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Abstract

Wireless transmission is rapidly growing and has gradually replaced traditional wired

solution in many applications, e.g., personal communications and local area networks, on

account of the advantages of mobility and ease of installation. Due to the demand for

multimedia services, the trend toward high data rate transmission is also inevitable. This

3-year project combines the powerful unequal error protection (UEP) and space-time coding

schemes for channel coding of high-rate wireless multimedia communications. The first year

of the project is devoted to studying the UEP capability of space-time coding and establish-

ing the related theoretical fundamentals. In the second year, research efforts are focused on

combining the puncturing technique with conventional space-time codes to construct a new

class of rate-compatible punctured space-time codes for UEP. In the third year, we develop

an efficient decoder of the proposed UEP schemes from a soft-defined radio perspective. Its

DSP/FPGA implementation is also conducted. The obtained results are expected to be

beneficial to both theoreticians and practical engineers, and will promote more UEP space

time codes for use in wireless communication systems and networks.

Keywords : Wireless multimedia communications, space-time coding, unequal error pro-

tection, soft-defined radio.
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#ÓG��SRGr�W�Fí;¼�ßË¼Ý&§�©P�»A<Ê(fading)CËt
(shadowing)[T[1]�ùðCW�¥ÝGr´Ë�«Ûh×Ê�ÝFí�(�3PaF
í�Ù�92à�b[9×;¼ý0Ý;¼_D*�(channel coding)|@1;G`²Ý
è>�¬ãy;¼_Dm3FX£]��áÜ²Ý�×�-|ºý0l?�à�3ü
�FX£(transmission rate)Ý�µì�Qÿ}�¦�_D�´�ª±£]Fí£(data

rate)Ý���.h�A¢jEPaFí;¼C9ª���Ý©P�'��×);G`²
�{£]Fí£Ý;¼_D�Ù�-W
×�ÁÌÃ;PÝ�®�

´��3¸�PaFí;¼&§�©P]«�FÙîÎ3#[Ð'H9q#[F
a�¤g5/(diversity)ÝÃF
�*r���|ª±.;¼9¥­5�CW�¥ÝG
r<Ê�`è_D*�(space-time coding)[2]–[7]�);¼_D����Ù¬2à9¥F
XC#[FaÝÚx�ÞFXC#[5/*�×¿TàyPa�Ù�¢ã�è C` 
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î�EFX£]
�Ê	Ý;¼_D�`è_D*��G�3�¦�*r�´CFí
�£Ý�µì!`�ÿ5/¦Ç(diversity gain)C_D¦Ç(coding gain)�Í9¥FaÚ
x��ÞæÍê�ÝPa;¼»ðW�º{£]�Fí�´�Ñ¼�h²�`è_D
*��.Ìnì�948F���&9{£]�PaFí�Ùó�
ýãÝ;¼_D
]P: (×) E��;G�Ù���Dßy��±�£�ª
'�W^Ýx����`è
_D*�¿àFX5/ÝÃF��¹t3W^î'H9¥FaÝmO�!ê`��ÿ
è 5/¦Ç(spatial diversity gain)|;�ìFd­(downlink)Ý;G`²�(Þ) 3T]
­(close loop)�Ù��;ðm��ñD'#­(reverse link)¼�ÿ;¼ÏV£G(channel

state information)|X�Fí*r�Q�D'#­Ý�H�¬è5�ò�Í�ê�3"
><Ê;¼�ê��ÿ��ß���`è_D*�2à�]­(open loop)E®ÿP��
mÜ²Ý;¼ÏV£GÇ�º®�.h¹tÝ�ñD'#­ÝmO�(ë) `è_D*
���J�Ey�Ù&§�P�»AFa8nP(antenna correlation)�;¼£�0-�
Ké�[T(Doppler effect)[1]�Ìb8	��Ýn(æ(robustness)�.h�è>�Ù@
jE®`Ý�ê��

�ï�35�+¯CÅ	Ý*r©P`�&Æ�|s¨9ª�£]9�Ìb&í
�Ýý0A���»A3��;GCó�Âê�Ù��+¯_D92àvsÎ¦ÝD
¹*�(vocoder-type compression) Þ��ÝÎ®*r»ðWsÎ¦ÿlÝ�×¢ó�|
3±XmFXÝ£]��Q��!�×¢óEy+¯*rÝFËP&b�!��ÝÅ
(�Ey¥�P{Ý¢ó���Ç¸ÎK�;¼ý0XCWÝ°&0-K��ºCW
+¯*rÝ�¥´Ë; 8´�ì�¥�P´±Ý¢óEy;¼ý0µb´{Ý� æ�
h²�ãyÅ	*rÍ±�W	Ýã@P8´y{�W	3i«zü�ÝÓ¨îb´
��ÝÅ(�3Å	;G�Ù�ù�DÆhv¨éÝD3�Q��3ü�_D£C�
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D�Ó�Ýf�ì�×�ðàÝý0?ÑD�9'�WEXbíá�-èºí�ý0
1��|¾t�Dû(minimum distance)t�;ÝêÝ�Eyî�9ª�;G�Ù�u
)2àG�jE�×1�mOèºý0?Ñ��ÝFÙ;¼_D�Ù�
1iÌb´
{ý0A��£]ÝÑ@P�TÄ©�óC_D£´±�;ý�æ´úÝý0?ÑD
; 8E2�ôÞ�»¦�;¼_DXm�´�ª±£]ÝFí£�.h�×Ë´b[£
Ý;¼_D]PÎ�ÈµAFí£]¥�PÝ�!èº&�XmÝ1��æ�ÇÌn
XÛ&í�ý01�(unequal error protection, UEP)Ý���

Z¤�bn&í�ý01��@~�| 5
è (space-domain)�`½(time-

domain)&í�ý01�Ë�v�è î�&í�ý01�^×Î¿à;¼_D�ÙÍ
�ËbÝ&í�1��æ�qA;¼_D ��!íá�H�|DÌ��!Ý1��
æ��µïFX£]Xm�Ý1�mO�Þ£]Xá8ETÝ_D �íá�H�`½
&í�ý01�^×ÎÞÌb�!ý0A��Ý£]5gÕ�!Ý`þ(time slot)��
µïFX£]Xm�Ý1�mO�Þ;¼6ð�)ÊÝE®ÿP
�_D�¾Õ&í
�ý01�ÝêÝ�Í�i�x�êýÇÎÞî�&í�ý01��`è_D*�8
�)�[ãÞï�8F|'��Ê)yPa9ª�Fí�;¼_D�Ù�!`ï��
8�Paé(soft-defined radio)[8]ÝÌF�jEh×;¼_D�Ù@s×Ì{[£�±�
�|CÄPÚx_��D �

3Í����&Æ´�è�ãè ÌFì�5�]°��)&í�ý01��`
è_D*��[ãËï�8F|'��Ê)yPaFí�;¼_D�Ù�h]°x�Î
"D`è_DÍ��&í�ý01��æ�qA£]íá`è_D ��H�!��
DÌÍ1��æ��!�¬vãgEý0£(pairwise error probability)5��.��3
rnR ≥ 4�3 rnR < 4 `Ý�`èDý01��æ�Ë�¢ó��L�EyÍ�!íá
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ET��[5Ò'�(effective separation vector)��[5Ò��PÂ(effective separation

determinant)�¢hÝ�`è_D&í�ý01��æ�h²�&Æè�ËËÚx|�
x�Ìbú�&í�ý01��æÝ`èD�Í×&Æ;�[8]è��§¡�'�ãaP
Þ�-]ID�) M -PSK���Ù�9¥FaÚx�`èÉÜD�©»�¨²�&Æ
Ñ;ãChen�VuceticõYuan�ßè��t·`èÉÜ_D Úx[9]�¾Õt·&í�
ý01��æ�t¡�TàXÿÝ��
��!ÿÝé\¨´&í�ý01�`èD�

#½�3`½&í�ý01�]«�&Æ�)`èD��-[ã(puncturing)*
��
��x�Ì`½&í�ý01��æÝ±×�D£<g[ã`èD�×���ó
C×Í±D£Ý`èD�Þ�Ì
ÒD�¢ã��P2ÀtI5FX*r�ÿÕÌb�
!1��æÝD�&ÆÌ9°D
�D�3�DÝI5�¿àÝù©f�Õ°(Viterbi

algorithm)��D�ÒD�|¸à�×�D �D��3[�5�ÝI5�"D[ã*
�3ªóãJ�è-��PãJìE[�ÝÅ(�¬vÿÕËÍ�!ãJì[�&�E
TÝ;ó�ÇBÄ[ã¡ÝDºÌb�!Ý[��.h�|�&í�ý01�ÝTà�
¬|D£<gÝÃF'��EFX£]Ìb&í�ý01�Ý^×�t¡�¿àé\
Ý¨´�jE�!ÝõD ���0�39Ë�!D£ìETÕ�¨t?ÝD�

;�GËO@~W��ÍO��jE�D {�Úx��ÀFÙDþB7�Ñ§
Úx�{>VLSI_Õ�DÚx|C�)PDþB7�Ñ§ÚxÝ8þF��5��B
ãZ¤@\|C8�ÿa�J��)PDþB7�Ñ§Úx{>�Dõ±{��Ó�
Ý8FfFÙDþB7�Ñ§Úx?
Êà3`èD�D Úxî�Í�i@¨�;

Ý`èD�D Úx
;�PõD øð�3�D>�î�;�PõD øðfF
ÙõD øð}X��ÄfFÙ_Õ"�3�£��î�;�PõD øðJÎfFÙ
õD øð�_Õ?
6é�3{��Ó�î;�PõD øðôfFÙõD øð
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�_Õ?
��|C�|'��
�� ×Íõa;/���y¡�3ÏÞa��+Û`èD�Ù�_D��DÝ

Úx�5��Ù[��¬vs"�'�ãJ�Ïëa+Û&í�ý01�`èDÍ�X
ËbÝ&í�ý01��æ�'��&í�ý01�`èDXµÇÝãJ�¬v�{
[�&í�ý01�`èD�é\¨´�3Ï°a�&Æ�)`èD�[ã*��´�
+Û[ã`èDÝÚx�#½¢ã[�5���ñ�[ã*�Tày&í�ý01�
ÝãJ��µï9°ãJ�¿àé\¨´8�D�èº&Æ�|jE�!¥���Ý£
]�|1��Ï"aG�ð+ÛFÙDþB7�Ñ§Úx�{>VLSI_Õ�DÚxõ
�)PDþB7�Ñ§Úx�¬"D�!ÚxÝ8þF�3¡�ðJÎ+Û3FPGA{
�@¨îm�Ýs"�Ì�D¡�DÚxÝ'��@®Ä��t¡�Ï0aÎÍ��
Ý�¡�
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Ï 2 a

`èD�Ù[�5��'�ãJ

`èD¿à9qFaFX*r�!`Ìb` 5/�è 5/Ý©P�¬v�)
;¼_D�����|b[2Tày9¥­5ÝPa;¼�Ù��Ía´�+Û`èD
Ý�ÙÚx�#½5�`èD�Ùy<Ê;¼�Ý[��¬vs"�ETÝ'�ãJ�

2.1 `èD�ÙÚx

�Ê×ÍÃ�`èD�Ù��'FXÐb nT qFa�#[ÐJb nR qFa��
ÙÚxA%2.1Xî

Space-Tim e
Tr el l i s

Encoder
Space-Tim e

Decoder

... ...

Modu la t ion

Modu la t ion
ji,α

T X 0

T X n-1

RX 0

RX m -1

Infor m at ion
souce

tc

% 2.1: `èD�ÙÚx%
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3` t `�FX*rÝ£]�-íá_D ��LAì:

ct = (c1
t , c

2
t ..., c

m
t )

_D Þ9°íáÝ£]�-�¿à MPSK Ý��]P®ß nT ÍFX*rã nT

qFXFaFX�FX*r
 xt=(x1
t ,x

2
t ...,x

nT
t )�Í� xi

t 
` t `�Ï i qFXFa
XFXÝ*r�1 ≤ i ≤ nT��'	FX*r`�åÕ;¼<ÊÝÅ(�&Æ�|Þ3
` t Ï j q#[Fa[ÕÝ*r��îAì:

rj
t =

nT∑
i=0

αi,jx
i
t + nj

t

Í� nj
t Î3` t v3Ï j q#[FaîXåÕ�ÓG�¸Î¿íÂ
 0�v�£�

HÛ�Ðó
 N0 Ý}ñ��Pç{úÓG(additive white Gaussian noise, AWGN)��
αi,j Î�Ï i qFXFaÕÏ j q#[FaÝ­5¦Ç(path gain)�

3�DÝI5��';¼Î¿%<[(quasi-static flat fading)�(�39Ë�µ
ì�­5¦Ç3Go��/�|Ú
×Íðó�αi,j
}ñ�ó{ú�^�ó�Í¿í
Â
ë�v�²ó
 N0/2��8EÝ	»ð��!Go`�αi,jÞº;���';¼Ï
V£G(channel state information) Î§�Ý�#½�|¿àt���P�D]°��;
#[*rÝf�^£�ÿÕ decision metric�	FX­5îÝ decision metric �Õ�Ý
ÂÎt�Ý�X�£?FXÝ*r�decision metric AìXî

nR∑
j=1

∣∣∣∣∣rj
t −

nT∑
i=1

αi,jx̂
i
t

∣∣∣∣∣
2

(2.1)

Í�x̂i
t
#[ £?�FXÝDCÐr�ð­�1�&Æ�|¿àù©f�Õ°(Viterbi

algorithm)¼�ÕN×f"D­5(survivor)� metricÂ�t¡&ÆóC=bt�á�
metric ÂÝ"D­5	®�D�í��

7



2.2 `èD�î°

&ÆÞÜ×Í»�+Û`èDÝÚx�¬v�|¿àhÚx�Õ�`èD_D¿
Ç�Tà�´��Ü Tarokh �ß[2]Xè�Ìb°ÍÏVÝ`èD�¬v¸à2qFXF
aC 4-PSK ��]P�Í_D Ýó.�î°Aì

(s1
t , s

2
t ) = bt−1(2, 0)⊕4 at−1(1, 0)⊕4 bt(0, 2)⊕4 at(0, 1)

Í��°Ðr ⊕4 Î�ÿó-4 (module-4) Ý�°ºÕ�Í¸	Î ⊕2 T ⊕8 J5½�î

ÿó-2 (module-2) õÿó-8 (module-8) Ý�°ºÕ�h»�`èD¸à 4-PSK ��
]P�ETÕ*rÏ2FîÝÐr
 { 0�1�2�3 }�A% 2.2(b) Xî�X|`èD3
'�î¸àÿó-4ÝºÕ�DCÐrÞ�|ayhP��«�Í�	Î¸à 8-PSK �
�]P�JÎ;àÿó-8Ý�°ºÕ� (s1

t , s
2
t ) ��3` t `5½ãÏ×q�ÏÞq

FXFaXFXÝDCÐr�(bt, at) ��3` t `5½íáy_D ÞÍíá�H�
�-�3Ìb°ÍÏVÝ`èD����_D �bÞÍõD �Í� (bt−1, at−1) Ç
Î3` t `;DyõD �Ý�-�ô�|�Õ
` t `ÝÏVT3 t− 1 `íá
ÝÞÍ�-�¨²�bt�at�bt−1�at−1 5½ET8¶Ý®ß;ó(generator coefficent)

(2,0)�(1,0)�(0,2)�(0,1)��|¸`èD�Ê	Ý_D¡�ÿ´·Ý1��æ�

|h`èD
»�Í`èDÉÜ�-%� 4-PSK *rÏ2F%�A% 2.2(a) �
2.2(b) Xî�Í�NÍÏVKb°f5YqAíá�-Ý�!�5½=Õì×Í` Ý
°ÍÏV�|3` t @�ÏV
 S0 
»�	&Æíá�-
 (bt, at) = (1, 1)�Jí�
DCÐr
 (s1

t , s
2
t ) = (0, 3)��3` t ÝÏVJã S0 ;
ÏV S3�

8



0 0

0 1

1 0

1 1

),( 12 aa
(0, 0) (0, 1) (1, 0) (1, 1)

0 0

0 1

1 0

1 1

),( 34 aa

input bits

codeword symbols

state
 bits

Ant.1
Ant.2

00/00/S0   01/01/S1    02/10/S2   03/11/S3

10/00/S0    11/01/S1   12/10/S2    13/11/S3

20/00/S0    21/01/S1   22/10/S2   23/11/S3

30/00/S0    31/01/S1   32/10/S2   33/11/S3

state

),( 11 −− tt ab

1S

2S

0S

3S

state))/(next  ,/(),( 21
tttt abss

codeword symbol

:

:

:

:

(a)

0

1

2

3

2

4

2

(b)

% 2.2: (a)`èDÉÜ�-(b)4-PSK*rÏ2F%

2.3 `èD�[��'�ãJ

�'§�;¼ÏV£G�ì�vFX£]ÝGo��
 L�FXÝ*r�|�î
Aì:

x = x1
1x

2
1 · · ·x

nT
1 x1

2x
2
2 · · ·x

nT
2 · · ·x1

Lx2
L · · ·x

nT
L

9



3#[Ð�D ¿àt���P�D(maximal likelihood decoding)��D�Ý*r�|
�îAì:

x̂ = x̂1
1x̂

2
1 · · · x̂

nT
1 x̂1

2x
2
2 · · · x̂

nT
2 · · · x̂1

Lx̂2
L · · · x̂

nT
L

�'` t ETÝ;¼Îp(channel matrix)�îAì:

Ht =


αt

1,1 αt
2,1 · · · αt

nT ,1

αt
1,2 αt

2,2 · · · αt
nT ,2

...
...

. . .
...

αt
1,nR

αt
2,nR

· · · αt
nT ,nR


¬vH = (H1, H2, · · · , HL)� �D ÞFX*r x ¾\W x̂ Ý^£Ì
WEý0^£
(pairwise error probability)��|�îW:

P (x → x̂|H) ≤ 1

2
exp

(
−d2(x, x̂)

Es

4N0

)
(2.2)

Í�
d2(x, x̂) =

nR∑
j=1

L∑
t=1

∣∣∣∣∣
nT∑
i=1

αt
i,j(xi,t − x̂i,t)

∣∣∣∣∣
2

(2.3)

�LDCÐr-²Îp(codeword difference matrix) B(x, x̂)

B(x, x̂) =


x1

1 − x̂1
1 x1

2 − x̂1
2 · · · x1

L − x̂1
L

x2
1 − x̂2

1 x2
2 − x̂2

2 · · · x2
L − x̂2

L
...

...
. . .

...
xnT

1 − x̂nT
1 xnT

2 − x̂nT
2 · · · xnT

L − x̂nT
L



#½&Æ�|�ñ�×Í nT × nT ÝDCÐrûÒÎp (codeword distance matrix)

A(x, x̂)��LAì:

A(x, x̂) = B(x, x̂) ·BH(x, x̂)

Í� H ÎEÎp��7»H��.
 A(x, x̂) ÎÑ�A{©Îp(nonnegative definite

Hermitian matrix)�ÇA(x, x̂) = AH(x, x̂)�X|ºD3×ÍóÑÎp(unitary matrix)

10



V�¬v�|ÿÕìP:

V A(x, x̂)V H = 4

V Ý�'�{v1, v2, · · · , vnT
} Î A(x, x̂) Ý©Ç'��¬v3 N-îÝ'�è �Î��

ÑøÃ9(complete orthonormal basis)�� 4 Î×ÍE�;ÝÎp�Îp/ÝE�-ô
λi, i = 1, 2, · · · , nT�Ç
 A(x, x̂) Ý©ÇÂ(eigenvalue)��Îp 4 �|�îAì:

4 =


λ1 0 · · · 0
0 λ2 · · · 0
...

...
. . .

...
0 0 · · · λnT



#½��
hj = (hj,1, hj,2, · · · , hj,nT

)

(2.3)P�|¥±¶W:

d2(x, x̂) =

nR∑
j=1

hjA(x, x̂)hjH

=

nR∑
j=1

nT∑
i=1

λi |βj, i|2

(2.4)

Í�
βj, i = hj · vi

Þ(2.4)P�á(2.2)P�|ÿÕìP:

P (x → x̂|H) ≤ 1

2
exp

(
− 1

4N0

nR∑
j=1

nT∑
i=1

λi |βj,i|2
)

. (2.5)
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2.3.1 `èD3{rnRìÝ'�ãJ

�Ê3 Rayleigh <ÊÝ;¼ì�vE®3{GÓfÝ��ì�ý0£î\&�

×M�;Aì[12]:

P (x → x̂) ≤ 1

4
exp

(
−nR

4N0

r∑
i=1

λi

)
(2.6)

ÌDîP�|s¨WEý0£Ýî&�Îp A(x, x̂) �Ý©ÇÂÀõbn��ã©ÇÂ
õ8	yÞE�Îp 4 /ÝE�-ô�À�Ì�
ÎpÝªóÂ(trace of the matrix )�
�|�îAì:

tr (A(x, x̂)) =
r∑

i=1

λi =

nT∑
i=1

Ai,i (2.7)

Í� Ai,i �îE�Îp�E�-ô

Ai,j =
L∑

t=1

(
xi

t − x̂i
t

) (
xj

t − x̂j
t

)∗
(2.8)

Þ(2.8)�á(2.7)�t¡�|ÿÕ

tr(A(x, x̂)) =

nT∑
i=1

L∑
t=1

∣∣(xi
t − x̂i

t

∣∣2 (2.9)

�(2.9)P��|ÌD�Îp A(x, x̂) ÝªóÂ�y x õ x̂ � Ý¿]�Ã¦ÆûÒ�
.h�¯ A(x, x̂) ÝªóÂt�;8	y¯ x õ x̂ � Ý¿]�Ã¦ÆûÒt�;�
�9øÝ'�ãJÌ
ªóãJ(trace criterion)�.h3 rnR ≥ 4 v¿c Rayleigh <Ê
;¼�(�ì�`èD'�ãJ�|J§Aì:

• èãJ(rank criterion):Îp A(x, x̂) ÝèÄ6@1 rnR ≥ 4 Wñ��t?Ý��

�è nT nR�

• ªóãJ(trace criterion): EyXb��Ý x õ x̂ (x 6= x̂) ¼�¸ A(x, x̂) Ýªó
Â
t��

12



2.3.2 `èD3±rnRìÝ'�ãJ

	 rnR < 4��Ê3 Rayleigh <ÊÝ;¼v3{GÓfì�WEý0£Ýî\&B
ã.0�|�;Aì[12]:

P (x → x̂) ≤

(
r∏

i=1

λi

)−nR (
1

4N0

)−rnR

(2.10)

Í� r ÎÎp A(x, x̂) Ýè�� λ1�λ2�· · ·�λr JÎ A(x, x̂) &ëÝ©ÇÂ��P�
(2.10)�|:��3{GÓfÝ��ì� rnR Ýt�¶�Eý0£b��ÝÅ(�3h
�L rnR 
5/¦Ç(diversity gain)�¬v�L_n¦Ç(coding gain):

Gc =
(λ0λ1 · · ·λr−1)

1/r

d2
u

Í� d2
u�îÎBÄ_D�ÙÝ¿]�Ã¦ÆûÒ (squared Euclidean distance)��¥�

Õ(2.10)P��rnR ÎGÓfÝ¼ó�Eý0£b´�ÝÅ(�.h	�ÙÝ rnR Â÷
�`�¾Õ´�Ý5/¦Çºf¾Õ´�Ý_n¦Ç?
¥��

�|î5���|J§�3 rnR < 4 v¿c Rayleigh <Ê;¼�ì�`èD'�
ãJAì:

• èãJ:3 rnR < 4 Ý��ì�Îp A(x, x̂) Ýè����Ýt���t?Ý��

�è nT nR�

•��PãJ(determinant criterion):EyXb��Ý xõ x̂ (x 6= x̂)¼�¸ A(x, x̂)

ETÝ©ÇÂ¶�t��

13



2.4 `èD��-ý0£

&Æá¼`èDÝt·�D]°Î�ÉÜ%�_Õ�FXÝDCÐr­5�.h�
D sßý0Ý��Ç
�D X�Ý­5�FX­5�!�ý0��|%2.3 �î�
39Í%��D 3Ï j Í` Fsßý0�Ç��Ñ@­5��BÄ l Í` F�
ê/ÕÑ@­5�Þ9Ëý0���LWý0¯� ej,l,i�Í� ej,l,i��3Ï j Í`Ñs
ßý0�� l Í` Fê¥±/ÕÑ@­5î���!Ý�� l 5½ºETÕ i fý0
­5�

j lj +

C

ilje ,,

correct path
incorrect path

% 2.3: Ñ@­5���
 l Ýý0­5

�×�¼1`èD�ÎaPÝD�X|&ÆÄ6jEXb��sßÝÑ@­5�
�¿í�¼Oÿ�D 3Ï j Í` FÝÙýÝ¿íý0^£

P (E|j) ≤
∑
C

P (C)
∑

l

∑
i

Pr (ej,l,i|C, j)

=
∑
C

P (C)
∑

l

∑
i

Pr (C → Xj,l,i|C, j)

(2.11)

Í� Xj,l,i Îý0¯� ej,l,i XETÝ�Dý0­5�Pr (C → Xj,l,i|C, j) ÎWEý0^

14



£�3h&Æ| rnR ≥ 4 Ý�µ�5��� 2.3.1 ;Ý.0���|á¼WEý0^£
�¿]�Ã¦ÆûÒ� Ýn=P�.h�|;¶ (2.11) WìP:

P (E|j) ≤
∑
C

P (C)
∑

l

∑
i

Pr (C → Xj,l,i|C, j)

=
∑
d2

k∈Γ

Ad2
k
Pd2

k
(2.12)

Í� Pd2
k
�î�D óC¿]�Ã¦ÆûÒ
 d2

k Ýý0­5�^£�Ad2
k
�îÍ­5

ûÒ
 d2
k XETÝ­5¿íÍó�Γ = {d2(c, c̃)|∀c 6= c̃ ∈ C}�&ÆÌP§WE(infinity

pairs)/) {d2, Ad2} 
hDXET�ûÒ�H(distance spectrum)[11]�¸�|à¼¾\
`èDÝ?û�

#½D¡�-ý0£�	×Íý0¯�sß`�9Íý0¯�XETÕÝ£G�
-¬�×�ºý�ì«Ü»1���'b×f�ëÑ@DCÐr­5� X ��ý0­
5�3�Õ�-ý0£`�Ä6�:9Íý0¯�ºý¿Í�-

00 00 00 00

1001 00
X

00

01

)X(P2
1

r

)X(P2
1

r
)X(P2

1
r

)X(P2
0

r

input
 bits

´��Lý0¯�^£ÎPr(X)��î%�|:�3Ï×Í` FýÝ×Í�-�
ETÕÝý0£�|¶W 1

2
Pr(X)�X||9Í»�¼1��-ý0£�|�îAì:

15



Pr{ bit error } = Pr{e1

⋃
e2 · · ·

⋃
el}

≤ 1/2

(
l∑

i=1

#(ei)

)
Pr{X}

Í��eiÎÏ i Í branch XETÝý0¯��#(ei) Îý0¯� ei XETÝý0�-ó
#½ÞG«.0�¼Ýý0¯�^£�Õ�-ý0£Ý.0��|ÿÕ|ìÝ���
�L Pb : �-ý0£(bit error probability)

Pb ≤ 1

k

∑
i=1

(numbe of erroneous bits) · Pr{Ei}

=
1

k

∑
d2

i∈Γ

b · Ad2
i
Pd2

i

=
1

k

∑
d2

i∈Γ

Bd2
i
Pd2

i

(2.13)

Í� k ��N��` íá�-Íó�Bd2
i

= b · Ad2
i

�!§�	�Ê rnR < 4 Ý�µ�� Λ = {r(c, c̃)|∀ c 6= c̃ ∈ C}��-ý0£�|àì
P�î:

Pb ≤
1

k

∑
r∈Λ

Br

(
r∏

i=1

λi

)−nR (
1

4N0

)−rnR

(2.14)

Í� Br’s ÎETÝûÒ�H�
Bã|îÝ.05���|á¼	 rnR ≥ 4 `�T����¸ÿÎp A(c, ĉ) ¾Õ

�èÂvªóÂt����Ê¿í�-¥ó Bd2
i
T����J¿í�Dý0£º÷��

	 rnR < 4 Ý�µìm����¸ÿÎp A(c, ĉ) ¾Õ�èÂv��PÂt����Ê

16



¿í�-¥ó Br T����J¿í�Dý0£º÷��.h�'�`èDÝãJ�è
ãJ���PãJ�ªóãJ�|ÿÕJ@�¬v�|¢ã¿í�-¥ó¢ó¯&Æ?
Þ@Ý£?�D ÙýÝ¿í^£�
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Ï 3 a

&í�ý01�`èD

3.1 &í�ý01�`èD�'�ãJ

3&í�ý01�]ID[13][14]��¸à5Ò'��¢ó S(G) ¢|Ý�EyNÍ
íáXEèº&í�ý01��æÝ9>�&Æs¨Ey`èDôbv«Ý&í�ý
01��æ�Ey£]íá_D Ý�!�HùbÍET�t�¿]�Ã¦ÆûÒ�
��
Ý�&í�ý01��æ�#½�&ÆÞ¿àîZÝ�D¿íý0£î&§��
.0�_D NÍíá�HXET��D¿íý0£î&§�

´��Ê rnR ≥ 4 `Ý�µ�&ÆqAÏ (2.12) P�¿à¯�ý0^£Ý5�]
°�Þ�;¶�D Ï γ Ííá�HXETÝ¯�ý0^£


P
(γ) ≤

∑
i(d2

i∈Γ)

A
(γ)

d2
i
Pd2

i

Í� A
(γ)

d2
i

Ï γ Ííá�HXETÝ¿í­5¥ó�ÇÎÏ γ íá�Hsß�Dý0

CW d2
i �[ûÒÝ­5Íó�

#½�&Æ�|qAÏ(2.13)P¼à�ÍÏ γ íá�HET��-ý0£î&§�
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�îAì

Pb
(γ) ≤

∑
i(d2

i∈Γ)

B
(γ)

d2
i

Pd2
i

(3.1)

Í� B
(γ)

d2
i
JÎN×Ííá�HXETÝ¿í�-¥ó�ÇÎ¿íý0­5îETÕÏ

γ íá�Hsß�Dý0Ý�-¡ÝÍó��ÞÍ�î


B
(γ)

d2
i

= b
(γ)

d2
i
A

(γ)

d2
i

Í� b
(γ)

d2
i
�î3¿]�Ã§ÆûÒ
 d2

i f�ì�Ï γ íá�Hsß�Dý0Ý�-Í
ó�ãÏ(3.1)PÌDÿá�©�¸ÿN×Ííá�HXET�t�¿]�Ã¦ÆûÒ
d2

i ÷��µ�|¸ÿN×Ííá�HET�ý0£÷±�.h�N×Ííá�HXE
T�ý0£ãt�¿]�Ã¦ÆûÒ d2

i �
x�Ý��¢ó��ÍET�Xb��Ñ
@­5�ý0­5CW�t�¿]�Ã¦ÆûÒÍó��
g�Ý��¢ó�#½�&
Æ��L�Ý�&í�ý01�D�x�¢ó�ãJ�
�L:`èD C b kÍíá�H� nT qFXFa�íáÞ
�£G
 u = (ui

t ∀ i, t)�
_D ®ßÝFXDCÐr c = (ci

t ∀ i, t) ��D£?DCÐr ĉ = (ĉi
t ∀ i, t)��[è'

���î
R(G) = (rmin,1, rmin,2, · · · , rmin,k)�Í�Þ
�£Gíá_D Ï γ �HX
ET�t�è�îAì

rmin,γ = min
{∀c 6=ĉ∈C}

{rank (A(c, ĉ)) | ∃t uγ
t 6= ûγ

t } for 1 ≤ γ ≤ k.

Í� ûγ
t 
3` t `�EyÏ γ íá�H��D£G����2Xb�[è'��t

�Ý�Ç
J�¿íÝèÂ

rmin = min
{1≤γ≤k}

rmin,γ.
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�L: �'3 rnR ≥ 4 `�`èD C b k Ííá�H� nT qFXFa�íáÞ

�£G
 u = (ui

t ∀ i, t)�_D ®ßÝFXDCÐr c = (ci
t ∀ i, t) ��D£?DCÐ

r ĉ = (ĉi
t ∀ i, t)���[5Ò'��î
E(G) = (d2

min,1, d
2
min,2, · · · , d2

min,k)�Í�Þ�-
£Gíá_D Ï γ �HXET�t�¿]�Ã¦ÆûÒ�îAì

d2
min,γ = min

{∀c 6=ĉ∈C}


nT∑
i=1

L∑
t=1

|ci
t − ĉi

t|2 ∃t uγ
t 6= ûγ

t

 for 1 ≤ γ ≤ k.

Í�FX` 
 L�� ûγ
t 
3` t `�EyÏ γ íá�H��D£G����2X

b5Ò'��t�Ý�Ç
�[¿]�Ã¦ÆûÒT�Ì
�[ûÒ

d2
min = min

{1≤γ≤k}
d2

min,γ

&Æ�|¿à�[ûÒ�
`èD�D 3 rnR ≥ 4 `Ý¿í�Dý0£ÝÝ�ýã�
• 	 rnR ≥ 4�&í�ý01�D'�ãJ: Ey�¢�!ÝDC c õ ĉ�T��¸

£]íá_D ÝNÍ�HXET� rmin,γ ¾Õ�è�¬v��!`¸ÿ�[5Ò'�
�N×Í�[ûÒ d2

min,γ 
t��¢|è{`èDN×ÍíáXET�DC Ýt�
¿]�Ã¦ÆûÒ���ÿ´{Ý5/¦Ç�_D¦Ç�
�L: �'3 rnR < 4 `�`èD C b k Ííá�H� nT qFXFa�íáÞ


�£G
 u = (ui
t ∀ i, t)�_D ®ßÝFXDCÐr c = (ci

t ∀ i, t) ��D£?DCÐ
r ĉ = (ĉi

t ∀ i, t)���[5��PÂ��î
D(G) = (detmin,1, detmin,2, · · · , detmin,k)�
Í�N×Ííá�HXET�t���PÂ�îAì

detmin,γ = min
{∀c 6=ĉ∈C}

det

(
L∑

t=1

(c1
t − ĉ1

t , . . . , cnT
t − ĉnT

t )H(c1
t − ĉ1

t , . . . , cnT
t − ĉnT

t )

)
∃t uγ

t 6= ûγ
t


for 1 ≤ γ ≤ k.
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Í�FX` 
 L�� ûγ
t 
3` t `�EyÏ γ íá�H��D£G��Xb�[

5Ò��PÂ�t�Ý�Ç
t���PÂ

detmin = min
{1≤γ≤k}

detmin,γ

&Æ�|¿àt���PÂ�
`èD�D 3 rnR < 4 `Ý¿í�Dý0£ÝÝ�
ýã�

• 	 rnR < 4�&í�ý01�D'�ãJ: Ey�¢�!ÝDC c õ ĉ�T��¸
£]íá_D ÝNÍ�HXET� rmin,γ ¼����¬v��!`¸ÿ�[5Ò��
PÂ�N×Í detmin,γ Â
t����ÿ´{Ý5/¦Ç�_D¦Ç�

3.2 &í�ý01�`èD�ó�x

`èÉÜD�|à&9�!�P�îÍ_D Úx�êGt\ã Tarokh� Seshadri

õ Calderbank �ß3�- 1998 Oè�EÌP�`èDÝÉÜ�-�P[2]�#½��
- 2000 O�Gozail� Brianõ Woerner�ßè�Tà Calderbank-Mazo �Õ°[15] ¸à
@óÐóÝ]°�|�Õ�`èDÝó.�îP�!`ô�|¿àh�Õ°Þ`èD
ã�×_D Úx 5Wã;¼_D ����Ù¬v2à9¥Fa�Þ·ùÚx�
Q¡�3�- 2001 O Vucetic õ Yuan �ßqA Tarokh �ß'�`èDÝÃF�è�
M -PSK `èÉÜ_D �3ÍO�����&Æè�ËËÚx|�x�Ìbú�&í
�ý01��æÝ`èD�Í×&Æ;�[13][15]è��§¡�'�ãaPÞ�-]ID
�) M -PSK���Ù�9¥FaÚx�`èÉÜD�©»�¨²�&ÆÑ;ãChen�
VuceticõYuan�ßè��t·`èÉÜ_D Úx[12][16]�¾Õt·&í�ý01�
�æ�t¡�TàXÿÝ��
��!ÿÝé\¨´&í�ý01�`èD�
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3.2.1 ]ID�) M-PSK ���Ù�9¥FXFaÚx�`èD

�'Þ�- G 
 (n, k, m) ]ID_D �®ßÎp�Í� n 
_D í�Í
ó� k 
_D íáÍó� m 
õD Íó ; ¨²3` t `�Íí�Îp�î

xt = (x1

t , x
2
t , · · · , xn

t )�#ì¼�&Æ��L×Gr7 Îp(signal mapping matrix)�
¿àhÎp�]IDí�Îp�¶���Þ]ID�í�7 Õ*rÏ2%(signal

constellation)î�J&Æ�ÿÕ3` t�`èÉÜD�DCÐr�A%3.1Xî�Ç

Í_D �î�
�L: ×Í (n× nT ) M -PSKGr7 ÎpM��îAì

M =



2(log2 M)−1 0 · · · 0
2(log2 M)−2 0 · · · 0

...
...

. . .
...

20 0 · · · 0
0 2(log2 M)−1 · · · 0
0 2(log2 M)−2 · · · 0
...

...
. . . 0

0 20 · · · 0

0 0
. . . 0

...
...

. . .
...

0 0 · · · 2(log2 M)−1

0 0 · · · 2(log2 M)−2

...
...

. . .
...

0 0 · · · 20



(3.2)

Í� nT 
FXFaÍó� n 
]IDí�Íó�ã(3.2)P�L�M�Þ]ID�í
�7 Õ*rÏ2%�Í�î°Aì

(s1
t , s

2
t , ..., s

nT
t ) = (x1

t , x
2
t , · · · , xn

t )M

Í�si
t
3` t�ãÏiqFXFaX�ÝDCÐr�
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Expamle : ×Í (4, 2, 2) ]ID�®ßÎp¸à 2×4 4-PSK Gr7 Îp M�J
ET`èÉÜD�DCÐr��î


(s1
t , s

2
t ) = (x1

t , x
2
t , x

3
t , x

4
t )


2 0
1 0
0 2
0 1


h_D�Ùt¡ÞDCÐr si

t Bã�� (modulator)����Ç
`èÉÜD�Ù�
FXGr�

Convolutional
Code

Encoder 4PSK
Mapper

input
data

H
L

H
L

4PSK
Mapper

switch

% 3.1: �)Gr7  �]ID2à4PSK��]P�ÞqFXFa�`è_D 

3.2.2 `èÉÜD�&í�ý01�n;

êGt·`èÉÜD_D �¢å[12]Xî�3[12]�Vucetic�ßè�_D õD
 Ý4�]PÝ§×AìP

vp = bv + p− 1

log2 M
c.

¬ÎBãîZX�LÝ�[5Ò'�ÝÝ�ýã¡�s¨9�_D Úx);àFÙÝ
ÃF©�èº�×1��æ�
Ý'��&í�ý01�`èÉÜD_D Úx�&Æ
è�3ü�õD (register)Íóì�¢½;�_D õD Ý�4�]°�g)&í�
1�DãJ
Ý�&í�ý01��æÝýãì�Ç�0�Ít·&í�ý01�D�
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3.3 &í�ý01�`èD�é\¨´

3.3.1 ±�Ó�&í�ý01�`è_D�é\¨´]°���

ãÏ;3.2.1X�L�`èD©»�î°èº&Æ×±�Ó�Ý&í�ý01�`
èD�¨´]°�´��3ü�Ìb?Ý&í�ý0]ID®ßÎpì[14]�&Æ�|
¢½;�Gr7 Îp�¾Õ�×_D &í�ý01��êÝ�.h�¥�P´{Ý
�-Ç��ÿ´·�1���¥�P±Jg���ï�&Æ©�0�XbGr7 Îp
��P�Þ]IDí��Gr7 Îp�×E×(one-to-one)�ET�A%3.1Xî�q
A�[5Ò'�ÝÝ�ýã�Ç�|�ÿ[��ý�&í�ý01�`èD�h²�ã
yXbGr7 Îp�óê´K�&Æ�|3´±�Ó�ì�W&í�ý01�D�
é\¨´�| 4-PSK ¸à ÞqFXFa
»�ÍGr7 ÎpÍó©b 4! = 24 Ë�
#½Þ1�A¢;�Gr7 Îp�

&Æ�ã%3.1_D Úxì5����G«X��ó.�óÚx�)�&Æ'�
×øð ÞN×Í]IDNÍí�5½ET×Gr7  Ý×Ííá�hêÝÎÞ]
IDí�7 ÕGrÏ2%î��ÿÕ`èÉÜD�DCÐr�&Æ�|¢½6ðø
ð �]IDí��×E×ET��;�Gr3Ï2è îÝ�H�h]°�ó.�
î°8ñT�|îZÜExample�u&Æ��øð 6ð��½Þ]ID�Ï×Íí�
�ÏÞÍí�EÏ×ÍGr7  î�{±�-!86ð�ÍµÇ!JAì:

;�Gr7 Îp�ãJ:

(1)���;�Gr7 ÎpM���-ôîì�H�
(2)EyN×�©�b×-ô�
ë�
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î»t¡ÿÕÝ��


(s1
t , s

2
t ) = (x1

t , x
2
t , x

3
t , x

4
t )


1 0
2 0
0 2
0 1


¿à9Ë'�]P�b[£Ý�ÿ[��ýÝ&í�ý01�D�¬v��Ýª

±é\¨´��Ó��|ì&Æ¿à?Ý&í�ý01�]ID[16]�Ü×°ÍET�
t·Gr7 Îp�A�3.2��3.3��3.4��3.5��3.2��3.3
¸à2
4��]I
D�)4-PSKGr7  �`è_D��3.4��3.5
¸à3
4��]ID�)4-PSKG
r7  �`è_D��]ID�®ßÎp|â
��î�

3.3.2 {�Ó�&í�ý01�`èÉÜD�é\¨´]°���

ãÿa@~�s¨�|Vucetic�ß'�Ý`è_D Úx[12]�3ü�õD Íó
ì�&Æ�|¢½;�õD ÝXb��Ý4�]°�Q¡;�N×ÍõD XET
ÕÝ®ß;ó�gp

q,i ∈ 0, 1, · · · , M − 1��
&í�ý01�`èÉÜDÝ¨´�P��
µA�[5Ò'��&í�ý01�D'�ãJÝ�¡� ó�EyNÍíá�Hè
ºt·Ý&í�ý01��æ�|ìÞ+Û&í�ý01�`èÉÜDÍ¨´]°X
µÇM»:

&í�ý01�`èÉÜDÍ¨´�M»:

(1)ó����Ù M -PSK �FXFaó nT�
(2)ó�õD Àóv�¬v4��Í�×Ë��P�
(3)0�XbõD XETÝ®ß;óÝ��P��
Í¨´Ý_D �î°�
(4)N0�×Ë��Ý_D �î°�Ç�ÕÍETÝ�[5Ò'��
(5)f´�[5Ò'��ó�t·Ý&í�ý01�`èÉÜD�
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Expamle : �'&Æ�¨´ü�ËÍõD �ËÍíá�¬v¸à4-PSK���Ù
�ËqFXFaì�Ìbt·&í�ý01��æÝ`èÉÜD�´��0�õD b
ËË4�]P�Í×
FÙÝ_D �PA%3.2�Í_D Ý®ß]�P�îAì

(s1
t , s

2
t ) = I1

t−1(g
1
1,1, g

1
1,2)⊕4 I2

t−1(g
2
1,1, g

2
1,2)⊕4 I1

t (g1
0,1, g

1
0,2)⊕4 I2

t (g2
0,1, g

2
0,2)

#½&Æ0�NÍõD Xb��ETÕÝ®ß;ó�Ç�|0�Xb_D Ý��
P
 48 Ë�Q¡ÞXb_D BÄ�[5Ò'�ýãÝ�¡�s¨t·�[5Ò'�

E(G) = (10, 10)�3õD 3EÌ4�Ý�Pì¬�Ìn{[�Ý&í�ý01��
æ��A%3.3Xî�
ü�ËÍõD ìÝÏÞË�î°��Þ_D Ý®ß]�P
�îAì

(s1
t , s

2
t ) = I2

t−2(g
2
2,1, g

2
2,2)⊕4 I2

t−1(g
2
1,1, g

2
1,2)⊕4 I1

t (g1
0,1, g

1
0,2)⊕4 I2

t (g2
0,1, g

2
0,2)

µî�]°0�Xb_D ¡�BÄ�[5Ò'�ýãÝ�¡�s¨t·�[5Ò'
�
E(G) = (4, 14)�A�3.2Xî�3ü�ËÍõD ì����2`èÉÜD�|è
º��!mOÝ9ª�£G&í�Ýý01��æ�Í�Ï2Ííá�H38!�Ó�
ì��|èº?·Ý1��æ��Ï×Ííá�HJg��t¡&ÆÞêG�0�Ýt
·&í�ý01�`èÉÜD��y�3.2�

∑

),( 1
0,2

1
0,1 gg

mod 4

2
tI

1
tI

1
1-tI

2
1-tI

),( 21
tt ss

),( 1
1,2

1
1,1 gg

),( 2
0,2

2
0,1 gg

),( 2
1,2

2
1,1 gg

% 3.2: FÙÞíáÞõD `èÉÜD_D 

26



),( 1
0,2

1
0,1 gg

mod 4
2
tI

1
tI

2
2-tI

2
1-tI

),( 21
tt ss

),( 2
2,2

2
2,1 gg

),( 2
0,2

2
0,1 gg

),( 2
1,2

2
1,1 gg

∑

% 3.3: ±P&í�ý01��ÞíáÞõD `èÉÜD_D 

3.4 &í�ý01�`èD�ÿa�D¡

h�;&ÆÞÜ�1�ãé\ÿa�×��8�Ý&í�ý01�`èDÝ[��
3h¡Z�ÝXbÿaÝ�(�'3¿%è¿<ÊÝ;¼���Ê� 3.1 �¸à 4PSK

��]P�ËFXFa (nT = 2) vËÍõD (v = 2) Ý&í�ý01�`èÒÜD�
®ß���îAì

g1 = [(2, 0)] g2 = [(1, 2), (1, 3), (0, 2)]

Í�hà&í�ý01�`èÒÜDETÝ�[5Ò'�
 E(G) = (4, 14) Ï×Ííá
�HXETÝ�[ûÒ
 4��ÏÞÍíá�HXETÝ�[ûÒ
 14�¸àé\ÿ
a�¼Ý�-ý0£Ý`a5µ��A% 3.4 Xî��&Æ��Ü Vucetic ¸àªóã
JXè�Ýt·`èÒÜD�×f´�®ß���îAì

g1 = [(0, 2), (1, 2)] g2 = [(2, 3), (2, 0)]

Í�hà`èÒÜDXETÝ�[5Ò'�
 E(G) = (10, 10)��ÿa�¼Ý�-ý0
£Ý`a5µ��A% 3.5 Xî�% 3.5 �¸à input 1 � input 2 Ý�î°5½��Ï
×Ííá�H�ÏÞÍíá�HX�îÝ`a�

&Æã% 3.4 �% 3.5 Ý�-ý0£ÿa�&Æ�|s¨Ï×à&í�ý01�`
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èÒÜD@@�|qA¸_D íáÝ�H�!�èº�!Ýý01��æ��ÏÞ
àt·`èÒÜD¬�Ìb&í�ý0Ý1��æ�#½�&Æ�|5½E9ËàD
Ï×Ííá�HETÝ�-ý0£`a�f´����2s¨% 3.5 f 3.4 ?��EÏ
ÞÍí
á�HXEÝ�-ý0£�f´�J% 3.4 f 3.5 ?�Q¡&Æ�5½E9Ë
à`èÒÜDÌbÝ�[5Ò'��f´�ô�|�z½s¨ÏÞàDÝÏ×Ííá
�HETÝ�[ûÒfÏ×à���ÏÞÍíá�HJD��ãG«a;Ý5��&
Æ�|ÿáN×Ííá�HXETÝ�[ûÒ÷��ÍETÝý0£Jº÷±��¢
ã|îÝÌD&Æ�|ÿÕ�?ÝTJ��[5Ò'�@@�|à¼É�NÍíá�
HXETÝý01��æ�

#½�&ÆÞÜ»1�	�[ûÒ8�`&ÆA¢f´ËïÝ[�?û��Ê�
3.2 �¸à 4PSK ��]P�2FXFa�2ÍõD õ3ÍíáÝ&í�ý01�`è
D�®ßÎp�îAì

G =

0 0 1 2
0 1 1 1
3 0 2 3



0 2 4 6 8 10 12 14 16 18 20
10

−5

10
−4

10
−3

10
−2

10
−1

B
it 

E
rr

or
 P

ro
ba

bi
lit

y

SNR (dB)

Average BER
Nonessential data, d2

1,min
=4

Essential data, d2
2,min

=14

% 3.4: 4-ÏV 4PSK k = 2 nT = 2 nR = 2 &í�ý01�`èÉÜDÝ�-ý0£
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0 2 4 6 8 10 12 14
10

−5

10
−4

10
−3

10
−2

10
−1

B
it 

E
rr

or
 P

ro
ba

bi
lit

y

SNR (dB)

Average BER
input 1, d2

1,min
=10

input 2, d2
2,min

=10

% 3.5: 4-ÏV 4PSK k = 2 nT = 2 nR = 2 �Ë&í�ý01��æÝ`èÉÜDÝ�-
ý0£
Í�¸àÝGr7 Îp�îAì

M =


2 0
1 0
0 1
0 2


hà&í�ý01�`èDETÝ�[5Ò'�
 E(G) = (6, 4, 6)�&Æs¨Ï×Íí
á�HXETÝ�[ûÒ
 6�ÏëÍíá�HXETÝ�Hô
 6��¸Æ5½ET
Ý¿í�-¥ó
 B

(1)

d2
min

= 5 � B
(2)

d2
min

= 0.33�&Æ�|s¨4QÏ×Ííá�ÏëÍ
íá�HXETÝ�[ûÒ×ø�¬Î5½ETÕÝ¿í�-¥óÏëÍíá�Hf
Ï×Ííá�HETÕÝ��A%3.6Xî��%�&Æs¨@@ÏëÍíá�Hÿa
�¼Ý�-ý0£@@fÏ×Ííá�HÝ±�.h&Æ�|ã9»�ÿÕTJ�¾
½DÝ[�?û`��Ê�[ûÒ��¢�¿í�-¥ó��|ï£hàDÝ[��A
%3.7Xî�JÎè{FXFaÍó� 4 q�ÿÕ´{Ý5/¦Ç�ô�|?z½Ý5
½�5½ETÕÝ�-ý0£Ý{±�
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0 2 4 6 8 10 12 14 16 18 20
10

−5

10
−4

10
−3

10
−2

10
−1

B
it 

E
rr

or
 P

ro
ba

bi
lit

y

SNR (dB)

input 1, d2
1,min

=6, B
d

2

min

=5 

input 2, d2
2,min

=4, B
d

2

min

=5

input 3, d2
3,min

=6, B
d

2

min

=0.33

% 3.6: 4-ÏV 4PSK k = 3 nT = 2 nR = 2 &í�ý01�`èDÝ�-ý0£

0 1 2 3 4 5 6 7 8 9
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d

2

min

=5   

input 2, d2
min,1

=4, B
d

2

min

=5   

input 3, d2
min,1

=6, B
d

2

min

=0.33

% 3.7: 4-ÏV 4PSK k = 3 nT = 2 nR = 4 &í�ý01�`èDÝ�-ý0£
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3.5 �+

3Í���Ï×O��&Æ�)&í�ý01��`è_D*��è�ãè Ì
Fì�5�]°�[ãËï�8F|'��Ê)yPaFí�;¼_D�Ù�h]°x
�Î"D`è_DÍ��&í�ý01��æ�qA£]íá`è_D ��H�!�
�DÌÍ1��æ��!�¬vãgEý0£5��.��3 rnR ≥ 4�3 rnR < 4 `
Ý�`èDý01��æ�Ë�¢ó��L�EyÍ�!íáET��[5Ò'��
�[5Ò��PÂ�¢hÝ�`è_D&í�ý01��æ�h²�&Æè�ËËÚ
x|�x�Ìbú�&í�ý01��æÝ`èD�Í×&Æ;�[8]è��§¡�'
�ãaPÞ�-]ID�) M -PSK���Ù�9¥FaÚx�`èÉÜD�©»�¨
²�&ÆÑ;ãChen�VuceticõYuan�ßè��t·`èÉÜ_D Úx[9]�¾Õt
·&í�ý01��æ�t¡�TàXÿÝ��
��!ÿÝé\¨´&í�ý01
�`èD�

31



� 3.1: ×��8�&í�ý01��`èÉÜD¸à4PSK��]P�ÞqFXFa

vnT   
Generator 

sequences 
E(G) 2dA 2dB )1(

2d
A )2(

2d
A  )1(

2d
B  

)2(
2d

B

2 2 
g1=[(2,0)] 

g2=[(1,2), (1,3),(0,2)] 
4 14 1 0.5 1 4 1 4 

2 3 
g1=[(2,0)] 

g2=[(1,2), (0,2),(1,3),(0,2)] 
4 18 1 0.5 1 4 1 4 

2 3 
g1=[(2,2)] 

g2=[(3,3), (1,0),(1,3),(2,0)] 
8 14 1 0.5 1 8 1 8 

2 4 
g1=[(2,0)] 

g2=[(1,0), (1,3),(1,2),(0,1),(3,2)] 
4 20 1 0.5 1 62 1 92 

2 4 
g1=[(2,2)] 

g2=[(2,0), (3,1),(1,1),(1,0),(0,2)] 
8 18 1 0.5 1 24 1 40 

2 5 
g1=[(0,2)] 

g2=[(2,0), (2,3),(2,1),(3,0),(0,1),(2,3)] 
4 24 1 0.5 1 15.5 1 32 

2 5 
g1=[(2,2)] 

g2=[(2,0), (3,1),(1,0),(1,3),(0,2),(2,1)] 
8 20 1 0.5 1 36 1 60 

2 5 
g1=[(1,0),(2,0)] 

g2=[(2,2),(0,2),(1,3),(1,2),(2,1)] 
12 18 1 0.5 1 16 1 24 

2 6 
g1=[(0,2),(2,3)] 

g2=[(3,0),(2,2),(1,0),(1,1),(2,1),(1,3)] 
12 20 1 0.5 1 24 1 40 

2 6 
g1=[(2,2)] 

g2=[(1,1), (3,0),(3,3),(2,1),(1,3),(2,0),(1,3)] 
8 24 1 0.5 1 48 1 64 
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� 3.2: ×��TàGr7 Îp8�&í�ý01��`èD¸à 4PSK nT = 2 k = 2

n k m 
Canonical 

PGM 

Fornry

indices
S(G) MT E(G) 2dA 2dB )1(

2d
A )2(

2d
A  )1(

2d
B  

)2(
2d

B

0 1 2 0

1 0 0 2 
4 8 1 0.5 1 2 1 2 

4 2 1 
3203
0011  0 1 2 5 

0 0 1 2

1 2 0 0
2 10 1 0.5 1 1 1 1 

4 2 2 0577
1001  0 2 2 8 

0 0 2 1

1 2 0 0
4 14 1 0.5 1 3 1 4 

1 0 2 0

0 1 0 2
4 18 1 0.5 1 4 1 4 

4 2 3 1715013
0011  0 3 2 10 

2 0 0 1

0 2 1 0
8 14 1 0.5 1 8 1 8 

4 2 3 
7156
0321  1 2 4 8 

0 1 0 2

2 0 1 0
6 14 1 0.5 1 2 0.5 3 

0 1 2 0

1 0 0 2
8 16 1 0.5 1 32 1 48 

4 2 3 
3174
2233  1 2 6 7 

0 2 1 0

1 0 0 2
10 12 1 0.5 1 2 1 2 

4 2 4 
0321725
1111  0 4 4 10 

2 1 0 0

0 0 2 1
4 20 1 0.5 1 52 1 120 

1 0 2 0

0 2 0 1
4 20 1 0.5 1 16 1 32 

4 2 4 
0373325
1001  0 4 2 12 

2 0 1 0

0 1 0 2
8 18 1 0.5 1 15 1 16 

1 0 2 0

0 2 0 1
4 24 1 0.5 1 24 1 40 

4 2 5 
0555745
1001  0 5 2 13 

2 0 1 0

0 1 0 2
8 18 1 0.5 1 16 1 16 
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� 3.3: ;��3.2 

n k m 
Canonical 

PGM 

Fornry 

indices 
S(G) MT E(G) 2dA 2dB )1(

2d
A )2(

2d
A  )1(

2d
B  

)2(
2d

B

0 2 0 1

2 0 1 0
10 18 1 0.5 1 4 1 6 

4 2 5 
5151314
6701  2 3 6 10 

0 2 1 0

2 0 0 1
12 16 1 1 1 1 2 2 

4 2 5 
0665137
1111  0 5 4 12 

1 0 2 0

0 2 0 1 
4 22 1 0.5 1 1 32 32 

4 2 5 
3675

153160  3 2 8 9 
0 1 2 0

1 0 0 2
18 14 1 0.5 7 1 14 1 

0 2 0 1

2 0 1 0
12 18 1 0.5 1 1 1 1 

4 2 6 
20351135
1750  2 4 6 11 

0 0 1 2

1 2 0 0
14 16 1 0.5 1 2 1 3 

2 0 0 1

0 2 1 0
4 26 1 0.5 1 8 1 8 

0 1 0 2

2 0 1 0
6 22 1 0.5 1 1 1 1 4 2 6 0165167113

1100  0 6 2 15 

1 0 2 0

0 1 0 2
8 20 1 0.5 1 8 1 8 

2 0 1 0

0 1 0 2
4 24 1 0.5 1 44 1 56 

4 2 6 
40256763
1212  1 5 4 13 

2 1 0 0

0 0 1 2
12 20 1 0.5 1 9 1 12 
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� 3.4: ×��TàGr7 Îp8�&í�ý01��`èD¸à 4PSK nT = 2 k = 3 

n k m 
Canonical 

PGM 

Fornry

indices
S(G) MT E(G) 2dA 2dB )1(

2d
A )2(

2d
A  )3(

2d
A  )1(

2d
B )2(

2d
B )3(

2d
B

4 3 2 
3203
1110
2100

 1 0 1 2 3 4 
2 1 0 0

0 0 2 1
6 4 6 1 0.33 1 5 3 0.33 5 5 

4 3 3 
001316
0110
1010

 0 0 3 2 2 6 
0 2 1 0

2 0 0 1
6 2 10 1 0.33 1 1 4 1 1 4 

4 3 3 
0435
0132
1111

 0 1 2 4 4 5 
0 1 0 2

2 0 1 0
4 8 8 1 0.33 1 14 14 1 18 18 

4 3 4 
003127
0101
1001

 0 0 4 2 2 7 
2 0 1 0

0 2 0 1
6 2 12 1 0.33 1 1 12 1 1 16 

4 3 4 
0743
0417
1111

 0 2 2 4 5 5 
0 0 2 1

2 1 0 0
4 10 10 1 0.33 1 21 17 1 37 26 

4 3 4 
015516
0321
1111

 0 1 3 4 4 6 
2 1 0 0

0 0 2 1
4 8 8 1 0.33 1 4 4 1 12 4 

4 3 5 
061515
0743
1111

 0 2 3 4 6 6 
0 0 1 2

2 1 0 0
4 10 10 1 0.33 1 8 24 1 16 56 

4 3 5 
006537
1010
0101

 0 0 5 2 2 8 
1 0 0 2

0 1 2 0
4 4 12 1 0.67 1 1 8 1 1 8 
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� 3.5: ;��3.4 

n k m 
Canonical 

PGM 

Fornry

indices
S(G) MT E(G) 2dA 2dB )1(

2d
A )2(

2d
A  )3(

2d
A  )1(

2d
B )2(

2d
B )3(

2d
B

4 3 5 
0311136
0321
1111

 0 1 4 4 4 7 
0 0 1 2

2 1 0 0
4 10 1 0 1 0.33 1 4 6 1 18 4 

0 0 2 1

2 1 0 0
2 12 12 1 0.33 1 6 4 1 12 4 

4 3 6 
0371326
0367
1100

 0 2 4 2 6 7 
1 0 0 2

0 2 1 0
6 10 10 1 0.33 1 4 5 1 7 5 

4 3 6 
01470135
0011
1100

 0 0 6 2 2 10 
2 0 1 0

0 1 0 2 
4 4 12 1 0.67 1 1 16 1 1 48 

4 3 6 
0214057
0213
1111

 0 1 5 4 4 8 
2 0 0 1

0 2 1 0
4 10 12 1 0.33 1 2 4 1 2 4 
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Ï 4 a

D£<g[ã`èD

4.1 [ã`èDÝ_D

�Ê nT qFXFa�nR q#[FaÝ`èD�Ù��'FXÝ*r��Î L�
�L ci

t 
3` t�Ï i qFXFaXFX�Ý*r�Í� ∀1 ≤ t ≤ L�∀1 ≤ i ≤ nT�
Þ[ãÝ*�Tày`èD�Ç��PÝÀtØqFaîÝ*r ci

t�Bã9øÝ�)�
'��×±Ý_D�Ù�Ì�
[ã`èD�

[ã`èDÝ*�Î¿à×Í[ã�(punctured table)�ÞDC��P2Àt��
L×Í[ã��
 pÝ[ã� A�AÎ×Í nT × pÝÎp�Îp/Ý-ô| ax,y �î�
∀ax,y ∈ 0, 1�3` t `FXÝ*r�A� ai,tmodp = 1���*r�FX���D�A
� ai,tmodp = 0�JÎ�FX�Bãî�Ý[ã^×�	[ã��Ý-ô ax,y = 1 Ýó�
÷K`�ºETÕ´-Ý1��æ�3h�L`èDÝD£
FX×Í*rº�µ£
]�-Ýóê�.h�'ÒDÎËqFXFaÝ`èD�¬v¸à QPSK ��]P�
ÍD£�|�îW 1 �-/FX*r�A�b×Í��
 2 Ý[ã�Aì:

A =

(
1 1
0 1

)
Bã[ã� A XÿÕÝ�D�ÍETÝD£ºÎ 4/3 �-/FX*r�.h×�¼1�
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E×ÍÌb φ Í&ë-ôÝ[ã�����|®ßD£
 nT p/φ Ý�D�

4.2 [ã`èDÝ�D

�L xi
t 
[ãD��3` F t�Ï i qFXFaXFXÝ*r��'FX;¼

ÎX>¿%<[(slowly flat fading)�Ï j q#[FaÝ#[*r rj
t�j = 1, 2, ..., nR��

|�îAì:

rj
t =

nT∑
i=1

αi,j · xi
t + nj

t

Í� αi,j 
Ï i qFXFaÕÏ j q#[FaÝ­5¦Ç�� nj
t J
¿íÂ
ë�

NÍî��²ó
 N0/2 Ýç�{úÓG(AWGN)��';¼ÏV£GÎ§�Ý�Ç
αi,j , i = 1, 2, · · · , nT , j = 1, 2, · · · , nR Ey#[ÐÎ�áÝf�ì�qAt���P�D
(Maximum likelihood decoding)�¶W

Pr{rj
t ∀j, t | x̂i

t, αi,j ∀ i, j, t} =
∏

t

∏
j

1

πN0

exp

(
−
∣∣rj

t −
∑

i αi,j · x̂i
t

∣∣2
N0

)

¿àt���P�Õ°��|ÿÕ decision metric Aì�.h	 decision metric t�Ý
`Î��D £?�FXÝ*r�x̂i

t�
∑

t

∑
j

∣∣∣∣∣rj
t −

∑
i

αi,j · x̂i
t

∣∣∣∣∣
2

(4.0)

� ĉi
t Î8Ey x̂i

t�^bBÄ[ãÝÒDXFXÝ*r�.h (4.0) P�|¶W:

∑
t

∑
j

∣∣∣∣∣rj
t −

∑
i

αi,j · ai,t mod p · ĉi
t

∣∣∣∣∣
2

(4.1)

ÞîP�^b®[ãÝÒD��D metric �f´
∑

t

∑
j

∣∣∣∣∣rj
t −

∑
i

αi,j · ĉi
t

∣∣∣∣∣
2
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Bãf´¡��|s¨[ãD�ÒDÝt���P�DÝ metric Ý-½3y[ãD9
Ý ai,t mod p�.hæÍàyÒDÝ�D �|E×��Ý[ã�D�D�

4.3 [ã`èDÝ'�ãJ

3Ï 2.4 ;�&Æ5�Ý`èDÝ�-ý0£��Ê rnR ≥ 4 `Ý�µ�ã(2.12)P
á¼�D �Dý0Ý¿íý0^£


P (E|j) ≤
∑
d2

i∈Γ

Ad2
i
Pd2

i
(4.1)

ã (2.13)P�|á¼[ãD¿í�-ý0£î&


Pb ≤ 1

k

∑
d2

i∈Γ

Bd2
i
Pd2

i
(4.2)

Q��Ey[ã`èD���ãy[ãD«` Ý8nP�.h[ã�Ey¯�
ý0£ºbXÅ(��'[ã��
p�&ÆÞ[ã�� p Í` Ú
×Í±Ý��`
 �¿í¯�ý0^£�¿í�-ý0^£�|;¶Aì:

¿í¯�ý0^£

P (E|j) ≤ 1

p

∑
d2

i∈Γ

Ad2
i
Pd2

i
(4.3)

¿í�-ý0^£

Pb ≤ 1

pk

∑
d2

i∈Γ

Bd2
i
Pd2

i
(4.4)

�|îËÍP��|:�Ad2
i
�Bd2

i
E�D Ùý^£ÝÅ(�Ç9ËÍ¢óÎ[ã`è

D'�ãJ�8�Dé\¨´Ý¥�¢�µA�
�Ê×ÒD C Bã[ã� A ÿÕ[ãD Ĉ��^bBÄ[ãÝËÍDCÐr


c = (ci
t ∀ i, t) õ c̃ = (c̃i

t ∀ i, t)��BÄ[ã� A ¡ÿÕÝDCÐr
 x = (xi
t ∀ i, t) õ
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x̃ = (x̃i
t ∀ i, t)�qA (4.1)P��D ÞFX*r c ¾\W c̃ ÝWEý0^£î\&�

¶


Pr{x → x̃ | ∀ αi,j} ≤
1

2
exp

 −1

4N0

L∑
t=1

nR∑
j=1

∣∣∣∣∣
nT∑
i=1

αi,j · ai,t mod p · (ci,t − c̃i,t)

∣∣∣∣∣
2
 (4.5)

�L×nT × Lb[DC-²Îp(effective codeword difference matrix) BA(c, c̃)

BA(c, c̃)=


a1,1(c1,1 − c̃1,1) a1,2(c1,2 − c̃1,2) · · · a1,L mod p(c1,L − c̃1,L)
a2,1(c2,1 − c̃2,1) a2,2(c2,2 − c̃2,2) · · · a2,L mod p(c2,L − c̃2,L)

...
...

. . .
...

anT ,1(cnT ,1 − c̃nT ,1) anT ,2(cnT ,2 − c̃nT ,2) · · · anT ,L mod p(cnT ,L − c̃nT ,L)


#½�b[DCûÒÎp(effective codeword distance matrix)�QA(c, c̃)

QA(c, c̃) = BA(c, c̃) ·BH
A (c, c̃)

¢� 2.3 ;Ý.0�(4.5) P�|;¶W

Pr{x → x̃ | ∀ αi,j} ≤
1

2
exp

(
−1

4N0

nR∑
j=1

nT∑
i=1

λi |βi,j|2
)

. (4.6)

�L rA(c, c̃) 
Îp QA(c, c̃) Ýè�Ì
b[è(effective rank)��Ê;¼Î Rayleigh

<Ê�v3{GÓfÝ�µì�(4.6) �|�;W

Pr{x → x̃} ≤

rA(c,c̃)∏
i=1

λi

Es

−nR (
Es

4N0

)−rA(c,c̃)nR

(4.7)

Q��Ey rA(c, c̃)nR ≥ 4 Ý�µ�Ï (4.6) P�Ý ∑nR

j=1

∑nT

i=1 λi |βi,j|2 �|�«W{ú
�^�ó��WEý0£Ýî&t¡�|;�W [2]

Pr{x → x̃} ≤ 1

4
exp

(
−nR

4N0

nT∑
i=1

λi

)
(4.8)

�LBÄ[ã� A ¡ c õ c̃ � Ýb[ûÒ(effective distance)


d2
A(c, c̃) =

L∑
t=0

nT∑
i=1

|ai,t mod p · (ci,t − c̃i,t)|2 (4.8)
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BãÌD�&Æá¼ ∑nT

i=1 λi = d2
A(c, c̃), .h�Ï (4.8) P�|;¶W

Pr{x → x̃} ≤ 1

4
exp

(
−nR

4N0

d2
A(c, c̃)

)
(4.9)

�G«Ý+Û�&Æá¼qA rA(c, c̃)nR ÂÝ��ºETÕËË�!ÝWEý0^
£�îP�� rmin(Ĉ) 
[ãD Ĉ t�Ýb[è��îAì

rmin(Ĉ) = min
∀ c 6=c̃∈C

rA(c, c̃)

|ìË�;�&ÆÞ+Ûµ rmin(Ĉ)nR Â�!XETÕÝËË[ã`èDÝ'�ãJ�

4.3.1 rmin(Ĉ)nR < 4�5�

� Λ = {rA(c, c̃)|∀ c 6= c̃ ∈ C}�[ãD Ĉ Ý�-ý0£î&�îAì:

Pb(Ĉ) ≤
∑
r∈Λ

Br

(
r∏

i=1

λi

Es

)−nR (
Es

4N0

)−rnR

(4.8)

Í� Br’s ��ÝÎûÒ�H��t�b[��P�î°Aì

detmin(Ĉ) = min
{∀ c 6=c̃∈C|rA(c,c̃)=rmin(Ĉ)}

rmin(Ĉ)∏
i=1

λi

Es

.

ÌD (4.3.1)P��|á¼3{GÓfÝ�µ�[ãDÝ[�?û�|ã
(
rmin(Ĉ), detmin(Ĉ), Brmin(Ĉ)

)
X��	 rmin(Ĉ) õ detmin(Ĉ) ÷�`�[ãD Ĉ ºÌb´?Ý[�;�uÎ�!Ý[
ãDÌb8!Ý rmin(Ĉ) õ detmin(Ĉ)�JÎf´ Brmin(Ĉ)�÷�J[�÷?�.h�3
¨´´?Ý[ã�D`�[ã�Ä6'�W¯[ãDÝ rmin(Ĉ) õ detmin(Ĉ) ÷�|C
Brmin(Ĉ) ÷�÷?�

4.3.2 rmin(Ĉ)nR ≥ 4�5�

qA(4.9)P[ãD Ĉ Ý�-ý0£î&�|¶W

Pb(Ĉ) ≤
∑
d2∈Γ

Bd2 exp

(
−m · d2

4N0

)
(4.7)
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Í� Γ = {d2
A(c, c̃) | ∀ c 6= c̃ ∈ C}�� Bd2 ’s ÎûÒ�H��L[ãD Ĉ Ýt�b[û

ÒAì

d2
min(Ĉ) = min

∀ c 6=c̃∈C
d2

A(c, c̃)

ÌD (4.3.2)P��|á¼3{GÓfÝ�µ�[ãDÝ[�?û�|ã
(
d2

min(Ĉ), Bd2
min(Ĉ)

)
X��	 d2

min(Ĉ)÷�`�[ãD Ĉ ºÌb÷?Ý[�;�uÎ�!Ý[ãDÌb8!Ý
d2

min(Ĉ)�JÎf´ Bd2
min(Ĉ)�÷�J[�÷?�.h�3¨´´?Ý[ã�D`�[ã

�Ä6'�W¯[ãDÝ d2
min(Ĉ) ÷�|CBd2

min(Ĉ) ÷�÷?�

4.4 Tà[ã`èDy&í�ý01�

	FX£]¥����!T;¼�(º;�`��Ùm�Ìn&í�ý01�Ý
���ó�×`èD��|óã�!Ý[ã���ñ�×��Ìb�!1��æÝ[ã
D��v×���DK�|¿àÒDÝ_D ��D 
�_D��D�.h[ã`
èD&ðÊ)�&í�ý01��

�'�FXÝ£]�-À�b N Í�µï�!ÝFX�-b�!Ý1�mO�Þ
£]�-��5
 W ÍËvÝ£]Ù�Sl�N×ÍËvETÕ�!Ý�-ý0£ Pb,l�
1 ≤ l ≤ W�Í�Pb,1 ≥ Pb,2 ≥ · · · ≥ Pb,W�v∑W

l=1 Sl = N� ¨3�Bá¼1�ÝËvb
W Ë�.hm� W Í�!Ý[ã�®ßÝ�D�´�&ÆóC×Íý01��æ´·
Ý`èÒD C��óCÊ	Ý[ã� A(l) |®ß×��Ìb�!ý01��æÝ�D
Ĉl�¬v&Í�!Ý�DÝ

(
d2

min(Ĉl), Bd2
min(Ĉl)

)
���£]XETÝ�-ý0£ Pb,l�

�[ã��|µïíá£]Xm�Ýý01��æ��V2óC6ð�A%4.1
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Enc oder of the
Parent Code

A(1) for S 1

A(2) for S 2

A(W ) for S w

to Channel

Punc utring Unit

M

% 4.1: 6ð[ã�^×

Q��3�V6ð[ã�`���ºCW��ï�Ýb[ûÒª´�0lP°¾
ÕFX£]Xm�Ýý01��æ�Ü»¼1��Ê×�ËÍ[ã�[ãÝ`èD�[
ã�AìXî:

A(1) =

(
0 0 0 1
1 1 1 1

)
and A(2) =

(
1 1 1 1
1 0 0 1

)
. (4.6)

�'bËÍDCÐr
 c = (ci,t ∀ i, t) õ c̃ = (c̃i,t ∀ i, t)�vDC-²ûp�îAì
(

e0,0 e0,1 e0,2 e0,3 0 0 0 e0,7

e1,0 0 0 0 e1,4 e1,5 e1,6 e1,7

)
(4.6)

Í� ei,t = ci,t− c̃i,t��î3` t`�Ï iqFaÐr Ý-û�	ÒD�[ã� A(1)

X[ã�qA (4.3)�DCÐr c = (ci,t ∀ i, t) õ c̃ = (c̃i,t ∀ i, t) � Ýb[ûÒ


d2
A(1)(c, c̃) = |e0,3|2 + |e0,7|2|e1,0|2 + |e1,4|2 + |e1,5|2 + |e1,6|2 + |e1,7|2

�	ÒD�[ã� A(2) X[ã�DCÐr c = (ci,t ∀ i, t) õ c̃ = (c̃i,t ∀ i, t) � Ýb[
ûÒJ


d2
A(2)(c, c̃) = |e0,0|2 + |e0,1|2 + |e0,2|2 + |e0,3|2 + |e0,7|2|e1,0|2 + |e1,4|2 + |e1,7|2
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�' 3` 0 ≤ t ≤ 3 ¸à[ã� A(1)�Q¡3` 4 ≤ t ≤ 7 6ðÕ[ã� A(2)�h
`(4.4)PÝ-²Îpº�Wì��P

(
× × × e0,3 0 0 0 e0,7

e1,0 0 0 0 e1,4 × × e1,7

)

ETÕÝb[ûÒ


d2
A(1)|A(2)(c, c̃) = |e0,3|2 + |e0,7|2 + |e1,0|2 + |e1,4|2 + |e1,7|2

�9Í»��&Æs¨ d2
A(1)|A(2)(c, c̃) f d2

A(1)(c, c̃) õ d2
A(2)(c, c̃) K¼ÿ���ãy6ð

[ã�sßÝb[ûÒ��Ý���ÇCWý01��æª±�.h&Æ��¹9Ë
��Ýsß�
Ý�¹36ð[ã�ÝÄ���sßb[ûÒÝ��Ý���&ÆXó
CÝ[ã�� ���D£<gãJ(rate-compatible criterion)[17]:

if ax,y(i) = 1, then ax,y(j) = 1, for all x, y and 1 ≤ i < j ≤ W (4.6)

Í� ax,y(i) ��[ã� A(i) �Ï x ��Ï j Íû�Ý-ô�3D£<gãJ
ì�{D£�DXFXÝDCÐr3±D£Ý�D�ôº�FX�.h�|1J
d2

min(Ĉi) ≤ d2
min(Ĉi+1)�¬vA�3[ã� A(i) õ A(j) �6ð�XETÝb[ûÒ�K

Î min(d2
min(Ĉi), d

2
min(Ĉj))(¢��§×)�

&Æ�Bá¼3FX£]`�º�Þ£]µ¥���Ý�!5W�!Ý�N��
Þ9°�Nà)W×£]Go�A%4.2��£]Go/Ý�!�N� Ýb[ûÒ�
ý0£Ýn;�|à%4.3�î[17]�
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% 4.2: G>£]N/Úx
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12W
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% 4.3: FÙÝG>�-4�Úx

39ø*�ì�3£]Go�@¡m�FX�ÈÝ”0”�-zèõD /Ý�-�
Q��BãJ�(¢��§×)s¨�	[ã�Ý»ðÎ� A(l)Õ A(l+1)TÎ� A(l+1)

to A(l)�DCÐr c � c̃  Ýb[ûÒK�º�y d2
min(Ĉl)�.h£]GoÝ4�]

P�|'�WA%4.4Xî�¿à9Ë4�]P���GÝ£]Gof´��|s¨&
Æ�Ä3£]Go� �FX”0”�-��9øÝ'�]PÎÊàyXbÝ[ãD�ÙÝ�
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% 4.4: ±ÝG>�-4�Úx
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�§×:

�Ê×Ìb nT qFXFaÝ`èD C��'[ã��Î p�� A(1) = (ax,y(1))0≤x<n,0≤y<p

õ A(2) = (ax,y(2))0≤x<n,0≤y<p�vhËÍ[ã�� ��D£<gãJ�ÇA� ax,y(1) =

1�Jax,y(2) = 1 ∀ x, y��LFXÝDCÐrc,�DÝDCÐrc̃,Í� c = (ci,t ∀ i, t)�
c̃ = (c̃i,t ∀ i, t)��|bì���

min
c 6=c̃∈C

d2
A(1)(c, c̃) ≤ min

c 6=c̃∈C
d2

A(2)(c, c̃)

�'&ÆEÒD�¸à[ã� A(1)�#½6ð�[ã� A(2)�DCÐr Ýb[ûÒ
�î
 d2

A1|A2
(c, c̃)��|J��

min
c 6=c̃∈C

d2
A(1)(c, c̃) ≤ min

c 6=c̃∈C
d2

A(1)|A(2)(c, c̃)

�	[ã�6ðn;Î A(2) 6ð� A(1) `�ô�|ÿÕì�n;P

min
c 6=c̃∈C

d2
A(1)(c, c̃) ≤ min

c 6=c̃∈C
d2

A(2)|A(1)(c, c̃)

J�: � e = (ei,t ∀ i, t) ÎDCÐr c õ c̃ � Ý-Â�Í� ei,t = ci,t − c̃i,t�	
ÒD�[ã� A(1) X[ã`�ÍETÝb[ûÒ


d2
A(1)(c, c̃) =

∑
t

∑
i

ai,t mod p(1) · |ei,t|2 (4.7)

�	¸à[ã� A(2)`�

d2
A(2)(c, c̃) =

∑
t

∑
i

ai,t mod p(2) · |ei,t|2 (4.8)

.h�

d2
A(2)(c, c̃)− d2

A(1)(c, c̃) =
∑

t

∑
i

ai,t mod p(2) · |ei,t|2 −
∑

t

∑
i

ai,t mod p(1) · |ei,t|2

=
∑

t

∑
i

(ai,t mod p(2)− ai,t mod p(1)) · |ei,t|2 ≥ 0 (4.8)
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�ãyD£<gÝ§×:ax,y(2)− ax,y(1) ≥ 0 ∀ x, y�.h�(4.8)P��|ÿÕ

min
c 6=c̃∈C

d2
A(1)(c, c̃) ≤ min

c 6=c̃∈C
d2

A(2)(c, c̃)

#½��ÊÒD��[ã� A(1) X[ã��3` F t0�6ð�[ã� A(2)�J
d2

A(1)|A(2)(c, c̃) �|�îAì

d2
A(1)|A(2)(c, c̃) =

∑
t<t0

∑
i

ai,t mod p(1) · |ei,t|2 +
∑
t≥t0

∑
i

ai,t mod p(2) · |ei,t|2 (4.8)

�ÕìP�

d2
A(1)|A(2)(c, c̃)− d2

A(1)(c, c̃) =

(∑
t<t0

∑
i

ai,t mod p(1) · |ei,t|2 +
∑
t≥t0

∑
i

ai,t mod p(2) · |ei,t|2
)

−
∑

t

∑
i

ai,t mod p(1) · |ei,t|2

=
∑
t≥t0

∑
i

(ai,t mod p(2)− ai,t mod p(1)) · |ei,t|2 ≥ 0

.h�|ÿÕ|ì��

min
c 6=c̃∈C

d2
A(1)(c, c̃) ≤ min

c 6=c̃∈C
d2

A(1)|A(2)(c, c̃)

#½D¡[ã� A(2) 6ð� A(1) Ý���v6ðÝ` F×øÎ t0�

d2
A(2)|A(1)(c, c̃) =

∑
t<t0

∑
i

ai,t mod p(2) · |ei,t|2 +
∑
t≥t0

∑
i

ai,t mod p(1) · |ei,t|2

��ÕìP�

d2
A(2)|A(1)(c, c̃)− d2

A(1)(c, c̃) =

(∑
t<t0

∑
i

ai,t mod p(2) · |ei,t|2 +
∑
t≥t0

∑
i

ai,t mod p(1) · |ei,t|2
)

−
∑

t

∑
i

ai,t mod p(1) · |ei,t|2

=
∑
t<t0

∑
i

(ai,t mod p(2)− ai,t mod p(1)) · |ei,t|2 ≥ 0
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.h�|ÿÕ|ì��

min
c 6=c̃∈C

d2
A(1)(c, c̃) ≤ min

c 6=c̃∈C
d2

A(2)|A(1)(c, c̃)

4.5 ÿa��

�Ê×®ß��
 g1 = [(1, 2), (1, 3), (3, 2)] v g2 = [(2, 0), (2, 2), (2, 0)] ÝÒD�[ã
��
 4�;¼
¿% Rayleigh <Ê��#[Fa
 4 q|1J rm ≥ 4�°Í[ã�
5½Aì

A(1) =

(
1 1 1 1
0 1 0 0

)
A(2) =

(
1 1 1 1
1 1 0 0

)
A(3) =

(
1 1 1 1
1 1 1 0

)
A(4) =

(
1 1 1 1
1 1 1 1

)

ÒDBã9°Í[ã��¡ETÝb[ûÒ5½
 6,8,12,16�ÌD%4.5��|s¨	
b[ûÒ÷�`�¸XETÝ�-ý0£º÷±�

0 2 4 6 8 10 12
10
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10
−4

10
−3

10
−2

10
−1

10
0

B
E

R

E
b
/N

0
(dB)

d2
min

=6
d2

min
=8

d2
min

=12
d2

min
=16 

% 4.5: M=4 p=4 D£<g[ã`èDÝý0£
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#½�Ey rm < 4 Ý���&Æ�Ê×®ß��
 g1 = [(2, 0), (2, 3), (0, 2)] v
g2 = [(2, 2), (1, 0), (1, 2), (2, 2)] ÝÒD�[ã��
 5�;¼
¿% Rayleigh <Ê�X¸
àÝ[ã�C&�ETÝè���PÂAìXî:

A(1) =

(
0 0 1 1 1
0 0 1 1 1

)
,
(
rmin(Ĉ), det

min
(Ĉ)
)

= (1, 4)

A(2) =

(
0 0 1 1 1
0 1 1 1 1

)
,
(
rmin(Ĉ), det

min
(Ĉ)
)

= (1, 6)

A(3) =

(
0 1 1 1 1
0 1 1 1 1

)
,
(
rmin(Ĉ), det

min
(Ĉ)
)

= (2, 8)

A(4) =

(
0 1 1 1 1
1 1 1 1 1

)
,
(
rmin(Ĉ), det

min
(Ĉ)
)

= (2, 12)

ÌD%4.6��|s¨
(
rmin(Ĉ), detmin(Ĉ)

)
@@�|�
£?�Ù��Ý×ÍÉ�ý

ã�

0 5 10 15 20 25 30 35 40
10
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10
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10
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10
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min

=1, det
min
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r
min

=1, det
min

=6
r
min

=2, det
min

=8
r
min

=2, det
min

=12

% 4.6: M=5 p=5 D£<g[ã`èDÝý0£

#½�&Æ�Ê×®ß��
 g1 = [(1, 2), (1, 3), (3, 2)] v g2 = [(2, 0), (2, 2), (2, 0)]
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ÝÒD��óã|ìËÍ[ã�:

A(1) =

(
1 1 1 1
1 1 0 0

)
and A(2) =

(
0 0 1 1
1 1 1 1

)

BÄ9ËÍ[ã�Ý�D5½
 C1 õ C2��ETÝè�b[ûÒÂ5½
: d2
min(C1) = 8

& rmin(C1) = 1 õ d2
min(C2) = 6 & rmin(C2) = 2�jE9Ëà�D&Æ�ÿa×q#[F

a�°q#[FaÝ���ÿa��A%4.7Xî:
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% 4.7: (a) 1q#[FaìÝ�-ý0£(b) 4q#[FaìÝ�-ý0£

ÌDÿa���&Æ�|s¨�	3±¦ÇÝÝ��ì��Ù[�ºãt�b[
èÂXX�; D��3{¦ÇÝÝ��ì��Ù[�ºãt�Ýb[ûÒXX��

3Ï 4.4 ;��&ÆD¡ÝA¢Þ�-[ã*�Tà3`èD�&í�ý01�
��¬v5�ÝËË�!£]4�Úx:A%4.2�%4.4�3h&ÆjEhËË�!Úx
ÿa¸Ý[���Ê×®ß��
 g1 = [(0, 2), (1, 2)] v g2 = [(2, 3), (2, 0)] ÝÒD�Ð)
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D£<gæJÝ×��[ã�AìXî:

A(1) =

(
1 1 1 1
0 1 0 0

)
A(2) =

(
1 1 1 1
1 1 0 0

)
A(3) =

(
1 1 1 1
1 1 0 1

)
A(4) =

(
1 1 1 1
1 1 1 1

)
�Ð)D£<gæJÝ°Í[ã�J


A′(1) =

(
1 1 1 1
1 0 0 0

)
A′(2) =

(
0 1 0 1
1 1 1 1

)
A′(3) =

(
1 0 1 1
1 1 1 1

)
A′(4) =

(
1 1 1 1
1 1 1 1

)
�39Ë��Ý[ã���Ìb8!&ë-ôÝ[ã�XETÝb[ûÒKÎ×øÝ�
.h3[ã�»ð ?�&:�D£<gãJE[�ÝÅ(��'�ÙÌb 4 q#[
Fa��GÓf
 8 dB�ÿa��Aì:
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% 4.8: ×�£]4�]PETÝý0£��

ÌDÿa����|s¨Ð)D£<gãJÝ[ã�3»ð ��ºCW[�Ê
;Ý�����Ð)D£<gãJÝ[ã�3»ð �Jb[�Ê;Ý��sß�

51



10 20 30 40 50 60

10
−5

10
−4

10
−3

A
ve

ra
ge

 B
E

R

Bit Number

S
1

S
2

S
3

S
4

S
4

S
3

S
2

S
1

Not Rate−Compatible
Rate−Compatible

% 4.9: ±l£]4�]PETÝý0£��

t¡f´hËË�!Ý£]4�]P���A%4.10�3Ð)D£<gãJìÝ
[����:�3[ã�»ðÝÄ���hËË]°E[�ÝÅ(&ð8«�Q��¥
�2�&ÆXè�Ý±l£]4�]P�3£]Go ¬�m�FXÜ²Ý�-�
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% 4.10: �!£]4�]PETÝ[�f´
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4.6 �+

3Ía&Æ�)`èD��-[ã*�Tày&í�ý01���ñ�Ì&í�
ý01�[��;¼_D�Ù�¬v�Tà3PaFí�<Ê;¼��&Æ'��¨
´8�`èD`X¢�ÝãJ�¯&Æÿ|�ñ�×��8�Ý&í�ý01�D�
¾Õ
�ÙèºÄPÝý01�^×ÝêÝ�	 rmin(Ĉ)nR ≥ 4`�&Æá¼	b[û
Ò´���-ý0J¥÷�`�ºb´?Ýý01��æ; 	 rmin(Ĉ)nR < 4`�J	è
Â���PÂ´����PET;ó´�`�ºb´?Ýý01��æ��3&í�ý
01�Tà`�3Ía�&Æ1�ËËFX£]4�Ý]P�f´FÙ]P�±Ý]
P��|s¨Ëï[�8��¬±Ý]°3£]Go ¬�m�FXÜ²Ý�-�.h
�|Ìb´{Ý£]Fí£�t¡�¿àé\Ý¨´�jE�!ÝB7����C�!
Ý[ã��0�ETÝ×��8�[ã��|èºÂ½ÝTà�
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� 4.1: D£<g[ã`èD-Memory=2�nT = 2�QPSK ��
g1 = [(0, 2), (2, 2)]
g2 = [(2, 1), (1, 1)]

, (d2
min(C), Bd2

min(C), rmin(C)) = (10, 1.500, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

(
1 0
1 1

)
(6, 1.142, 2) 2

3

(
0 0 1
1 1 1

)
(4, 0.500, 1) 4(

0 1 1
1 1 1

)
(6, 0.500, 2) 2

4

(
0 0 0 1
1 1 1 1

)
(4, 0.953, 1) 4(

0 1 0 1
1 1 1 1

)
(6, 1.145, 2) 2(

0 1 1 1
1 1 1 1

)
(6, 0.375, 2) 2

5

(
0 0 0 0 1
1 1 1 1 1

)
(4, 1.295, 1) 4(

0 1 0 0 1
1 1 1 1 1

)
(4, 0.300, 1) 4(

0 1 0 1 1
1 1 1 1 1

)
(6, 0.763, 2) 2(

0 1 1 1 1
1 1 1 1 1

)
(6, 0.303, 2) 2

1

� 4.2: D£<g[ã`èD-Memory=3�nT = 2�QPSK ��
g1 = [(2, 2), (2, 2)]
g2 = [(1, 1), (1, 3), (1, 1)]

, (d2
min(C), Bd2

min(C), rmin(C)) = (12, 1.091, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

(
0 1
1 1

)
(8, 0.653, 1) 4

3

(
1 0 1
0 1 1

)
(8, 2.567, 2) 2(

1 1 1
0 1 1

)
(8, 0.030, 2) 2

4

(
1 0 0 1
0 1 1 1

)
(4, 0.016, 1) 4(

1 1 0 1
0 1 1 1

)
(8, 0.655, 2) 2(

1 1 1 1
0 1 1 1

)
(8, 0.012, 2) 2

5

(
1 0 0 0 1
0 1 1 1 1

)
(4, 0.077, 1) 4(

1 0 1 0 1
0 1 1 1 1

)
(8, 1.376, 1) 4(

1 0 1 1 1
0 1 1 1 1

)
(8, 0.575, 2) 2(

1 1 1 1 1
0 1 1 1 1

)
(8, 0.005, 2) 2

1
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� 4.3: D£<g[ã`èD-Memory=4�nT = 2�QPSK ��
g1 = [(1, 2), (1, 3), (3, 2)]
g2 = [(2, 0), (2, 2), (2, 0)]

, (d2
min(C), Bd2

min(C), rmin(C)) = (16, 1.27, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

(
1 1
0 1

)
(8, 0.188, 1) 4

3

(
1 1 1
0 1 0

)
(8, 0.288, 1) 4(

1 1 1
0 1 1

)
(12, 0.777, 1) 4

4

(
1 1 1 1
0 1 0 0

)
(6, 0.094, 1) 4(

1 1 1 1
1 1 0 0

)
(8, 0.020, 1) 4(

1 1 1 1
1 1 1 0

)
(12, 0.516, 1) 4

5

(
1 1 1 1 1
0 0 0 0 1

)
(6, 0.163, 1) 4(

1 1 1 1 1
0 1 0 0 1

)
(8, 0.172, 1) 4(

1 1 1 1 1
0 1 1 0 1

)
(8, 0.075, 1) 4(

1 1 1 1 1
0 1 1 1 1

)
(12, 0.327, 1) 4

1

� 4.4: D£<g[ã`èD-Memory=5�nT = 2�QPSK ��
g1 = [(0, 2), (2, 2), (2, 2)]
g2 = [(3, 0), (2, 1), (3, 1), (3, 3)]

, (d2
min(C), Bd2

min(C), rmin(C)) = (16, 0.400, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

(
1 1
0 1

)
(8, 0.010, 2) 2

3

(
0 0 1
1 1 1

)
(8, 0.079, 1) 4(

0 1 1
1 1 1

)
(12, 0.202, 2) 2

4

(
1 1 1 1
0 0 0 1

)
(6, 0.013, 1) 4(

1 1 1 1
0 0 1 1

)
(8, 0.015, 1) 4(

1 1 1 1
0 1 1 1

)
(12, 0.085, 1) 4

5

(
1 1 1 0 0
0 0 1 1 1

)
(6, 0.062, 1) 4(

1 1 1 0 1
0 0 1 1 1

)
(8, 0.065, 2) 2(

1 1 1 0 1
1 0 1 1 1

)
(10, 0.045 2) 2(

1 1 1 1 1
1 0 1 1 1

)
(12, 0.064, 1) 4

1
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� 4.5: D£<g[ã`èD-Memory=6�nT = 2�QPSK ��
g1 = [(0, 2), (3, 1), (3, 3), (3, 2)]
g2 = [(2, 2), (2, 2), (0, 0), (2, 0)]

, (d2
min(C), Bd2

min(C), rmin(C)) = (18, 0.157, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

(
1 1
0 1

)
(12, 0.152, 2) 2

3

(
0 1 1
1 1 0

)
(8, 0.0034, 2) 2(

0 1 1
1 1 1

)
(12, 0.095, 2) 2

4

(
1 0 1 1
0 1 0 1

)
(6, 0.009, 2) 2(

1 0 1 1
0 1 1 1

)
(8, 0.008, 1) 4(

1 1 1 1
0 1 1 1

)
(12, 0.002, 2) 2

5

(
1 1 1 0 0
0 0 1 1 1

)
(6, 0.016, 1) 4(

1 1 1 0 1
0 1 0 1 1

)
(8, 0.028, 2) 2(

1 1 1 1 1
0 1 0 1 1

)
(10, 0.009 2) 2(

1 1 1 1 1
0 1 1 1 1

)
(14, 0.038, 2) 2

1

� 4.6: D£<g[ã`èD-Memory=2�nT = 3��� p=2,3, QPSK ��
g1 = [(0, 2, 2), (1, 2, 3)]
g2 = [(2, 3, 3), (2, 0, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (16, 2.00, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

 1 1
0 1
0 0

 (4, 0.156, 1) 4 1 1
1 1
0 0

 (10, 1.000, 2) 2 1 1
1 1
1 0

 (12, 0.500, 2) 2

3

 1 1 0
0 1 1
0 0 0

 (4, 0.552, 1) 4 1 1 1
0 1 1
0 0 0

 (6, 0.391, 1) 4 1 1 1
1 1 1
0 0 0

 (10, 1.00, 2) 2 1 1 1
1 1 1
0 0 1

 (10, 0.333, 2) 2 1 1 1
1 1 1
0 1 1

 (12, 0.333, 2) 2

1
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� 4.7: D£<g[ã`èD-Memory=2�nT = 3��� p=4, QPSK ��
g1 = [(0, 2, 2), (1, 2, 3)]
g2 = [(2, 3, 3), (2, 0, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (16, 2.00, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

4

 1 1 0 0
0 1 1 1
0 0 0 0

 (2, 0.125, 1) 4 1 1 0 1
0 1 1 1
0 0 0 0

 (4, 0.078, 1) 4 1 1 0 1
0 1 1 1
0 0 1 0

 (6, 0.250, 1) 4 1 1 0 1
1 1 1 1
0 0 1 0

 (8, 0.125, 2) 2 1 1 0 1
1 1 1 1
0 0 1 1

 (10, 0.500, 2) 2 1 1 0 1
1 1 1 1
0 1 1 1

 (12, 0.989, 2) 2 1 1 1 1
1 1 1 1
0 1 1 1

 (12, 0.250, 2) 2

1

� 4.8: D£<g[ã`èD-Memory=2�nT = 3��� p=5, QPSK ��
g1 = [(0, 2, 2), (1, 2, 3)]
g2 = [(2, 3, 3), (2, 0, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (16, 2.00, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

5

 0 0 1 0 1
1 1 0 0 0
0 0 1 1 0

 (2, 0.227, 1) 4 1 0 1 0 1
1 1 0 0 0
0 0 1 1 0

 (4, 0.297, 1) 4 1 0 1 0 1
1 1 0 0 0
0 1 1 1 0

 (4, 0.200, 1) 4 1 0 1 1 1
1 1 0 0 0
0 1 1 1 0

 (6, 0.200, 1) 4 1 0 1 1 1
1 1 0 0 1
0 1 1 1 0

 (8, 0.300, 2) 2 1 1 1 1 1
1 1 0 0 1
0 1 1 1 0

 (8, 0.100, 2) 2 1 1 1 1 1
1 1 1 0 1
0 1 1 1 0

 (10, 0.400, 2) 2 1 1 1 1 1
1 1 1 1 1
0 1 1 1 0

 (10, 0.200, 2) 2 1 1 1 1 1
1 1 1 1 1
1 1 1 1 0

 (12, 0.200, 2) 2

1
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� 4.9: D£<g[ã`èD-Memory=3�nT = 3��� p=2,3, QPSK ��
g1 = [(2, 2, 2), (2, 1, 1)]
g2 = [(2, 0, 3), (1, 2, 0), (0, 2, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (20, 2.625, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

 0 1
1 1
0 0

 (4, 0.156, 1) 4 1 1
1 1
0 0

 (12, 0.563, 2) 2 1 1
1 1
1 0

 (14, 0.250, 2) 2

3

 0 1 1
1 1 0
0 0 0

 (4, 0.102, 1) 4 0 1 1
1 1 1
0 0 0

 (6, 0.055, 1) 4 1 1 1
1 1 1
0 0 0

 (12, 0.563, 2) 2 1 1 1
1 1 1
0 0 1

 (14, 0.589, 2) 2 1 1 1
1 1 1
0 1 1

 (16, 0.354, 2) 2

1

� 4.10: D£<g[ã`èD-Memory=3�nT = 3��� p=4, QPSK ��
g1 = [(2, 2, 2), (2, 1, 1)]
g2 = [(2, 0, 3), (1, 2, 0), (0, 2, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (20, 2.625, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

4

 1 0 0 0
1 0 0 0
0 1 1 1

 (4, 0.009, 2) 2 1 0 0 1
1 0 0 0
0 1 1 1

 (6, 0.125, 2) 2 1 1 0 1
1 0 0 0
0 1 1 1

 (8, 0.125, 2) 2 1 1 0 1
1 0 0 1
0 1 1 1

 (10, 0.195, 2) 2 1 1 0 1
1 0 1 1
0 1 1 1

 (12, 0.195, 2) 2 1 1 1 1
1 0 1 1
0 1 1 1

 (14, 0.266, 2) 2 1 1 1 1
1 1 1 1
0 1 1 1

 (16, 0.266, 2) 2

1
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� 4.11: D£<g[ã`èD-Memory=3�nT = 3��� p=5, QPSK ��
g1 = [(2, 2, 2), (2, 1, 1)]
g2 = [(2, 0, 3), (1, 2, 0), (0, 2, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (20, 2.625, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

5

 0 0 1 0 1
1 1 0 0 1
0 0 0 1 0

 (2, 0.045, 1) 4 0 1 1 0 1
1 1 0 0 1
0 0 0 1 0

 (4, 0.040, 1) 4 0 1 1 0 1
1 1 1 0 1
0 0 0 1 0

 (6, 0.095, 1) 4 1 1 1 0 1
1 1 1 0 1
0 0 0 1 0

 (8, 0.1125, 2) 2 1 1 1 0 1
1 1 1 1 1
0 0 0 1 0

 (10, 0.125, 2) 2 1 1 1 1 1
1 1 1 1 1
0 0 0 1 0

 (12, 0.225, 2) 2 1 1 1 1 1
1 1 1 1 1
0 0 1 1 0

 (12, 0.1125, 2) 2 1 1 1 1 1
1 1 1 1 1
0 1 1 1 0

 (14, 0.225, 2) 2 1 1 1 1 1
1 1 1 1 1
1 1 1 1 0

 (16, 0.213, 2) 2

1

� 4.12: D£<g[ã`èD-Memory=4�nT = 3��� p=2,3, QPSK ��
g1 = [(1, 2, 1), (1, 3, 2), (3, 2, 1)]
g2 = [(2, 0, 2), (2, 2, 0), (2, 0, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (24, 0.891, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

2

 1 1
0 1
0 0

 (8, 0.187, 1) 4 1 1
1 1
0 0

 (16, 1.271, 1) 4 1 1
1 1
1 0

 (16, 0.063, 2) 2

3

 1 1 0
0 1 0
0 0 1

 (8, 0.364, 1) 4 1 1 0
0 1 0
1 0 1

 (10, 0.221, 2) 2 1 1 0
0 1 1
1 0 1

 (12, 0.042, 2) 2 1 1 1
0 1 1
1 0 1

 (16, 0.224, 2) 2 1 1 1
0 1 1
1 1 1

 (20, 0.578, 2) 2

1
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� 4.13: D£<g[ã`èD-Memory=4�nT = 3��� p=4, QPSK ��
g1 = [(1, 2, 1), (1, 3, 2), (3, 2, 1)]
g2 = [(2, 0, 2), (2, 2, 0), (2, 0, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (24, 0.891, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

4

 0 1 1 1
1 0 0 0
0 0 0 1

 (4, 0.015, 1) 4 0 1 1 1
1 0 0 0
0 1 0 1

 (8, 0.103, 1) 4 0 1 1 1
1 0 0 0
1 1 0 1

 (10, 0.094, 1) 4 0 1 1 1
1 0 0 1
1 1 0 1

 (12, 0.031, 2) 2 0 1 1 1
1 1 0 1
1 1 0 1

 (16, 0.376, 2) 2 0 1 1 1
1 1 0 1
1 1 1 1

 (18, 0.383, 2) 2 0 1 1 1
1 1 1 1
1 1 1 1

 (20, 0.191, 2) 2

1

� 4.14: D£<g[ã`èD-Memory=4�nT = 3��� p=5, QPSK ��
g1 = [(1, 2, 1), (1, 3, 2), (3, 2, 1)]
g2 = [(2, 0, 2), (2, 2, 0), (2, 0, 2)] , (d2

min(C), Bd2
min(C), rmin(C)) = (24, 0.891, 2)

p A (d2
min(Ĉ), Bd2

min(Ĉ), rmin(Ĉ)) mmin

5

 1 1 1 1 1
0 0 0 0 1
0 0 0 0 0

 (6, 0.162, 1) 4 1 1 1 1 1
1 0 0 0 1
0 0 0 0 0

 (6, 0.075, 1) 4 1 1 1 1 1
1 1 0 0 1
0 0 0 0 0

 (8, 0.016, 1) 4 1 1 1 1 1
1 1 1 0 1
0 0 0 0 0

 (12, 0.327, 1) 4 1 1 1 1 1
1 1 1 1 1
0 0 0 0 0

 (16, 1.271, 1) 4 1 1 1 1 1
1 1 1 1 1
0 0 0 1 0

 (16, 0.397, 2) 2 1 1 1 1 1
1 1 1 1 1
0 0 1 1 0

 (16, 0.100, 2) 2 1 1 1 1 1
1 1 1 1 1
0 1 1 1 0

 (18, 0.228, 2) 2 1 1 1 1 1
1 1 1 1 1
1 1 1 1 0

 (20, 0.203, 2) 2

1

60



� 4.15: rank criterion-Memory=2�nT = 2�QPSK ��
g1 = [(0, 2), (1, 0)]
g2 = [(2, 2), (0, 1)] , (detmin(C), Bdetmin(C), rmin(C)) = (8, 2.000, 2)

p A (detmin(Ĉ), Bdetmin(Ĉ), rmin(Ĉ))

2
(

1 0
1 1

)
(4, 2.000, 1)

3
(

0 0 1
1 1 1

)
(2, 1.000, 1)(

0 1 1
1 1 1

)
(4, 1.500, 1)

4
(

0 1 0 1
0 1 1 1

)
(2, 1.500, 1)(

0 1 0 1
0 1 1 1

)
(2, 1.000, 1)(

0 1 1 1
1 1 1 1

)
(4, 1.500, 1)

5
(

0 0 0 0 1
1 1 1 1 1

)
(2, 2.25, 1)(

0 1 0 1 1
0 1 1 1 1

)
(2, 1.500, 1)(

0 1 0 1 1
1 1 1 1 1

)
(4, 1.375, 1)(

0 1 1 1 1
1 1 1 1 1

)
(4, 1.160, 1)

(a) Parent code of memory 2

1

� 4.16: rank criterion-Memory=3�nT = 2�QPSK ��
g1 = [(0, 2), (2, 0)]
g2 = [(2, 1), (1, 2), (0, 2)]

, (detmin(C), Bdetmin(C), rmin(C)) = (16, 0.250, 2)

p A (detmin(Ĉ), Bdetmin(Ĉ), rmin(Ĉ))

2

(
1 1
1 0

)
(4, 0.250, 1)

3

(
0 0 1
1 1 1

)
(4, 0.52, 1)(

0 1 1
1 1 1

)
(4, 0.344, 1)

4

(
0 0 1 1
1 0 1 1

)
(4, 0.504, 1)(

0 0 1 1
1 1 1 1

)
(4, 0.418, 1)(

1 0 1 1
1 1 1 1

)
(4, 0.180, 1)

5

(
0 0 1 1 1
1 0 0 1 1

)
(2, 0.500, 1)(

0 0 1 1 1
1 0 1 1 1

)
(4, 0.425, 1)(

0 0 1 1 1
1 1 1 1 1

)
(4, 0.317, 1)(

1 1 1 1 1
0 1 1 1 1

)
(4, 0.191, 1)

(b) Parent code of memory 3

1
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� 4.17: rank criterion-Memory=4�nT = 2�QPSK ��
g1 = [(0, 2), (1, 2), (2, 2)]
g2 = [(2, 0), (1, 1), (0, 2)] , (detmin(C), Bdetmin(C), rmin(C)) = (32, 0.372, 2)

p A (detmin(Ĉ), Bdetmin(Ĉ), rmin(Ĉ))

2
(

1 1
1 0

)
(8, 0.183, 2)

3
(

0 1 1
0 1 1

)
(8, 0.561, 2)(

0 1 1
1 1 1

)
(8, 0.156, 2)

4
(

1 0 1 1
0 1 0 1

)
(8, 0.308, 1)(

1 1 1 1
0 1 0 1

)
(8, 0.184, 2)(

1 1 1 1
0 1 1 1

)
(8, 0.126, 2)

5
(

0 0 1 1 1
0 0 1 1 1

)
(4, 0.482, 1)(

0 0 1 1 1
0 1 1 1 1

)
(6, 0.173, 1)(

0 1 1 1 1
0 1 1 1 1

)
(8, 0.423, 2)(

0 1 1 1 1
1 1 1 1 1

)
(8, 0.142, 2)

(c) Parent code of memory 4

1

� 4.18: rank criterion-Memory=5�nT = 2�QPSK ��
g1 = [(2, 0), (2, 3), (0, 2)]
g2 = [(2, 2), (1, 0), (1, 2), (2, 2)]

, (detmin(C), Bdetmin(C), rmin(C)) = (36, 0.029, 2)

p A (detmin(Ĉ), Bdetmin(Ĉ), rmin(Ĉ))

2

(
1 1
0 1

)
(8, 0.063, 2)

3

(
0 1 1
1 0 1

)
(8, 0.078, 2)(

0 1 1
1 1 1

)
(16, 0.052, 2)

4

(
0 1 1 1
0 1 1 0

)
(8, 0.069, 1)(

0 1 1 1
0 1 1 1

)
(8, 0.076, 2)(

0 1 1 1
1 1 1 1

)
(12, 0.023, 2)

5

(
0 0 1 1 1
0 0 1 1 1

)
(4, 0.082, 1)(

0 0 1 1 1
0 1 1 1 1

)
(6, 0.095, 1)(

0 1 1 1 1
0 1 1 1 1

)
(8, 0.086 2)(

0 1 1 1 1
1 1 1 1 1

)
(12, 0.021, 2)

(d) Parent code of memory 5

1
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Ï 5 a

�D Úx�FPGA{�@¨

ãy3�DÄ��m��\;DNÍÏVÝX��-àÕG>��âc��3
FPGA{�@¨îôbB7���Ý§×�.hm�E;DÝX��-�^\ (Truncation)

Ý�®�3ForneyÝZ¤�¼���8�ÿaõ@®B�ÿá�m�Ýt�^\��T

(Minimum Truncation Length)�VÎB7���Ý"¹�9�@1NÍÏVÝDþ­5
?/_ÕKº=#Õ!×ÍÏV(Ì
!;ÏV Merge State)ÝDþ­5?Ñ@\ã�
D£]�Ía5
Ë�;�Ï×�;+ÛFÙÝË�x�DþB7�Ñ§Úx�õD
 øð(Register Exchange)õ_Õ(Trace-Back)�¬+Û;�PÝ_Õ�DÚxõ�)P
DþB7�Ñ§Úx��)PDþB7�Ñ§Úxá)ÝõD øðõ_Õ�DÝ8
F�ôÎÍ�ix�@~�@¨Ý�D Úx�

5.1 DþB7�Ñ§Úx

FÙÝDþB7�Ñ§Úxx�5
ËË�õD øð(Register Exchange)õ_Õ
(Trace-Back)�õD øðÚxÎ�}�%ÝN×ÍÏV×ÍõD �N×ÍõD Ý
/�º�¶
Dþ­5ÝX��-øðÕ¨×ÍõD �	õD ¶�^\��`�
Ï×Í¶
ÝX��-ÇÎ�D�-�ãyNÍÏVKm�õD õ9� ��½Ï
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VóêÝ¦��9Ë]PÝþFÎºCW´�Ýþn«��=a�Ó�C�£���
�Ä?�Î�^b_ÕÝ�®�X|Latencyº´��_ÕÝ]PôÎ�NÍÏV×Í
õD ��ÄNÍÏVÝõD º\
Dþ­5ÝX��-ÎÏV»ð`�.�Ý�
-�NÍ¶
õD ÝX��-ºõ¨3ÝÏVÂ?/.�G×ÍÏVÝÂ�	?/
.ÕÏ×Í¶
ÝX��-`�-�0��|��D�-ÝÑ@ÏV�9Ë]PÝþ
FÎ.
��_ÕÝ�®�¬m�.�D£]à LIFOõD ¥±4��X|Latencyº
´��9Ë]PÝ?�Î�þn«�C�£��º´��FÙ_·/ÕÚxÝ¨×Íþ
FÎNg�D�×Í�-�Km�_Õ TÍX��-(t�^\��)�ì×ð+ÛÝ 
sP_·/Õ�DÚx�|;�9ÍþF�

5.1.1  sP_Õ�DÚx

K-¼ýÔ_Õ (K-Pointer Even Trace-Back)ÝÚxÎ.DþB7�5W2KÍ s�
NÍ sb T

K−1
��X|Latency
 2KT

K−1
� K-¼ýÔ_Õ¸à×Í¶¼ýõKÍ\¼ý

�_Õõ�D�®?¾Õ\õ¶Ý>�8!�|ì%
» (K = 3)��'&Æ��DÏ
×Í s�3t = 0Õ 3T

2
� Äm.X��-¶
Ï×ÞëÍ s�3t = 3T

2
�¡�\¼

ý��_·/ÕÏÞëÍ s�¶¼ý!`µ�.X��-¶
Ï°"Í s�Q¡
3t = 5T

2
�¶¼ý.X��-¶
Ï0Í s`�\¼ý!`���DÏ×Í s�

K-¼ý�_Õ (K-Pointer Odd Trace-Back) ÝÚxÎ.DþB7�5W2K − 1Í 
s�NÍ s!øb T

K−1
���Latency
 (2K−1)T

K−1
�K-¼ý�ó_Õ!ø¸à×Í¶

¼ýõKÍ\¼ý�_Õõ�D�®?¾Õ\õ¶Ý>�8!�K-¼ý�_Õ4Qf
K-¼ýÔ_Õm�K×ÍB7� s��Ä�×\¼ý´
æp�K-¼ýÔ_Õm�
�\�¶¼ý}ñÝÔ'��ó �.
\�¶¼ýb`ÎÎD]'�b`ÎÎ!]
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% 5.1: K-¼ýÔ_Õ

% 5.2: K-¼ý�_Õ
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% 5.3: �¼ý_Õ

'�K-¼ýÔ_Õ3�ó îÝ'�´
���
�¼ý_Õ (One-Pointer Trace-Back)Ý]PÎ.DþB7�5WK +1Í s�NÍ

 sb T
K−1
��X|Latency
 K+1

K−1
�.
©b×Í\¼ý�_Õõ�D�®�\¼ýÄ

6f¶¼ý"K¹�X|	¶¼ý¶�×Í s�\¼ýÄ6!`�W/Õ�K − 1Í
 s(��
t�^\�� T )õ�D�×Í s��¼ý_ÕÎ sP_·/ÕÚx�
t?Ý�.
©m�K-¼ýÔ_ÕT�_ÕB7�Ý×���Latencyô©�×���
¼ý_ÕÝþFÎ3{�'�î´
�Ó�ôm�Í½
\õ¶¼ý'�}ñÝ�ó
 �

5.1.2 {>VLSI_Õ�DÚx

Í�;+ÛÝ{>VLSI_Õ�DÚx�bËË�­5��Úx (Trace-Delete

Architecture)õ4�ç­_Õ�DÚx(Permutation Network Architecture)�­5��
ÚxÝÞßÎÀt}�%×°ÏV^b�¨3ÝÏV=#�­5��Ý�®b°ÍM
»�Ï×MÎ�0�¨3×°ÏV^b�¡¼ÝÏV=#�ÏÞMÎ¯9°ÏV®ß
­5��ÝGrX��G=#ÝÏV�ÏëMÎ��=#�GÏVÝ­5�Ï°MÎ
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®Õ�GÝÏVµ�lãÎÍbÍ�­5=#¨3ÝÏV�^bÝ�/ÕÏÞM»�
bÝ�-�c­5��Ý�®����­5��Úx&Æm�á¼=#Õ¡¼ÏVÝ
­5óê�X|NÍÏVKm�õD �A�ÏVÝõD ÂÎë�-�µ�­5��
Ý�®�­5óêÎãÏVÝX��-õ=#Õ¡¼ÝÏVÂ X|¬�m�Ñ;�D
ÚxÝ�-f´-óC��(Add-Compare-Select)�­5��ÚxÝ8FÎLatency´ s
P_Õ�DÚx��©�t�^\�� T��v�m��ÓÝ�×é­�

% 5.4: ­5��Úx

% 5.5: ­5óêõD 

34�ç­­5aªÑ§��(Permutation Network Path History Management Unit�
�ÌPNPH��)�Dþ­5ÎãX��-4��_Õ�®Î3PNPH��Ýt�Ð��
­5Âê(All-Path Broadcast)�.
4�ç­Îãà)�ìé­àW�_Õ>�Îãé
­ÝPropagation TimeX��;ð�|3×Í`Ñø�(Clock Cycle)�W� 4�ç­x
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% 5.6: ®ß­5��Gré­
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�Î.}�%µt�^\��T^\�×Í�DÚ��3Ú��NÍÏVÎã×Í1�
2K�9� �×ÍK-�-õD õ×Í2KíáÝOR�ìàXàW��DÄ�Aì�ã
�-f´-óC��®ßÝX�'��PNPH��Ýt�Ð×ù×ùX
K-�-õD �
.
Î�­5_Õ�X|NÍ�9� ÝíáKÎ1�.
�DÚ���ÎT�X|t
Kb×fDþ­5º=#�4�ç­Ýt¼Ðí��4�ç­­5aªÑ§��v«
õD øð=#�NÍÏVm�G¡ËùÝÏV�=#�X|º�ÏVÝ¦��¦�é
­Ý«��

% 5.7: 4�ç­­5aªÑ§��

5.1.3 �)PDþB7�Ñ§Úx

Í�;+ÛÝ�)PDþB7�Ñ§ÚxÎ�)P?G_ÕÚx (Hybrid Trace-

Forward Architecture)�3+Û�)P?G_ÕÚx�G�&Æ��L�OÏV (Tail

State)�A�|` m�
¢��NÍÏV3` mKb×fDþ­5=ÕØÍÏV3
` m + 4�-Ì
�OÏV�	 4�yt�^\��T `�XbÝDþ­5Kº_

69



ÕÕ8!ÝÏV�X|�¢Ý�OÏVK�à¼£�!;ÏV3` m��)P?G
_ÕÚxÎ=�Ý?G�Õ�OÏV�NÍÏVKb×ÍõD à¼B��OÏV�
NÍõD ×��Î��;
Í�ÏVÝÂ��)P?G_ÕÚxÎàX��-¼ó
CG×Í` Ý�OÏV�
?±õD ÝÂ�9ËÚx?±õD ÝÂbFv«õ
D øð�©Î^b.õD ÝÂ�.�Ý�®��)P?G_ÕÚxÝDþB7�
5WËÍ s�¶��D s, NÍ s��
 T�	X�'�¶
¶ s`º!`X

?G_Õ��(Trace-Forward Unit)¼£�¶ sR�Ý!;ÏV�?\��D sÝ
X��-�%�îÝÎ°ÍÏVÝ?G_Õ���é­ÝÚxÎã9� �õD X
àW�õD ×��DÏVÂ Q¡	?G_Õ���m�®Õm + 4`-�£�!;
ÏV��)P?G_ÕÚxm�ÝDþB7���Î2T�

% 5.8: �)P?G_ÕÚx
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% 5.9: �)P?G_ÕÚxDþB7�

% 5.10: ?G_Õ��
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% 5.11: ;�PõD øðÚx

% 5.12: ;�PõD øðDþB7�
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5.1.4 Í��@¨Ý�)PDþB7�Ñ§Úx - ;�PõD øð

G°]s%�îÝÎ;�PõD øðÚx�DþB7��.DX��-�_Õ
B7�Îà¼D!;ÏV�hÚxÎ¸àëÍ sÝDþB7� (NÍ s��
 T

2
)õ

ËÍ_ÕB7�(Trace Memory)�3t = 0`�Ï×Í sÝ�®Î��¶
X��-�
3 t = T`�ÏÞÍ sÝ�®tÝ¶
X��-���àX��-¼?±Ï×Í_Õ
B7�DÝÏVÂ (Ï×Í;�PõD øð���®)�3t = 3T

2
`�ÏëÍ stÝ

¶
X��-�ô�àX��-¼?±ÏÞÍ_ÕB7�DÝÏVÂ (ÏÞÍ;�Põ
D øð���®)�	ÏëÍ s¶�`�Ï×Í_ÕB7�DÝÏVÂ-�£�Ï
ÞÍ sR�Ý!;ÏV�ôµÎ1�|.��DÏ×Í sDÝX��-J�ó�
¼�ãy�m�LIFOõD �X|Latency©� 3T

2
�ì%
G«+Û�Í��@¨�;


ÝDþB7�Ñ§Úx3Latency�B7�mO��f´�3�D>�î�;�Põ
D øðfFÙõD øð}X(�VóMbps)��ÄfFÙ_Õ"�3�£��î�;
�PõD øðJÎfFÙõD øð�_Õ?
6é�3{��Ó�î;�PõD
 øðôfFÙõD øð�_Õ?
��|C�|'��9Î.
�mLIFOõD 
|CH9ÍB� s�|3K�×é­Ý�Ó��

N = ÏVóê�T = t�^\�� Latency Memory Requirement
K-Pointer Even Trace-Back 3T (K=3) 3NT
K-Pointer Odd Trace-Back 5T

2
(K=3) 5NT

2

One-Pointer Trace-Back 2T (K=3) 2NT
Trace-Delete T NT+(N-1)T
Permutation Network Trace-Back 1 Clock Cycle NT + Many MUX
Hybrid Trace-Forward 2T 2NT
Modified Register-Exchange 3T

2
(3 Banks) 3NT

2
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5.2 FPGA{�@¨�D¡

Í;+Û@¨9g@~�i�D ÚxÝs"�Ì��À¸às"ó��ÙÝ×
�FPGA'�ø��Verilog{�à�+�+Û�

5.2.1 FPGAs"�Ì+Û

Í�i2àXilinx2¥.�Ýþnlr
XC2V1000�hþn�â×û0Ý�ìà�
¸àÝ'�8�ÎXilinx ISE8.1i�Xilinx ISE8.1iÎ��JÝé\BÃ'�8��tÝè
º)W8�XST(Xilinx Synthesis Tool)�|.�D Úxà{�à�+�¶?�)Wó
�é­�¬�ñ§²,ÿa8�Modelsim XE6.0d¼ÌDé­Ýÿaí�á®l�

5.2.2 FPGA'�ø�+Û

Xilinx FPGA'�ø�5
°ÍM»�'�íá(Design Entry)�é­)W(Synthesis)�
wH��a(Placement and Route) C�J�t� (Verification and Programming)�'�
íábËË]P�%�íáõZCíá'���½'��'�Ó;��ìàóê÷¼÷
��àZCíá{�à�+�¼'��ló�é­�Ù´
]-�é­)WÎé\B
Ã'�8�ÝmTI	�êÝÎÞ{�à�+�Ý�
C£]�§·g+° (�ÌõD
 »ð·g) »W�ìà·g+° (Gate-Level) ¬ÿÕNetlisté­#a£]�wH��
aÎqANetlisti�é­@jÝø���À�ìà�Hõa­=#n;��J�t�J
Î.i�Ýé­»WBit File£]j|-ìµ�FPGAþnõ
�{�?��

5.2.3 Verilog{�à�+��+

VerilogÎ31994Oãé�'���;2¥Gateways"R¼�¨3�BÎW
IEEEý
ãÝ{�à�+��Verilog+��Y¹9¥'�·g�Ìb'�·þC�÷PÝ8F�
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Verilog+�Y¹°Ë·gÿl��
·g�£]�§·g��ìà·gCéþ�·g�
�
·gx�Îà�Ç��ìé­ (Sequential Logic)�£]�§·gx�Îà�à)�
ìé­ (Combinational Logic)��
�£]�§·g�Ì
õD »ð·g (Register-

Transfer-Level)�Ìb'�·þPÝ8F�×�Ýó�é­KÎ3õD »ð·g'�.

�ìàCøð·gJÎà��ìà�éþ���!2¥Ý¢ó�!�X|5�9ËË
·g��¾Õ�÷PÝ8F, ©�?ð�!Ý¢ó£]Ç��

5.2.4 3FPGA{�îm��Ý���Ñ;

`èD_D ÎãóÍConvolutional_D ��îModuloXàW�X|!ø�¸
àù©f�Õ°��D�êG3ºÕù©f�Õ°Ý�-f´-óC��é­@®îK
Îàü�Fó(Fixed Point)��Ä)Qm��ÊÍ�®Þ�.
h��x�ÎÞî×`
 ùÝ­5�Â�êG` ù5Y��Â��-f´-óCºÕ�¬0�X��-�|
-DþB7�0�Dþ­5��D�Q�h?±­5��Â
L/PºÕ�ôµÎ1
L/á�Ý��0l­5��ÂP§×W��
�¹­5��ÂõD TB7�Ô�
(Overflow)�.hm��­5��ÝÑ!;�×�Ñ!;Ý]°bëË´
ðà��ó
»É(Variable Shift)ÎÞXb­5��Â!`3�G×` ùÝt�­5��Â�ü�
»É(Fixed Shift)Î¢ã¾\ØÍ�-A
�mýTMSB�X�Xb­5ÎÍ�É��
¶ÿÑ!;(Modulo Normalization)Î¢ãÞÝ�ó(Two’s Complement)¼Æ��-f´
-óC���9Ë]PÝ©FÎÞËÍ3¿«îf´Ý��Â��ÿa3iîf´. Í
8FÎ3��ÂÔ�`)�0�Ñ@ÝX��-�
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% 5.13: �-f´-óC�� - ¸à¶ÿÑ!;

% 5.14: ¶ÿÑ!;iº
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% 5.15: Xilinx ISE8.1i
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% 5.16: Modelsim XE6.0d
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% 5.17: é­ÿa®l
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% 5.18: VirtexII System
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Í�i�x�êýÇÎÞ&í�ý01��`è_D*�8�)�[ãÞï�8
F|'��Ê)yPa9ª�Fí�;¼_D�Ù�ny`èDÍ�XÌbÝ&í�ý
01��æ�´�&Æs¨qA£]íá`èD�HÝ�!�Ý@�|DÌ�ÍXY
å1��æÝ9>�yÎ&Æ��@~`èD�Èèº&í�ý01��æÝ���
��Dý0£Ý5���&Æ.0�£]íá`èDÝ�!�H5½ETÕÝ�Dý
0£î&§�¬vè�	 rnR ≥ 4 � rnR < 4 '�t·&í�ý01�`èD5½Xm
µÇÝãJ�h²�&ÆôE&í�ý01��`èD�ó�x��ÞÝ"D�è�
]ID�) M -PSK ���Ù�9¥FXFaÚx�`èD�¬v¢½;�øð Ý]
°�¾Õè î&í�ý01�Ý�æ�!`&Æôs¨ Vucetic �ßè�Ý`èÒÜ
D�)ºàFÙÝ;¼_D'�ÃF�Ey£]íá�H�!©�èºí�Ýý01
��æ�|¾Õt��[ûÒt�;ÝêÝ�Ãyh�&Æwê�ÆEõD EÌP
4�]PÝ§×�¬v;
&EÌÝ4��¸ÿ�|èº&íý01�Ý�æ�Ey
Calderband-Mazo algorithm 5���&Æs¨]ID�) M -PSK ���Ù�9¥FX
FaÚx�`èD�Vucetic �ßè�Ý`èÒÜDKòy¸Ý©»�¬Î9ËË&í
�ý01�DÝ¨´Úx�)Q�|�x�[��ýÝ&í�ý01�`èD�
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#½��)`èD��-[ã*�Tày&í�ý01���ñ�Ì8²&í�ý
01�[��;¼_D�Ù�¬v�Tà3PaFí�<Ê;¼��&Æ5�3�¿%<
Ê;¼ìÝ[��'��¨´8�`èD`X¢�ÝãJ�¯&Æÿ|�ñ�×��8�
Ý&í�ý01�D�
�ÙèºÄPÝý01�^×�	 rmin(Ĉ)nR ≥ 4`�&Æá¼
	b[ûÒ´���-ý0J¥÷�`�ºb´?Ýý01��æ;	 rmin(Ĉ)nR < 4`�
J	èÂ���PÂ´����PET;ó´�`�ºb´?Ýý01��æ��3&
í�ý01�Tà`�3���&Æ1�ËËFX£]4�Ý]P�f´FÙ]P�
±Ý]P��|s¨3±Ý]P3&í�ý01�TàîX�¨Ý[��FÙ]P8
��Q�±Ý]°�3£]Go ¬�m�FXÜ²Ý�-�.h�|Ìb´{Ý£]
Fí£�9E^ÇýOFí£Ý*^�Î8	¥�Ý×F�t¡�¿àé\Ý¨´�j
E�!ÝB7����C�!Ý[ã��0�ETÝ×��8�[ã��|èºÂ½
ÝTà�
;�GËO@~W��ÏëO��jEX@s�&í�ý01�`è_D�Ù
�

×Ì{[£�±��|CÄP��D {�ÚxÚx��ÀFÙDþB7�Ñ§Úx�
{>VLSI_Õ�DÚx|C�)PDþB7�Ñ§ÚxÝ8þF��5��BãZ¤
@\|C8�ÿa�J��)PDþB7�Ñ§Úx{>�D|C±{��Ó�Ý8F
fFÙDþB7�Ñ§Úx?
Êà3`èD�D Úxî�x�@¨�;
Ý`èD
�D ÚxÎ;�PõD øð�3�D>�î�;�PõD øðfFÙõD øð
}X��ÄfFÙ_Õ"�3�£��î�;�PõD øðJÎfFÙõD øð�
_Õ?
6é�3{��Ó�î;�PõD øðôfFÙõD øð�_Õ?
��
|C�|'��hëO���Xÿ���ï��¡E§¡@~ï9TÎ¼&��/K
Þb��ÝÃÇ�v�2
&í�ý01�`èD3Pa;G�ÙCç­î�Tà�
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