¶ Ó � �Ô �z Ô  

� 8�� � � �¶ Ó � ´AÕ Ö × �́ AJ(Pipeline Register)�� ACS � � "

� � � � ��' ¶ ´AÕ Ö × �́ B J�& Õ Ö × �́ B J/� � � ��Ø Ù

Ú " \ Ò �s © ª « ���ª « Û � � � � 0 

� 5-19J Pipe_RegA0g Pipe_RegA1ÜV Õ Ö × �́ A�� radix-4 butterfly

� � � �Pipe_RegA0g Pipe_RegA1 � D   Ǽ 4�� � � ��y Ǽ 8�� �
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� ��Ý N Ç È � | s �� � � ¶ Ó � gÛ � /0Pipe_RegB0g Pipe_RegB1Ü

V Õ Ö × �́ B�� radix-4 butterfly � � � �Pipe_RegB0g Pipe_RegB1 � D  

Ǽ 4�� � � �0A}��s © s radix-4 butterfly ' & × �́ Pipe_RegA0$

� � � � �Ó � ¨ ACS � � �Þ 
 ACS " ¡h ß ´A× �́ Pipe_RegB00}

à �s © s radix-4 butterfly ' & × �́ Pipe_RegA1 $� � � � �Ó � ¨ ACS

� � �Þ 
 ACS " ¡h ß ´A× �́ Pipe_RegB10F !/á â Q ã �ä f 512

�� �   Þ̈ ACS � � �y ° � 64 Ô /� � � �́ 0 

Pipe_Reg_dec0g Pipe_Reg_dec1�� � × ´� �å ´ radix-4 butterfly z Ô

ACS � � " � � µ́ ² ³ � æ ç (decision)0# s £ g Pipe_RegB0g Pipe_RegB1

Ò × �́ ) | 0 

� � �   � Ø è é ê ��� � Ó � ë Û � /+ S   ê � AØ è é ê " 0Ñ �

5-20�� � � Ó Û � s £ ��ì í /� î Æ � � � AÓ � gÛ � s £ � � ï �¤

. ð ñ /s £ � ï § / radix-4 butterfly 1 \ ò ó As _ � �̈ ô y õ (resource 

shared)�{ 2 ö ÷ § 2 }à � radix-4 butterfly¬­ ACS � � 0 

� 5-20(a)ø(b)ì í /R G Æ �� � � ù £ Ó � 512�� � � ��Þ 
 Æ ACS

� � gØ Ù Ú " ú ¶ Û û � � � 0}��s © ¥ ü �� � � JÓ � � � � ���

Write_en > � 1 V G Ó � + S �Q_mem � � � � � � � � �A}��s © /Ø

è " 8�� � � �¶ ý þ /Ó � ��» sm0-7 V G 512�� � � �Jd 8�� �

� �0A}à �s © � � è s �Pipe_Reg_A × �́ Ó � Q_mem�! 8�� � �

�& ¶ ´A× �́ J0ACS � � Ad Ä � �� <  # s £ ��F � 5-190 

¨ ACS � � s �Æ � � � � � Ø � 	 �� � � Ó Û + S Ç È 
 Ç � � f {

1 
 Û f � � ¨ ACS � � � � �0� 5-19J Chip_en��B� � � � � � a �

� º »�0 V G a � � � � { �̈ � Ó Û + S �1 m 1 \ � � Ó Û 0� � � 5-20(a)

J D_mem º »�� � � � � � � � �A}à �s © ª « s Chip_en ¶ > C� 0�

Ï �!s É � �� � ACS � � Þ 
 �D_mem � � � { ' ¶ Û � � � � 0¤+ S

� � Æ � � � $� � � � �� ¨ ACS d { ' ¶ 
 Û 0 
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CLK
Pipe_Reg_A0 sm0_A sm2_A sm4_A sm6_A
Pipe_Reg_A1 sm1_A sm3_A sm5_A sm7_A
butterfly_in        sm0_A        sm1_A        sm2_A        sm3_A        sm4_A        sm5_A        sm6_A        sm7_A
butterfly_out        sm0_B        sm1_B        sm2_B        sm3_B        sm4_B        sm5_B        sm6_B        sm7_B
butterfly_dec        decA0        decB0        decA1        decB1        decA2        decB2        decA3        decB3
Pipe_Reg_B0 sm0_B sm2_B sm4_B sm6_B
Pipe_Reg_B1 sm1_B sm3_B sm5_B sm7_B
Pipe_Reg_dec0 dec_A0 dec_A1 dec_A2 dec_A3
Pipe_Reg_dec1 dec_B0 dec_B1 dec_B2 dec_B3  

� 5-19�Radix-4 Butterfly � � � � 
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CLK
Write_en       read        write       read        write       read        write       read        write       read        write
Chip_en         disable
Pipe_Reg_A sm0-sm7 sm8-sm15 sm16-sm23 sm24-sm31
Norm_B0 sm0-sm3(n) sm8-sm11(n) sm16-sm19(n) sm24-sm27(n)
Norm_B1 sm4-sm7(n) sm12-sm15(n) sm20-sm23(n)
Q_mem sm0-7 D_mem sm8-15 D_mem sm16-23 D_mem sm24-31 D_mem sm32-39
D_mem

          (A)

CLK
Write_en       read        write       read        write       read        write       read        write         read         write
Chip_en        disable
Pipe_Reg_A sm480-sm487 sm488-sm495 sm496-sm503 sm504-sm511
Norm_B0 sm480-483(n) sm488-491(n) sm496-499(n) sm504-507(n)
Norm_B1 sm484-487(n) sm492-495(n) sm500-503(n) sm508-511(n)
Q_mem D_mem D_mem D_mem     D_mem
D_mem

          (B)

CLK
Write_en       read        write       read        write       read        write       read        write         read         write
Chip_en         disable         disable

sm504-511sm596-503sm488-495

sm16-23(n)sm8-15(n)sm0-7(n)

sm504-
511(n)

sm496-
503(n)

sm488-
495(n)

 

� 5-20�(a)(b)� � � 	 
 � � � 
 � � � ��(c)(d)
 � � � � � � �
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���� 5-20(c)�(d)� � �	 
 � �
� � �� � �� ACS � � �� � �

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

0�1�2 ….�63 0 � 64 1 -� �2� 3 �. / 4 , 5 n 6 � � �) * �7 � �

�) * 8 9 : 8 9 & 

 
5.2.2.3 ������������������������� � 	 ��� � 
 � �� � 	 ��� � 
 � �� � 	 ��� � 
 � �� � 	 ��� � 
 � �  

512 � 	 
 � �; <1 8 � 	 
 � �-= �> ? @A B �� 5-13��@A B

� $ % C D �E 	 
 2	 
 � �F G H � � I J & 

� C D �E 	 
 KL � C � 512 	 
 M�E 	 
 -� � �) * �N �O 	 
 �

��� � � � �) * P > ? SMU Q R / ( S &C D �O 	 
 � �L � � T

U : V W; X Y �Z O �<1 X Y [ \ 	 
 � �] S ^ _ : `�O -	 
 �

�_ a b �< 512 � 	 
 c % 64 1 X Y ���W; C � 512 � 	 
 M�O

( 	 
 � �&<� �O 	 
 � �d e � � � �) * �f ' SMU-� � �)

* 2 ACSU -� � �) * g h �i ; L � j �O 	 
 � �-� � �) * >

k SMU N Wl Q R / �m n � 5-21M Best state V o ACSU C ��E 	 


��� SMU � � �Mp q R / ) r (decoded bit)& 

� 	 
 � �F G H Kst 5-5�<� $ 512 	 
 - ACS � � ��W; u C ��

512 	 
 M�O -	 
 � �&a v 1 � � w v � 512 	 
 ( ACS � �  �

P j � � �-	 
 � �T x yv 1 C ? -�O 	 
 � �& 

 

 

5.2.3 Survivor Memory Unit (SMU) 
SMU z { ACSU l Q -| } ~ . C �_ � ���� S � � : (Exchange 

Element) � �� � �; _ � � � (survivor depth)D=5K=50 '� � C ��_ � �

�&� � 5-21'Memory-based SMU�� � �� a b 5.2.3.12 5.2.3.2 � O ��

�& 
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���	�%�kjsel , kjsel ,

 

� 5-21KSMU A B � 

 

5.2.3.1 
 � � � �
 � � � �
 � � � �
 � � � �  

� SMU P S ? � � �� _ <� _ � ��� � &� � ] S �� -� � ��

��� S in-place ò �E A t ���� � �) * 8 9 A t P 2 ACSU-� � �

g h �i ; ] S h v � ) * 8 9 : &�) * 8 9 A t Wm n 5.2.2.1�& 

 

5.2.3.2 � � � � � 	 ����� �� � � � � 	 ����� �� � � � � 	 ����� �� � � � � 	 ����� �  

� 5-21M( � � r � (exchange element); t 5-16 � � � � r � ( � '�`

_ � �� pj,k � � � �i=0,1,2,3�@� � r � -� � WC � 512 � 	 
 -<v �

_ � ���<1 W; C �  � _ � ���L � � ] S ¡ ¢ : V W� � &z { ACSU 

N=512 ,

�
�

	

�
�




�

−=<≤
−=<≤

−=<≤
=<≤

4/3,4/3
2/,4/32/

4/,2/4/
,4/0

NjmNjN

NjmNjN

NjmNjN

jmNj

 

     Case(selj,k) 

00� pj,k={ pm,k >>2,bj} 

01� pj,k={ pm+1,k >>2,bj} 

10� pj,k={ pm+2,k >>2,bj} 

11�  pj,k={ pm+3,k >>2,bj}                (5-16) 

£ -| } ~ . kjsel , �� � r � V W¤ �<� 	 
 -_ � ��&� ¥ ACSU | ¦
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§ _ � ���̈ -_ � ��P � © ª 2 ) r LSB ��« ¬ ­ � ) r -R / ) r

bj�® ¯ ° ± k j��(	 
 j-_ � ��)�V W; ² ? � � k 	 
 j-_ � �

�& 

e § 512 � -_ � ���ACSU ³ ´ µ l Q § best state-~ ¶ �`�E _ �

��
 SMU � � �Mp q �&
 SMU � � �� �( �E ����MSB-· �

) r N o �E R �' � k-D  -R & 

 

5.2.3.3 � � � � 
 �� � � � 
 �� � � � 
 �� � � � 
 � {y1,y2} � � �� � �� � �� � �  

�̧ ¹ º / » ¼ (TCM)M�m n � 4-6�e � � ) r -� � ½ e ¾ ¿ º / �

� Viterbi À � U L R �Á ¾ Â Ã º / : i º / -) r 0y �f @Ä SMU R �¾

¿ Â Ã º / : i º / -· v � ) r ��³ � j Å a ( � � Æ º / ) r ) r � ~ R

� },{ 21 yy &� � L � z { TCM - Mapper ± � demapper R V � § �z { ; a

Ç È N WC �Æ º / ) r �� � 5-21M�É a A B � � & 

1. `R �( Á º / ) r 0y Ê 3 Ë Â Ã º / : W ; ² ? � ) r - º / � ~

},{ 10 cc & 

2. s 1�� S � � ) r � ~ },{ 10 cc ¤ �~ . Ì Í �M-~ . ¹ Î Ï & 

3. � S ¿ x � Ð ? -~ . Dkr − C �2~ . ¹ Î Ï M�'� Ñ -~ . �Ò Ó @

~ . i º -Ô Õ ) Ö N WR �Æ º / ) r & 

i ; <� q × ~ . P̀ R �Ø ) r -R / � ~ },,{ 210 yyy & 

 

5.3 �������� 

y 5.12 5.2 � �Ù Ú ¿ § THP Û Ü 2 TCM R / : -Ý �Þ ß &Á à ? ;

a -� � � á K 

� ´ µ � â à ? G.SHDSL�Z -ã Ê ä å 2.3Mbps& 

� yæ ç è : é = � � 'W¼ & 

� yæ ç è : �Z é = � � ' 64�� ê ç è : ë ¦ é = � � ' 128& 

� BMU µ ì Ò THP � � í � � î � ï F & 

� ACSUð SMU � S � � �� � _ ñ ò & 

� Â Ã / º / : ó ô � � K=10�õN<v�q×~.(a symbol) ´ µ ö ÷



  58

512( 12 −K )�	 
 & 

� � � � X Y ø ù ú û � ( memory-based SMU Ý � Þß 2ü ý - TBMÞ

ß (þ h ö &�÷ 74 5-8 � � & 

 

 �å � �  � � #  � � � S � 

REA 

(using memory 

instead of register) 

�á <�	 
 (

survivor path��Y

Z-� � � _q

� � i;�å �

� Y Z 

� � # Y O ��2

_� � � D g h

-� � #  

� � � ] S �Y

��L �� � _2

_� � � D-�

� � �	 � DN)

r�N'	 
 =  

TBM 

L �
 � E

survivor path 
 �

� � E R �� � �

_q� � O ���

å � � O  

Y Z�� D+M-

� � # ��M M

4, R / � �  

� � � ] S �Y

Z��� _ D+M

-� � ��

(D+M)N)r�N

'	 
 =  

4 5-8KSMUÞß (X Y  

 

� � �5 
 � P � � � � � ASIC2 FPGA ­ � �Ý � �� � c � 2Ý � �

� -� ¥ & 

 



 59

_____________________________________________________________________ 

������������ � � � � �� � � � �� � � � �� � � � � 				
 � � 
 �
 � � 
 �
 � � 
 �
 � � 
 �  
_____________________________________________________________________ 

5 � � Ù Ú ¿ § THP Û Ü 2 TCM R / :-Ý � Þß �ø � Ò̀ 5 � � il

(Ý � Þß � � ��� { � 6-1 (û � �� �� S � � Matlab 2 C � � u �Ý

� Þß � � c � ��§ R � � -W � � � � Õ vÇ -jÝ � ; RTL � ��� �

� �-Ý � P � FPGA � �  ­ � � ��� �! ] S " # c � $ % �� ¥ & 

 

 

� 6-1Kû � ��  

 

6.1 THP ������������ TCM � � � 	 
 �� � � 	 
 �� � � 	 
 �� � � 	 
 �  

'§ � � 5 � � il -Ý � Þß -� � �� � ; Matlab2 C � � jÝ � Þ

ß - bit accurate � & ;� t � � -A t ' � �� �Ç È W ;( ) Ý � Þß � F

( � � � � Õ � RTL(Ý � � �& 

 

6.1.1 THP ���������������������������� 

 FSE Feedback 
Filter 

TH Precoder 
Filter 

Coeff. 
Word-length 16 16 16 

Input data 
word-length 14 1 14 

Tap length 64(max) 128 128 
4 6-1KTHP Û Ü é = 2� � )r� �  

 

ø ù ú û � ( Tomlinson-Harashima Precoder Û Ü (é = 2� � * (�H )r
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� � � 4 6-1i, �14)r'� � (�H � � &THP Û Ü + ; 16)r-�H �

� � ��! ; C � � ' � Ý � � '�� THP Û Ü (� � &  

 
����.1.1.1 THP � � � � � �� � � � � �� � � � � �� � � � � � ����

] S � , þ h - . � & ã Ê ~.��� Ð / e AWGN 0 1 cross talk-2 3

4��� � � & A B �� � 6-1i, &� � (5 6 - . � & ';a� , K 

 

� - . vKã Ê ä å 1.544MHz�Â � � � 64007�8 bridge taps& 

� - . Ô Kã Ê ä å 1.544MHz�Â � � � 64007�e bridge taps&9

9

 

� 6-2K: ; � t (� � A B � 

 

� AWGNK 

� 6-3�6-4 o ;- . v2- . Ô ã Ê (: ; � t �< ~' AWGN�� SNR

' 20dB? 23dB-= > & 

�- . v2- . Ô -= > � � ² ?§ �� 6-3 2 6-4 ? e 4 � @ A &h ×d

; AWGN SNR 23dB-< ~2 3 a�- . v-Ð B � 'P X - . Ô -Ð B Y C �

� o 7D - . = > � � þ h & 

� E F ¾ * H :� -� ¥ �- ü ;G �'� { �� ¥ G H I -J K �4, SNR

Ö Y E L þ M N O q×P Q &� 6-5�6-6 c R '� � - . v2- . Ô ã Ê � &

�: ; � t (G ��' slicer (Ê 3 ~.o 2-PAM ¸ t &� I �c R 'Ð B k

24dB2 23dB�W ;S � G H -T 	 �4, ISI P Q Á ¾ � U V �L Å W < ~ SNR

' 24�23dB& 
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� Cross talk�9

� 6-7�6-8 o ;- . v2- . Ô ã Ê (: ; � t �< ~'b Y �Z [\ ]

( cross talk�� �[\ ] 2� 6-2 g h �L o � ã > -~.2] S - scrambler

þ h �< ~ SNR' 20dB? 25dB-= > & 

� 6-7�6-8 � � �- . v2- . Ô = > �< ~ cross talk ( SNR 7 20 ?

25dB�² ?
 � þ h Ð B ä � 2̂ Ñ Ö &Ð B � 
 � @ A -Ê � SNR � Ñ SNR 

20�21�22�23�24�25dB& 

� 6-9�6-10 c R ' � � - . v2 - . Ô ã Ê � & � : ; � t ( G ��'

slicer(Ê 3 ~.o 2-PAM ¸ t &� I �c R 'Ð B k 24dB2 23dB�W ;S �

G H -T 	 �4, ISI P Q Á ¾ U V �L eW < ~ SNR' 24�23dB& 
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6.1.1.2 THP � � 	 
 � �� � 	 
 � �� � 	 
 � �� � 	 
 � �  

� � � t ' TC-16PAM(~.��� �  � � _ � ] S : ; � t  ² ?(

precoder ç è :é = &a4'� � � t a* H :Ê � � ¥ & 

 

 - . v 

AWGN 

SNR=22dB 

- . Ô  

AWGN 

SNR=22dB 

- . v 

Cross talk 

SNR=23 dB 

- . Ô  

Cross talk 

SNR=23dB 

THP Û Ü Ê �

� ¥  
24 dB 23 dB 23 dB 23 dB 

4 6-2KTHP Û Ü Ê � � ¥  

 

4 6-2 c R '� AWGN2 cross talk þ h < ~a�;- . v�- . Ô ã Ê -

� � � ¥ &�ã Ê = > 2: ; � t  g h &� 6-11'� � � t ( G ��< ~'

AWGN��M W ;S ? 15�G H & 
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� 6-11K� � � t 16PAM G � 

 

6.1.2 TCM � 	 
� 	 
� 	 
� 	 
  

TCM R / :(Ý � Þß �5 � � Á ¾ ` a -Ù Ú § &z { [8]�TCM R / :

(_� � � D � S 5 b -ó ô � � D=5K&� � � � �c d - . a TCM R / :

()re f å �X Y SNR=18k 28dB-g h �! ;Æ º / 8-PAM-Û Ü g Y R

/ � ()re f å &÷ ù ­ TCM Û Ü W ;à ? 3-6dB(º / i j �� 6-12'ø

ù ú û � ( TCM R / :W ;S ?Ä)re f å � 10-7 k Ñ  �2Æ º / 8-PAM

X Y ��º / i j W à 4dB& 

�M � � TCM R / :- BER @ A VD1�VD2 l 4þ h word-length-Ý �

Þß �m c c n � �2	 
 � �-�H )r= þ h &VD1 Ý � Þß ; 8 )r�

H c n � ��12)r�H 	 
 � �&VD2 Ý � Þß ; 10)r�H c n � ��14

)r�H 	 
 � �&�M - BER @ A � SNR=21.5k 22.5 dB VD24�o '

p q ��V SNR VD12 VD2-i j d r þ ¡ �ø ù ú (Ý � � ��; VD2

- word-length's ø & 

 



 67

18 19 20 21 22 23 24 25 26 27 28
10

-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

SNR (dB)

B
E

R

TCM Decoder BER v.s. SNR
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� 6-12KTCM R / :2Æ º / 8-PAM )re f å (X Y  

 

6.2 ���������������������������� 

6.2.1 � �� 
 � �� �� 
 � �� �� 
 � �� �� 
 � �  

ø � -Ý � � � S̀ ASIC�� 2 FPGA�� � A t b � � &�M t D ASIC 

flow A u �f '� � L v w . �Ý � Ï % $ � -" # x = y (gate counts)�i;

� � L $ % ?Design Complier Ï % (synthesis) Ç È ð gate simulation�t D Place & 

Route * � / ¢ � ! þ � �z &kD FPGA flow�� � �̀ S QuartusII � � � �

� � iû � - RTL code�`�Ï % -� � a{ k FPGA � �  ­ �Ý � � � & 

 

6.2.2 ASIC � �� �� �� �  

� � ASIC-û � �� � aK 

Arichitecture design | } RTL coding | } RTL synthesis | } Gate level 

simulation& 

kD physical design 2 verification A u � � ! ½ eÕ � �� W ;�Æ b �

�&� � ] S Verilog Hardware Describe Language ~ � RTL�� o � ¡ ¢ � � �
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� ] S -v, Ý � ' � � � ��� V þ �¡ � Ù Ú § &f '� � -Ý � û � d o

memory-based�i;ø ù ú û � -Ý � P ] S ?� � � �� ASIC�� � � � S

Artisan � � û � -� � W ;º � � � � � -� � � �� V o RASDxx.v-� � �

� � d o block boxes � � L � � S �� � � � � -�� �! þ � w . � � � �

� � F -� ¯ layout& 

ASIC A u d o ;¢ � � �� � -� � �� � 2Ï % * ¢ � &RTL code ~ �

$ % (� �� � u ��� -� � �; Debussy E F Ê � è T �� � �� F ( &�

� ] S Synopsys- DC(design compiler)` RTL Ï % � � �] S TSMC  mµ25.0

± � - libaray��Ï % � � -� ¥ �4 6-3&Ï % � � ¾ ¿ gate level-� � ��

� � � å 50MHz-� � a�² ?4 6-3-� ¥ & 

  

 TCM decoder THP DFE 

Gate counts 40,625 
6,431 

(only precoder 
filter) 

11,612 
(feedforward filter 

and feedback 
filter) 

4 6-3KTCM R / :2 THP Û Ü Ý � (" # x = y  

(þ � � � � �TSMC mµ25.0 ± � �clock constraint' 50MHz) 

 

6.2.3 FPGA � �� �� �� �  

] S FPGA � �  �� � aK 

Arichitecture design | } RTL coding | } RTL synthesis (using Quartus II 

ver.2.2) | } Gata level simulation | } Programming | } Verification (using Logic 

analzer) & 

ÄÝ � Þß û � $ � �� � ´ µ ~ � RTL code�� ASIC2 FPGA�� h

×d o � S g h RTL code � � � Ï % &� FPGA�� �� � � S � � � � û �

� � QuartusII �̀ � iû � - RTL code � � � Ï % 2� � &� vþ h ASIC�

� -� A V o ] S � � � -A t �QuartusIIel Q � � � -� 6 �i;́ µ ] S

CAD l Q -� � � & 

Ä RTL code ~ � $ % (� �« j RTL � � Ï % �] S QuartusII W ;¤ �

� Ï % � � programming- FPGA � � �� � P ¤ � Stratix EP1S25F780C5 � B
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� � �_ � j� � -� ¥ programming�� � ­ �� � V W ;� ­ � FPGA[�

 ­ �� � � � -¢ � &� ø ­ � FPGA ­ i² ?-� Z� � � å P X � ASIC

­ r �f � FPGA � ¯ -� � ! þ o � E 	 
 �� P eX Y � � - wire delay[

9&i;v  b � � ASIC ­ i² ?-� � � å P o � FPGA ­ -� b ;­ & 

� � = > K 

1. CADKQuartus II ver.2.2& 

2. FPGA � �  KDSP development board, Stratix edition� 

Altera Stratix EP1S25F780C5 device& 

3. " # c � $ 2� � 8 9:KAgilent 1692A2 Acute PG2050& 

4. , è :KTektronix TDS3032B& 

 

Ý � � � A t K 

1. Ề 3 � � u � � _D FPGA � �  il Q - ROM ¡ u �Ä

� � ´ µ K ¢ Ê 3  �P � £ -
 ROM ¡ u j� � � � ! `

� � ¤ k� � iû � -� � Ê 3 / & ! ~.7 FPGA � �  

il Q ( PLL b 8 9�_ � � k� � ( clock-¥ )& 

2. � � Á ¾ u � jiû � � � Ê � ( ¥ )c ¦ C �  ­ l Q -

W % �¥ )��j" # c � $ -§ ì vv-� ­ � � ¥ )�N

W % �Ê � ~.& 

 

� � 6-13�'� � � � = > -̈ � ��M e" # c � $ �� � 8 9:�, è

:�FPGA[�  2� © � � & 
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� 6-13K� � � � = >  

 

6.3 � 	� 	� 	� 	  

ø ù ú � �§ SHDSL G ¸ -� ø �á �� ¥ � Zã Ê ä å 2.3Mbps-� �

a�ø Ý � Þß L �� 49.06MHz-� � � å NW ª Ï �á &�ª Ï ã Ê ä � -

� � a�þ S « c -� � � å �³ W ;� ¬ �å � � &­ �� FPGA ­ �% ?-

� c � � � å ' 42MHz ³ r �á 49.06MHzv� �þ ¿ �� ¡ FPGA � �  o

� �� � � -¢ � �L ½ ej� � � � � � E H �wire delay � � � ® ¯ � � �

å -aU �� ASIC A u � � ° ± P̀ ² ³ �i;�� � � å W ;� M N -l ´ & 
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������������ � �� �� �� � � � � 	 
� � � 	 
� � � 	 
� � � 	 
  
_____________________________________________________________________ 

�ø ù ú M �� �§ � Ï Tomlinson-Harashima precoder[4,5]2 TCM[6,7,8]

R / :Ý � Þß �� G.SHDSL G g M � S § @ , Þß �Ò D ISI � â e� -µ

¶&TCM R / :W ;l Q 	 4dB-º / i j & 

THP Û Ü (= )ç è :;· U ¸ ¹ :� �(MAC)�W ;º » ] S Z�(· U

:b � �Z�-é = � � �! ; embeded SRAM � _Z�-� � ð é = &�M

� Ð ] -y æ ç è :o fractionally-spaced�! ; polyphase A t [18]� �b ¬ aZ

�-� � & 

TCM R / :̄ c �� h 5 � � i� o radix-4 memory-based(Ý � Þß �;

radix-4Þß b ² ?X ã Ü radix-2Þß ¼ vb -ä � &L �� v� radix-4 butterfly

V W ;� � 512�	 
 ( ACS�; 50MHz-� � � å NW ;à ? 2.3Mbps-8

�(througthput)& 

�5 Ô � l ? SHDSL PMD ½ -¾ � �� eK 

� ª r £ (timing)8 92¿ À & 

� º / 2R / & 

� » ¼ 2R » & 

� � Á (echo)� Â & 

� * H (line equalization)& 

� Ã � Ä � (link startup)& 

ø ù ú ¾ � ¢ � �� �5 Ô Å ð 5 � Å �� � Á jº / 2R / 2* H -Ý � � �

� ��$ �- PMD ½ ³ W ;Æ Ç � � ���  £ ¿ À * -È É & £ ¿ À �-

~Û Ü h ×o Û Ü � � � � -Ê Ë �� â û � v�Ì ( h Ç p q-� Ð ] W ;]

� � Í C &Æ b Ẁ È É @ Ê Ë &Â @ (Î �Ï Ð W ;�Ï ie¹ Û Ü � Ñ -�

� vÒ Ó � � � �! � �� -� � & 
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