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Abstract

Keywords: Wireless multimedia communications,
unequal error protection, space-time coding, punc-
turing, soft-defined radio.

Wireless transmission is rapidly growing and has
gradually replaced traditional wired solution in many
applications, e.g., personal communications and lo-
cal area networks, on account of the advantages of
mobility and ease of installation. Due to the de-
mand for multimedia services, the trend toward high
data rate transmission is also inevitable. This 3-year
project is to combine powerful unequal error protec-
tion (UEP) and space-time coding schemes for chan-
nel coding of high-rate wireless multimedia commu-
nications. The first year of the project was devoted
to studying the UEP capability of space-time coding
and establishing the related theoretical fundamentals.
In this 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. The proposed
UEP codes not only provide remarkable performance
against multipath fading but also offer flexible choices
of code rate for use in multimedia service. Moreover,
all punctured codes in the same family can be de-
coded via a single decoder of their parent code. It
hence greatly reduces the hardware complexity of the
associated decoder. We also present a design criteion
for optimizing the UEP capability, based on which
families of powerful UEP codes with various rates
and memories are given by a computer search. In
the next year, we will develop an efficient decoder of
the proposed UEP schemes from a soft-defined radio
perspective. Then, its DSP/FPGA implementation
will be 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.

1 G�

PaFí.Ìb�É�C|yH��-¿P��
O¼Ñ|�ßÝ>�~Ms"�¬v3Íß;GC

1



�!ÿ ½ç­�Tà�@�ã�FÙbaFíÝ
2��h²�ãy9ª���mOÝ¦�W��P
a;G(�AÏë���;G�Ù�Pa ½ç­
) �'{£]�Fís"ùW
���¹Ý�T�
Q�3PaFí�(��tÝ#[^Í�#ÓG
��SRGr�W�Fí;¼�ßË¼Ý&§�©
P�»A9­5<Ê(multipath fading)CÍ`�[
T[1]�ùðCW�¥ÝGr´Ë�«Ûh×Ê�Ý
Fí�(�3PaFí�Ù�92à�b[9×;
¼ý0Ý;¼_D*� (channel coding)|@1;G
`²Ýè>�¬ãy;¼_Dm3FX£]��á
Ü²Ý�×�-|ºý0l?�à�3ü�FX£
Ý�µì�Qÿ}�¦�_D�´�ª±£]Fí
�Ý���.h�A¢jEPaFí;¼C9ª�
��Ý©P�'��×);G`²�{£]Fí£
Ý;¼_D�Ù�-W
Í�iÝ@~¥F�

´��35�+¯CÅ	Ý*r©P�¡�&Æ
s¨9ª�£]9�Ìb&í�Ýý0A���»
A3��;GCó�Âä�Ù��+¯_D92à
vsÎ¦ÝD¹*�(vocoder-type compression) Þ
��ÝÎ®*r»ðWsÎ¦ÿlÝ�×¢ó�
|3±XmFXÝ£]��Q��!�×¢óEy
+¯*rÝFËP&b�!��ÝÅ(�Ey¥�
P{Ý¢ó���É¸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�D�Ó�Ýf�ì�×�
ðàÝý0?ÑD�9'�WEXbíá�-èº
í�ý01��|¾t�Dû(minimum distance)t
�;ÝêÝ�Eyî�9ª�;G�Ù�u)2à
G�jE�×1�mOèºý0?Ñ��ÝFÙ
;¼_D�Ù�
1iÌb´{ý0A��£]Ý
Ñ@P�TÄ©�óC_D£´±�;ý�æ´ú
Ýý0?ÑD; 8E2�ôÞ�»¦�;¼_DX
m�´�ª±£]ÝFí£�.h�×Ë´b[£
Ý;¼_D]PÎ�ÈµAFí£]¥�PÝ�!
èº&�XmÝ1��æ�ÇÌnXÛ&í�ý0
1�(unequal error protection, UEP)Ý���Ah
×¼�¥�P{Ý£]µ�åÕ´{��Ý1��
.�3î¹×�;G`²Ý�µì¾W;6_D�
´�¦�£]Fí�ÝêÝ�

Z¤�bn&í�ý01��@~x�� 5

`½(time-domain)�è (space-domain)&í�ý0
1�Ë�v�`½&í�ý01�^×ÎÞÌb�
!ý0A��Ý£]5gÕ�!Ý`þ(time slot)�
�µïXm�1�mOÞ;¼_D 6ð�ETÝE
®ÿP¼®_D�|¾Õ&í�ý01��êÝ�
è &í�ý01�^×JÎ¿à©�Ý�ó�x
J)×�Ýý0_D�Ù�¸ÿ;¼_D �jE
�!íá�HÝ£]èº�!��Ý1��æ�Q
��î�8n@~9½¥3�×FXFaC�×#
[FaÚxÝ_D�Ù�.h3è>Fí`²Ý!
`ùP��¹2m}�_D�´¦�|C£]Fí�

ª±Ý���`è_D*�(space-time coding)[2]–
[7]�);¼_D����Ù¬2à9¥FXC#[
FaÝÚx�ÞFXC#[5/(diversity)*�×¿
TàyPa�Ù�¢ã�è C` î�EFX£
]
�Ê	Ý;¼_D�`è_D*��G�3�
¦�*r�´CFí�£Ý�µì!`�ÿ5/¦
Ç(diversity gain)C_D¦Ç(coding gain)�Í9¥
FaÚx��ÞæÍê�ÝPa;¼»ðW�º{
£]�Fí�´�Ñ¼�Í���x�êÝÇÎÞ
`è_D*��&í�ý01�^×8�)�|�
x×);G`²�{£]�Ý;¼_D�Ù|ºP
a9ª�FíXà�

Ï×OÝ�ix�Î�)`èD�è &í�ý
01�^×�@~W��î`èD�qA£]íá
_D �H��!�DÌ��!Ýý0?Ñ�æ�
jEh×è &í�ý01�©P�&Æè�×�
|Ý�[5Ò'�(effective separation vector)�b[
2Ý�`èD�&í�ý01��æ�!`ù��
ó§¡Ý��
��8v�¼Ý"D�¬.0�T
à`è_D*�y&í�ý01�`XmµÇ�§
¡Úx�h²�39¥FXC#[FaÝÚxì�
&Æ�)]ID�ÊTP���Ù
�'��Ì8
²è &í�ý01��æ�`è_D�Ù��Þ
W���G�
� ×[8]�3ÍO��i��8n
@~J/�y�)`èD��-[ã(puncturing)*
�[9][10]�
��xÌ`½&í�ý01��æ�
±×�D£<g[ã`èD�Xÿ�±l`èD�
G�b[E(9¥­5<ÊÝ�W�!`ù×ÌÄ
PÝ£]Fí£�º9ª���¸à�h²�8!
��ÝD£<g[ã`èD/�àæ�ÒD��D
 ¼
��D�.h?��»ª±�DXm�{�
�Ó��&ÆôjED£<g[ã`èDè�t·
�'�ãJ�¬µAh×ãJ�!ÿ¨´Ì&ËD
£C�!�Ó��{[�D£<g[ã`èD�8
n/���ì�&a;�

2 `èD�+

Ía;Þ��+Ûæ�`èD��Ùÿl�Í�
�À 2.1 `èD�;¼ÿl� 2.2 `èD��D �
2.3 `èD�'�ãJ�[�5��Ey�JÝB
��¢�[2]�

2.1 `èD�;¼ÿl

�'×��;G�Ù3FXÐgH n qFa�
3#[ÐgH mqFa�A%(1)
`èD�ÙÝÃ
ÍÚx�´��ÞkFX�G>£]�-Xá`è
_D ®_D�¬¸à9-8���(M -ary phase
shift keying, MPSK)|®ß n ÍDCÐr(codeword
symbol)�3` t `�0 ≤ t ≤ L− 1�!`ã n q
FXFaX��Í��Ï i qFaFX*r��î



ci,t =
√

Es exp(j · xi,t · π/2) 0 ≤ i ≤ n− 1
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îP� xi,t 
BÄ_D Ýí�Ðrv Es 
FX
*r�����'FX�*r3PaFí�(�å
Õ;¼<ÊÝÅ(�qA%(1)Ý`èD�ÙÚx�
.h3` t `Ï j qFa#[ÕÝ*r��îW

rj,t =
n−1∑
i=0

αi,jci,t +nj,t j = 0, 1, · · · ,m−1 (1)

Í� αi,j 
�Ï i qFXFaÕÏ j q#[Fa
Ý­5¦Ç(path gain)�nj,t J
3` t ãÏ j
q#[FaXåÕ�ç�{úÓG(additive white
Gaussian noise, AWGN)�Í¿íÂ
 0vNÍî�
��²ó
 N0/2�Í�­5¦Ç3Go(frame)�
� L /&Æ�'¸Îðó�¬v�½�!ÝGo®
;��9Ë;¼<Ê*rÝ]P&ÆÌ®�¿%<
Ê(quasi-static flat fading)�

2.2 `èD��D

´��'§�Ý;¼ÏVG> (channel state
information, CSI)Ey#[ÐÎ�áÝf�ì�
αi,j , i = 0, 1, · · · , n − 1, j = 0, 1, · · · ,m − 1 Î�
�Y£?Ý�¬v�t�«Q#[ (maximum-
likelihood receiver) #[×��FXÝDCÐr

r = (r1, r2, · · · , rm−1)�Í�3` t #[DCÐr

 rt = (r1,t, · · · rm−1,t)�ĉi,t 
#[ÐX£?�3`
 tãÏ iqFXFaÝDCÐr�.h�qA(1)P
t���P�D(Maximum likelihood decoding)�¶
W

Pr (r|Ω, ĉ)

=

L−1∏
t=0

m−1∏
j=0

Pr

(
rj,t =

n−1∑
i=0

αi,j ĉi,t + ηj,t|ĉi,t,∀αi,j

)

=

L−1∏
t=0

m−1∏
j=0

[
1√
πN0

exp

(
−
∣∣rj,t −

∑n−1
i=0 αi,j ĉi,t

∣∣2
N0

)]
(2)

Í� Ω = (α0,0, α0,1, · · · , αn−1,m−1)�X|�&Æ�
¢ãóC� ĉi,t ¸ÿîPÝÂ
t�ÝDC�#½�
&ÆE(2)PãEó¬BÄ;��¡�ÿt¡Ý��
Aì

L−1∑
t=0

m−1∑
j=0

∣∣∣∣∣rj,t −
n−1∑
i=0

αi,j ĉi,t

∣∣∣∣∣
2

. (3)

.h��¿à(3)P¼�ÕNÍ5YÝ metricÂ�Q
¡�&Æµ¿àù©f�Õ°(Viterbi algorithm)¼
�ÕN×f"D­5(survivor)� metricÂ�t¡ó
C=bt�á� metric ÂÝ"D­5	®�D�í
��

2.3 `èD�'�ãJC�Ù5�

�'î;X��t�«Q�D#[ �Þ#[
Õ�FXDCÐrBÄ#[ 0�DW×��ÝD
CÐr
 c̃ = (c̃i,t ∀ i, t)��FX�Ý×��DCÐ
r
 c = (ci,t ∀ i, t)�&ÆÌP (c → c̃)
WEý0^

£(pairwise error probability)�Ísß3A�&ÆÝ
X�(decision metric)A(4)P

L−1∑
t=0

m−1∑
j=0

∣∣∣∣∣rj,t −
n−1∑
i=0

αi,jci,t

∣∣∣∣∣
2

≤
L−1∑
t=0

m−1∑
j=0

∣∣∣∣∣rj,t −
n−1∑
i=0

αi,j c̃i,t

∣∣∣∣∣
2

.

(4)

�'Fí;¼Í;¼ÏVG>���áÝ�µì�
Ísß�Dý0Ýf�^£�¶W

P (c → c̃|∀αi,j) ≤
1
2

exp
(
−d2(c, c̃)

4N0

)
(5)

Í�

d2(c, c̃) =

m−1∑
j=0

n−1∑
i=0

n−1∑
i′=0

αi,jαi′,j

L−1∑
t=0

(ci,t−c̃i,t)(ci′,t − c̃i′,t).

(6)

� Ωj = (α0,j , α2,j , · · · , αn−1,j)�Ç�.îP;¶W

d2(c, c̃) =
m−1∑
j=0

ΩjZ(c, c̃)ΩH
j (7)

Í��Zpq = xp · xq �î
Îp Z ��-ôv 0 ≤
p, q ≤ n− 1

xp = (cp,0 − c̃p,0, cp,1 − c̃p,1, · · · , cp,L−1 − c̃p,L−1)

H ��ÞÎp»H¡ã�7�.h�

Zpq =
L−1∑
t=0

(cp,t − c̃p,t)(cq,t − c̃q,t) (8)

Þ(7)P�á(5)P�BJ§¡�f�WEý0^£î
\&�¶W

P (c → c̃|αi,j) ≤
1

2
exp

(
− 1

4N0

m−1∑
j=0

ΩjZ(c, c̃)ΩH
j

)
. (9)

.
 Z(c, c̃) ÎÍA{©Îp(Hermitian matrix)�
X | D 3 × Í ó Ñ Î p (unitary matrix)¸ ÿ
V Z(c, c̃)V H = D�Í� D ÎÍ@E�]p(real di-
agonal matrix)�vÎp D �ÝNÍE�-ô λi, i =
0, 1, · · · , n−1�Ç
 Z(c, c̃)Ý©ÇÂ(eigenvalue)�
�NÍ©ÇÂ λi XETÝ©Ç'�(eigenvectors) vi

µÎ V Ý�'� {v1, v2, · · · , vn} ¬v¸ÆÎ'�
è Cn Ý���×ÑøÃ9�Q¡¢ãÌD(7)P
ÞÎp;¶W Z(c, c̃) = B(c, c̃)B(c, c̃)H�Í�

B(c, c̃) =


c0,0 − c̃0,0 · · · c0,L−1 − c̃0,L−1

c1,0 − c̃1,0 · · · c1,L−1 − c̃1,L−1

c2,0 − c̃2,0 · · · c2,L−1 − c̃2,L−1

...
. . .

...
cn−1,0 − c̃n−1,0 · · · cn−1,L−1 − c̃n−1,L−1


(10)

ÎÎp Z(c, c̃) Ý¿]qÎp�Z(c, c̃) Ý©ÇÂÎ
&�Ý@ó�#ì¼�&Æ� (β0,j , · · · , βn−1,j) =
ΩjV

H�X|

ΩjZ(c, c̃)ΩH
j =

n−1∑
i=0

λi |βi,j |2 . (11)
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#½Þ(11)P�á(9)Pÿ

P (c → c̃|∀αi,j) ≤
1

2
exp

(
− 1

4N0

m−1∑
j=0

n−1∑
i=0

λi |βi,j |2
)
(12)

.
 αi,j Î}ñãøÝ�ó{ú�^�ó(¿íÂ

Eαi,j )�&Æ�

Kj = (Eα0,j
, Eα1,j

, · · · , Eαn−1,j
)

.
 V ÎóÑÎp�¸Ý�'� {v1, v2, · · · , vn}Î
'�è Cn Ý�×ÑøÃ9�X|�NÍβi,jôÎ
}ñãøÝ�ó{ú�^�ó�¸Ý¿íÂ
Kj ·vi

��²ó σ2
i,j = 0.5�3h&Æ� κi,j =

∣∣Eβi,j

∣∣2 =
|Kj · vi|2�.h |βi,j | Î}ñÝ Rician 5µ�¸Ý
^£Û�Ðó


p(|βi,j |) = 2 |βi,j | exp
(
− |βi,j |2 − κi,j

)
I0

(
2 |βi,j |

√
κi,j

)
(13)

Í� I0(·) Ì
Ï×vë$ÑÑ��Ðó(zero-order
modified Bessel function of the first kind) v |βi,j | ≥
0�qA(12)P�&ÆjE

m−1∑
j=0

n−1∑
i=0

λi |βi,j |2 (14)

�ÂÝ�;®ÌDÿÕ	 n�m ;�` rm Â÷�
` (rm ≥ 4)�(14)P÷��y×Í{ú5µ�


ÝÿÕ&f�WEý0^£Ýî\&�&Æj
E(12)P�Ý�^�ó βi,j ã¿í�� r 
Z(c, c̃)
�è(rank)�3#ì¼Ý5�	�&ÆqA rmÝ¶
�� 5WËË�µ[11]: (1) rm < 4�(2) rm ≥ 4�
qA9ËË�µ�.��5½ETÝt·_D'�ã
J–èãJ(rank criterion)���PãJ(determiant
criterion)[2]�ªóãJ(trace criterion)[12]�

1. `èD3± rm ì�WEý0£5�

39�&Æ�' αi,j Î¿íÂ
ë�}ñãø
Ý�ó{ú�^�ó�v V ÎóÑÎp�¸Ý�
'� {v1, v2, · · · , vn} Î'�è Cn Ý�×ÑøÃ
9�X|�NÍ βi,j ôÎ}ñãøÝ�ó{ú�^
�ó��' |βi,j | 
}ñ Rayleigh 5µ�Þ(12)P
�E |βi,j | ã¿í�¡�ÿ�Dý0£


P (c → c̃) ≤ 1
2

(
r−1∏
i=0

1
(1 + λi

4N0
)

)m

. (15)

D¡3{GÓf���ì�(15)P�|�«2;¶
W

P (c → c̃) ≤ 1
2

(
r−1∏
i=0

λi

)−m(
1

4N0

)−rm

. (16)

ã (16)P�ÌD�Ìb5/¦Ç rm õ_D¦Ç
(λ0λ1 · · ·λr−1)1/r�&Æ�LËÍ�ó:

Gd = rm, Gc =
(λ0λ1 · · ·λr−1)1/r

d2
u

Í� d2
u �îÎBÄ_D¢��ÙÝ¿]�Ã¦Æ

ûÒ (square Euclidean distance)�9ËÍ�ó5½
��5/¦Çõ_D¦Ç�
Ý¸WEý0^£t
�;�`èD�Ù'�îÄ6��ÝÎ���Ý¸
Gd � Gct�;�ã|îÝ5��.h`èDbì
�Ý'�ãJ:

• èãJ(The Rank Criterion): 
Ý¾Õt�Ý
5/¦Ç�EyXb��Ý c õ c̃ (c 6= c̃)�Îp
Z(c, c̃)ÝèÄ6���¦��Ít�Ý�µ
�è
nm (full-rank)�

• ��PãJ(The Determinant Criterion): Ey
Xb��Ý c õ c̃ (c 6= c̃)�T��¸Îp Z(c, c̃)
Ýt���PÂ (λ1λ2 · · ·λr) �¶����2t�
;�¢|è{`èDÝ_D¦Ç�

&Æã(16)P�|ÌDÕ5/¦Çõ_D¦Ç|
�!Ý]PÅ(ý0£Ýî\&�3{GÓfÝ�
µì�WEý0^£åÕ Gd ÝÅ(´ Gc ��.
h�3'�î&ÆT�8�����èãJ�Íg
�Î��PãJ�

2. `èD3{ rm ì�WEý0£5�

#ì¼&Æ"D rm ≥ 4 Ý�µ�&ÆqA
Ï (12)P�¬v�' |βi,j | 
 Rayleigh 5µ��
|βi,j |2 J
}ñ�³�]5µ (central chi-squared
distribution)�Ey{ rm (rm ≥ 4)ÂÝf�ì�¬
vqA�³Á§�§�Þ (14)P�«W×{úÝ�
^�ó ξ�ÍXETÝ¿íÂC�²óAì

µξ = m

r−1∑
i=0

λi, σ2
ξ = m

r−1∑
i=0

λ2
i

Þ���á(12)PJgEý0£J��î


P (c → c̃) ≤ 1

2
exp

(
1

2

(
1

4N0

)2

m

r−1∑
i=0

λ2
i −

m
∑r−1

i=0 λi

4N0

)

·Q


√

m
∑r−1

i=0 λi

4N0
−
√

m
∑r−1

i=0 λ2
i√∑r−1

i=0 λ2
i

 . (17)

�'E®{GÓfÝf�ì�(17)P���
×M
;�Aì

P (c → c̃) ≤ 1
4

exp

(
−m

4N0

r−1∑
i=0

λi

)
. (18)

qA(18)P&Æ�|ÌDÕWEý0£Î� Z(c, c̃)
Îp��
ëÝ©ÇÂõbn�.h�
Ýª±ý0
£�Ey�¢�!Ý c õ c̃�T��¸Îp Z(c, c̃)
�t�©ÇÂõt��Ey×]p���ãÍ©Ç
Âõ�!yãÍE�Îp�E�-ô�õ(ªóÂ
-trace)�Íó.�î°��î


tr (Z(c, c̃)) =

r−1∑
i=0

λi =

n−1∑
i=0

Zi,i

=

n−1∑
i=0

L−1∑
t=0

|(ci,t − c̃i,t|2 (19)
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&Æ�ÌD�Îp Z(c, c̃) ÝªóÂ�[y c õ c̃
� Ý¿]�Ã¦ÆûÒ�.h�¸ÎpZ(c, c̃)Ý
ªóÂt�Í@�!y¸ c õ c̃ � Ý¿]�Ã¦
ÆûÒ¾Õt��¢ã|î5��3 rm ≥ 4 ÝÏ
µv¿c Rayleigh <Ê;¼�ì�&ÆôbÍET
Ý_D'�ãJAì

•ªóãJ(The Trace Criterion):EyXb��Ý
c õ c̃ (c 6= c̃) ¼�¸ Z(c, c̃) ÝªóÂ
t��ô
µÎ1¯ (λ0 · · ·λr−1) �õ������¢|è{
`èDÝDC Ýt�¿]�Ã¦ÆûÒ�

3 [ã`èD�_D��D

Ía;Þ+ÛÍO�@~����ÙÚ��Í�
�À 3.1 [ã`èD�_Dõ 3.2 [ã`èD��
D 3.3 [ã`èD�_D'�ãJ�

3.1 [ã`èD�_D

&Æ;àÃÍ`èD�Ù�x�Ey×FX��
��
 L Ý£]����' ci,t 
3` t `��
Ï i qFaFX��ÝÐr�∀ 0 ≤ t ≤ L − 1 0 ≤
i ≤ n− 1�&Æ�|Bã��PÝÀt�ÒD C F
X��ÝÐr ci,t�¢h'��×G±_D�Ù�
Ì
[ã`èD�

´��&Æ��L×Í[ã��
 p Ý[ã�
(punctured table) A�A 
×Í n× p ÝÎp�Í�
au,v 
Ï u ��Ï v û�Ý[ã-ô(puncturing
element)v au,v ∈ 0, 1�3` t `�_D n q
Faí��ÝÏ i ÍDCÐr�[ã� A �Ý
ai,t mod p ®fE�	 ai,t mod p 
 1 `�DCÐr
ci,t �FXÕ;¼��	 ai,t mod p 
 0`�ci,t µ�
[ã^bFXÕ;¼��Ey×ÍD£
 K/N Ý
ÒD�Í� N = n log2 M �|®ß×��D£

Kp/(φ log2 M) Ý�D�Í� φ 
[ã� A ��

ëÝ-ôÍó ∀dpK/ log2 Me ≤ φ ≤ pn�

#ì¼&ÆÜ×Í»�¼1��E×bËqFXF
avD£
 2/4 ÝÒD¸à QPSK ¼®���¸Ý
®ß��
 g1 = [(0, 2), (1, 2)] õ g2 = [(2, 3), (2, 0)]
v¸Ý_D A%(2)Xî�Í� (rt, st) �î3`
 t `íáÝÞ�-£]v (x0,t, x1,t) �î_D 
XETÝí�Ðr�¸Ýó.�îPAì

(x0,t, x1,t) = rt(0, 2)⊕4rt−1(1, 2)⊕4st(2, 3)⊕4st−1(2, 0)

Í�&ÆFX��ÝÐr ci,t �|�îW

ci,t =
√

Es exp(j · xi,t · π/2) for i = 0,1.

��×Í[ã� A 


A =
(

1 1 0
0 1 1

)

Bã[ã� A [ã�¡�&ÆÝFX�ÝÐr��
îW(

c0,0 c0,1 c0,2 c0,3 c0,4 c0,5 c0,6 c0,7 c0,8 . . .
c1,0 c1,1 c1,2 c1,3 c1,4 c1,5 c1,6 c1,7 c1,8 . . .

)
⇓(

c0,0 c0,1 × c0,3 c0,4 × c0,6 c0,7 × . . .
× c1,1 c2,2 × c1,4 c1,5 × c1,7 c1,8 . . .

)
Í�×�îh�HÝÐr�[ã*�¢ã9øÝ]P
&Æ�|®ß×Í (n, p, φ,K,N,M) = (2, 3, 4, 2, 4, 4)
D£
 3/4 Ý[ã�D�

3.2 [ã`èD��D

qAA%(1)Ý�ÙÚx�3` t `�Ï j qF
a#[ÕÝGr
 rj,t �|�î


rj,t =
n−1∑
i=0

αi,j · ai,t mod p · cj,t + nj,t

�'§�Ý;¼ÏVG> αi,j�&Æ�|àt�
��P�DEÐr ĉi,t ®�D¸ì� metric 
t�

L−1∑
t=0

m−1∑
j=0

∣∣∣∣∣rj,t −
n−1∑
i=0

αi,j · ai,t mod p · ĉi,t

∣∣∣∣∣
2

. (20)

.h�&Æ�|¿à (20)P¼�ÕNÍ5YÝ
metric�#½¿àù©f�D E[ãD®�D�
Í�	 ai,t mod p 
 0 `��îh`ÐrB[ã¡�
FXÕ;¼��X|�m��ÕÍ metric �Â�E
yÏV metric ôµ^bÅ(�Þ(20)P[ã`èD
��DÏV metric �æ¼^b®[ãÝÒD��D
ÏV metric (3)P®f´�&Æs¨©�3Í�¶
î×ET[ã� A Ý-ô ai,t mod p�Ç�àæÍ`
èÒDÝ�D �E®ßÝ!×��[ã�D®�
D�

3.3 [ã`èD�'�ãJ

×��D ÙýÝ^£î\&&Æ�|(21)P¼à
�

P = Pr

⋃
j

⋃
i

ei,j |c

 (21)

Í� ei,j �î
Ï i fý0­53Ï j Í` Ò�
Ñ@ÝDC­5 c �¯�A%(3)�×�¼1`èD
�ÎaPÝD�X|&ÆÄ6jEXb��sßÝ
Ñ@­5��¿í�¼Oÿ�D ÙýÝ¿íý0
^£A(22)P

P =
∑

c

P (c) Pr

⋃
j

⋃
i

ei,j |c


≤

∑
c

P (c)
∑

j

Pr

(⋃
i

ei|c

)
(22)
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Í� P (c) Î_D FXÑ@­5 c Ý^£�ei Î
3��Ý` F j `��sßý0Ý¯��&ÆÌ
Dÿá^£ Pr (

⋃
i ei|c) «` j Pn�X|(22)P

�;�W

Pe =
∑

c

P (c) Pr

(⋃
i

ei|c

)

≤
∑

c

P (c)
∑

i

Pr (ei|c) . (23)

#ì¼(23)P��µ�¶W

Pe ≤
∑

c

P (c)
∑

i

Pr (ei|c)

=
∑

c

P (c)
∑

i

Pr (c → ei|c)

=
∑
d2

i∈Γ

Ad2
i
Pd2

i
(24)

Í� Pr (c → ei|c) ÎWEý0^£� Pd2
i
�î�

D óC¿]�Ã¦ÆûÒ
 d2
i Ýý0­5�^

£�Ad2
i
�îÍ­5ûÒ
 d2

i XETÝ­5¿í
Íó�Γ = {d2(c, c̃)|∀c 6= c̃ ∈ Ĉ}�&ÆÌP§WE
(infinity pairs)/)

{
d2, Ad2

}

hDXET�ûÒ

�H(distance spectrum)�¸�|à¼¾\`èDÝ
?û�ãyNÍý0¯� c → ei º0lØ°�-Ý
ý0�.h&Æ�Þ(24)P�Ý Ad2

i
à Bd2

i
���

Í� Bd2
i
�î
ûÒ
 d2

i ý0­5XETÝ¿í
�-ý0Íó��'NÍ��` &Æ�§Ý�-
Íó
 k Í�.h¿í�-ý0£Ý\&�|�î
W

Pb ≤
∑
d2

i∈Γ

1
k

Bd2
i
Pd2

i
. (25)

Ey[ã`èD���ãy[ãD«` Ý8n
P�¸ÿ&ÆÝ¯�ý0£«[ã�� p bn�A
%(4)�&ÆÞN p Í` þÚ
×Í±Ý��` 
(time unit)��!` FÒ�Ñ@­5XÿÕÝ¿
]�Ã¦ÆûÒõ[ã�bn�.h�ã pÍ` 
FÒ�Ñ@DC­5Ý¯�ý0^£&ÆÄ6K�
Ê�EÍ�IÝ Ad2

i
�Bd2

i
Íóã¿í�ÿ¿í¯

�ý0^£


Pe ≤ 1
p

∑
d2

i∈Γ

Ad2
i
Pd2

i
(26)

v¿í�-ý0^£


Pb ≤ 1
p

∑
d2

i∈Γ

Bd2
i
Pd2

i
. (27)

qAù©f�D]°¸ý0£ª±t?ÝæJ�
µÎ¸t�¿]�Ã¦ÆûÒt��¬ÎqA&
ÆÝÌD��![ãD� Ýt�¿]�Ã¦Æû

Ò��b��8!�&Æs¨ù©f�D ÝÙý
^£tÝ«¿]�Ã¦ÆûÒ��bn�²�ô«
¸XETÝ¯�ý0^£(error event probability)Ý
­5;ó(path multiplicity) Ad2 |C�-ý0£Ý
J¥(bit error weight) Bd2 bn�X|3#ì¼Ý
5���9ËÍ¢óW
[ã`èD'�ãJ|C
8�Dé\¨´�¥�¢�µA� 
Ý5�¬'
�[ã`èD�&ÆEæ�`èD�ªóãJ®×
;¨�3h&Æ�Ê×[ãD Ĉ �ËÍDCÐr
c = (ci,t ∀ i, t) � c̃ = (c̃i,t ∀ i, t)�Í�D ÞFX
DCÐr c ¾½WDCÐr c̃ ÝWEý0^£î\
&�¶


Pr(c → c̃|∀ αi,j)

≤1
2

exp

−1
4N0

L−1∑
t=0

m−1∑
j=0

∣∣∣∣∣
n−1∑
i=0

αi,j ·Bi,t

∣∣∣∣∣
2
. (28)

¨3�&Æ�L×��
 n× L Ðr-²Îp(dif-
ference matrix) B(c, c̃)�Í�Ï u ��Ï v û�Ý
-ô


Bu,v = au,v mod p · (cu,v − c̃u,v)

v 0 ≤ u ≤ n − 1 � 0 ≤ v ≤ L − 1�&Æ�
Q(c, c̃) = B(c, c̃) ·BH(c, c̃)¸XETÝ©ÇÂ
 λ0,
λ1, · · · , λn−1v8nÝ©Ç'�
 v0, v1, · · · , vn−1�
&Æ� Ωj = (α0,j , α1,j , ..., αn−1,j)� βi,j = Ωj ·vi�
Q¡��ÿÕ

ΩjQ(c, c̃)ΩH
j =

n−1∑
i=0

λi |βi,j |2

#ì¼�qAîP&Æ�Þ(28)P;¶W

Pr(c → c̃|∀ αi,j) ≤
1

2
exp

(
m−1∑
j=0

n−1∑
i=0

λi |βi,j |2

4N0

)
. (29)

�Þ(29)PjE βi,j ®¿í�ÿA(18)P�ý0^
£�Aæ�`èD�'�ãJ�qA rm Â���
�!`è[ãDôbÍETÝ'�ãJ�|ì&Æ
Þý0£5� 5
ËËÏµ¼"D :

1. `è[ãD3{ rm ì�WEý0£5�

&Æ�L r 
Îp Q(c, c̃)Ýè��'&ÆÝ;¼

 Rayleigh<Êõ rm ≥ 4Ýf�ì�jE(18)P�
Ey`è[ãD&Æ�L c õ c̃ � Ýb[ûÒ
(effective distance)


d2(c, c̃) =
L−1∑
t=0

r−1∑
i=0

|ai,t mod p · (ci,t − c̃i,t)|2 . (30)

BãÌD¡&Æá¼
∑r−1

i=0 λi = d2(c, c̃) .h�X
|(18)P�|�;¶


Pr(c → c̃) ≤ 1
4

exp
(
−m

4N0
d2(c, c̃)

)
. (31)
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qA(31)P[ãD Ĉ Ý�-ý0£Ýî\&�|¶
W

Pb(Ĉ) ≤
∑
d2∈Γ

Bd2 exp
(
−m · d2

4N0

)
(32)

Í��Bd2 
b[ûÒ d2(c, c̃) XETÕÝ¿í;
ó�.h�[ãD Ĉ Ýt�b[ûÒ (minimum
effective distance)���L


d2
min(Ĉ) = min

∀c 6=c̃∈Ĉ
d2(c, c̃).

#½�&ÆqA(32)P�ÌD�3{GÓfÝ�µ
ì�d2

min(Ĉ)�|	®�Ù�-ý0£ÝÉ�ýã�

2. `è[ãD3± rm ì�WEý0£5�

Ey rm < 4 Ý�µì�ôb�!Ý[ã`èD
'�ãJ�!øÝ�[ãD Ĉ ôbXETÝÉ�ý
ãC'�ãJ�jE(18)P�Ey[ã`èD��
&Æ�L×b[��PÂ(efficient determiant)

det(c, c̃) = det

(
L−1∑
v=0

(b)H (b)

)
(33)

ÍÎp b �ÝÏ u ��Ï v û�Ý-ô�bu,v =
au,v mod p ·(cu,v − c̃u,v)v 0 ≤ v ≤ L−1,0 ≤ u ≤ n−1
BãÌDÿá

∏n−1
i=0 λi = det(c, c̃)� .h(16)P�

|;¶W

Pr(c → c̃) ≤ 1
2

exp (det(c, c̃))
(
−1
4N0

)rm

. (34)

#½&Æ�×Í±Ý�ó ∆ v ∆ = {det(c, c̃)|∀c 6=
c̃ ∈ Ĉ}�[ãD Ĉ Ý�-ý0£Ýî\&�|¶W

Pb(Ĉ) ≤
∑

det∈∆

Bdet exp (det(c, c̃))
(
−1
4N0

)rm

(35)

Í��Bdet 
b[��PÂ det(c, c̃) XETÕÝ
¿í;ó�.h�[ãD Ĉ Ýt�b[��PÂ
(minimum effective determinant)���L


detmin(Ĉ) = min
∀c 6=c̃∈Ĉ

det(c, c̃).

!ø2�&ÆqA(35)P�ÌD�3{GÓfÝf
�ì�detmin(Ĉ) �|	®�Ù�-ý0£ÝÉ�
ýã�

A|î�5��&ÆÌDÕqA rm Â����
!��¨´×Í?Ý[ãD`�6¯ d2

min(Ĉ) �
detmin(Ĉ) ÷�|C Bd2 ÷�÷?��î[ãD Ĉ
Xÿ�-ý0£÷��X|	&Æ3�8�[ã�
¨´`�Ä6qA|î��¡	®¨´�µA�

4 D£<g[ã`èD

3ha;�&ÆÞD¡A¢Þ�-[ãÌFºà
3`èD�&í�ý01���|ì&Æ| rm ≥ 4

Ý�µ
»�Ey rm < 4 Ý�µ�\ï©mÞ¢
ób[ûÒ�ðWb[��PÂÇ��´��'b
N Í�-óÝ£]����5W W Í�NÝ£]
ÙSl�EyNÍ£]�-Nà&b�!Ý�-ý0
1�mO Pb,l v 1 ≤ l ≤ W�3×�Ïµ�ì��
' Pb,1 ≥ Pb,2 ≥ · · · ≥ Pb,W�v

W∑
l=1

Sl = N


ÝE&Í�!Ý�N Sl èº&í�ý01��
´�&Æó�×ÍD£´±vý0?Ñ�æ´?Ý
`èÒD�¬vóC×ÍÊ)Ý[ã�|®ß×�
��!D£Ý�D Ĉl�Ey&Í�!Ý�Db×
Ít�b[ûÒ d2

min(Ĉ) ��Xm�Ý�-ý0£
Pb,l�A%(5)&Æ�|qAíá£]Xm�Ýý0
1��æ��VóC6ð�!Ý[ã���N Sl �
|��D Ĉl X1��qA9øÝ]°¼¾Õ&Æ
Xm&í�ý01��

Q��&ÆÌDÕ3��V6ð[ã�`�3»
ð\&`ºb��ï�ÝûÒª´.�CWý0£
Ýè{�Ü»¼1�EyFXFa n = 2 vGo�
� L = 6 Ý`èD¼1�XETÕÝÐr-²Îp
Aì (

e0,0 e0,1 e0,2 e0,3 0 0
e1,0 0 0 e1,3 e1,4 e1,5

)
(36)

Í� ei,t �î3` t ` Ï i qFaÐr Ý-
û�

#½�&Æ�'ÒD�ì�ËÍ�!Ý[ã�[
ã:

A1 =
(

1 0 0
1 1 1

)
A2 =

(
1 1 1
1 0 0

)
.

qA(30)P&Æ�á¼[ã� A1 XETÕÝb[
ûÒ


d2
A1

=
1∑

i=0

(
|ei,0|2 + |ei,3|2

)
+ |e0,1|2 + |e0,2|2.

Ey[ã� A2 XETÕÝb[ûÒ


d2
A2

=
1∑

i=0

(
|ei,0|2 + |ei,3|2

)
+ |e1,4|2 + |e1,5|2.

�Ä��'&Æ3` 0 ≤ t ≤ 2 ¸à[ã� A1�
Q¡3` 3 ≤ t ≤ 5 6ðÕ[ã� A2�h`&Æ
Ý-²Îp(36)Pº�Wì��P(

e0,0 × × e0,3 0 0
e1,0 0 0 e1,3 × ×

)
t¡�b[ûÒº�W

d2
A1|A2

=
1∑

i=0

(
|ei,0|2 + |ei,3|2

)
7



39Í»��&ë4 e0,1,e0,2,e1,4,e1,5 µ�&ÆE¯
*�CWt¡b[ûÒfæ¼Ýb[ûÒ d2

A1
TÎ

d2
A2
¼ÿ��


Ý��¹36ð[ã�ÝÄ����ºbûÒ�
&Æö�*�.h�
Ý¾Õ&í�ý01��&Æ
�O[ã�Ä6��gD£<gãJ(rate-compatible
criterion)[9]Aì�:

if au,v(i) = 1, then au,v(j) = 1
∀ u, v and 1 ≤ i < j ≤ W (37)

Í� au,v(i) �îï1��N Si XET[ã� A(i)
�Ï u ��Ï v Íû�Ý-ô�

qA(37)P�Xb{D£Ý�D�XFX��Ý
DCÐrº�1D3´±D£Ý�D��th�
²�&Æ3FXG>£]`�º�Þ£]µïý0
A��Ý�!µ�N/3×R�3Þ�!Ý�N/
)W×ÍøùGo(super frame) A%(6)Xî�Xb
3[ã�6ð\&(switch boundary)Ý­5 A(l) �
A(l + 1) XETÕÝb[ûÒ�KÎ d2

min(Ĉl)�G
o/£]4�ÏµA%(7)Xî�.h&Æ�|1J
ý0£3×�Ý�O/�

5 D£<g[ã`èDÿa��

#ì¼�Ey rm ≥ 4 Ý�µì�&Æ
×MÜ»
1�A¢®ß×��8���!D£Ý`è�D�
�Ê[ã� 3 �®ß��
 g1 = [(0, 2), (1, 2)] v
g2 = [(2, 3), (2, 0)]�ÍXETÝ[ã�5½Aì

A(1) =
(

1 1 0 1
0 0 1 1

)
A(2) =

(
1 1 0 1
0 1 1 1

)
A(3) =

(
1 1 0 1
1 1 1 1

)
A(4) =

(
1 1 1 1
1 1 1 1

)
ãh[ã��×����!D£ÝD£<g[ã`
èD�|��x�¼�ÍXETÝt�b[ûÒ5
½
 2, 4, 6, 10�39\&ÆXÿaÝÏµ
3¿
% Rayleigh <ÊÝ;¼��ÍXETÝý0£`a
��A%(8)Xî�ã%(8)�|ÌD��[ãDÝb
[ûÒ÷�Ý��¸XETÝ�-ý0£÷?�ã
h�J�t�Ýb[ûÒ�ËÝ�|	�£?�Ù
ý0£Ý×Í?ÝÉ�ýã�

th�²�A�&ÆÞî«XèÝ[ã� A(2)ð
W

A′(2) =
(

0 1 1 1
0 1 1 1

)
Í� A′(2) ÀDÝD£<gãJ�¬Î¸)QÎ!
×��ÒD�Ý×Í[ã�D�ÍXETÝD£

4/6 õt�b[ûÒ
 4 � A(2) 8!�&Æ!`
Eî«XèËÍ���µ®×ÿa�A%(7)Xî�
39&Æ�N×Í¼Ù£] s(block)Ý��
�
â 32 Í�-�EyÍ�-ý0£E®yGÓf3
12-dB Ý��ìXET��A%(9)Xî�ã%(9)�

D£<g[ã`èD@@¾Õ&ÆXm�Ý&í�
ý01�Ý�O�¨²�Ey^b��î«XèD
£<gãJÝ���D¼1�3D£� 4/6 »ðÕ
4/7 ÝÄ�	��ºCW^bð°ï�ÕÝ�-ý
0£<3Ý�µsß�X|�
ÝTà[ã`èD
y&í�ý01���|@1¾Õ&ÆXï�Ý1
�mO�D£<gãJÎm�Ý�

!ø2�Ey rm < 4 Ý�µì�&ÆôÜ×Í
»�1�A¢®ß×��8���!D£Ý`è
�D��Ê®ß��
 g1 = [(0, 2), (2, 0)] v g2 =
[(2, 1), (1, 2), (0, 2)]�ÍXETÝ[ã�5½Aì

A(1) =
(

1 1 0
1 1 0

)
A(2) =

(
1 1 1
1 1 0

)
A(3) =

(
1 1 1
1 1 1

)
ÍXETÝt�b[��PÂ5½
 4, 8, 16�ÿ
aÝÏµ!ø3¿% Rayleigh <ÊÝ;¼��¬
v�'&ÆÝG>£]����
NÍGo 128 �
-�ÍXETÝý0£`a��A%(10)Xî�ã
%(10)�|ÌD��[ãDÝb[��PÂ÷�Ý
��¸XETÝ�-ý0£÷?�ã9�&Æ�|
�J�t�Ýb[��PÂ��|	�£?�Ùý
0£Ý×Í?ÝÉ�ýã�

|ì�&Æ#½D¡3�!Ý`èÒD|C�
! rm Âì�b[ûÒÎÍËÝ�|	��Ù[�
Ý×Í¢��&ÆjE[ã� 2 ��� p = 3�
M = 2, 3, 4 ���[ãDÿa�ãyh��[ãD
^b¾Õ�è�X|&ÆÑ�è{#[ÐFaÍó
¸¶�Â�� rm ≥ 4 �Ïµ�A%(11)&Æs¨	
rm < 4 `�b[ûÒ^bð°b[Ý 5�Ù[�
Ý?û�#½&ÆÌD%(12)(13)�	�� rm ≥ 4
Ýf�`�t�b[ûÒ�;ó Bd2 ����!
@@CW�Ù[�Ý-½�qA&ÆÿaÝ��Ì
DÕ�Ey rm < 4 Ýf�ìXÿÕÝ`è[ãD
�Ù[�f rm ≥ 4 Ý[ãD[�-�Eym�{
£]��{�ê�C{`²ÝPaFí�Ù���
rm ≥ 4 f�ìÝ[ã`èD«{´Ð)&ÆXmÝ
�ÙmO�X|&Æ3�8��D£<g[ãD¨
´`�©jE rm ≥ 4 Ý���é\�!ÿ¨´�
Xÿ¨´����¡�D'�

6 �¡

ÍëO��iÛ�)&í�ý01��`è_D
*��[ãÞï�8F|'��Ê)yPa9ª�
Fí�;¼_D�Ù�3ÍO��i��@~xæ
/�y�)�-[ã*��Éb�`è_D�Ù�
|�xÌ`½&í�ý01��æ�±×�D£
<g[ã`èD�Xÿ�±l`èD�G�b[E
(9¥­5<ÊÝ�W�!`ù×ÌÄPÝ£]F
í£�º9ª���¸à�h²�8!��ÝD£
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<g[ã`èD/�àæ�ÒD��D ¼
�
�D�.h?��»ª±�DXm�{��Ó��
Ey rm Ý���!�&Æ5½.0�t�b[û
Ò�t�b[��PÂCXETÝ­5¿í;óõ
�-ý0ÍóJ¥�¼	®É�[ã�DÝ[�?
ûÝýã�	t�Ýb[ûÒ�t�b[��PÂ
÷�`CET;ó÷�`�X�¨�Ýý01��
æ�?�µAht·'�ãJ�&Æ¿àé\�!
ÿ¨´×��Ì&ËD£C�!�Ó��{[�
D£<g[ã`èD�h²�;�GËO�@~W
��Î¼×O��iï�ÞjEÍ�iX@s�&
í�ý01�`è_D�Ù�8�PaéÝ��

�×Ì{[£�±��|CÄPÚx��D '�
CÍDSP/FPGA{�@¨�
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% 1: [ã`èDÝ�ÙÚx

r t
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time units=P time slot time units=P time slotL

L

L LL

Puncturing period p
repeatedL

L

L

2
1d 2

2d 2
nd 2

1d 2
2d 2
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% 4: [ã`èDÝý0¯�

Encoder of the
Parent Code

A(1) for S1

A(2) for S2

A(W) for Sw

to Channel

Puncutring Unit

M

% 5: �V6ð[ã�|¾Õ&í�ý01�

Super Frame 1 Super Frame 2 Super Frame 3L Encoder of Punctured
Space-Time Code

L S1S2SW00L

{

Tail Bits

% 6: G>£]4�Úx

S1S2S3S400L

index l

lbP , -BER 1,bP>2,bP>3,bP>4,bP
1234

5
4

6
4

7
4

8
4

2
mind ≥)ˆ( 4

2
min Cd ≥)ˆ( 3

2
min Cd ≥)ˆ( 2

2
min Cd )ˆ( 1

2
min Cd

code rate-P/P+l
with P=4

M zeros to
properly
terminate the
encoder
memory

% 7: qA&�ý01�mOÝG>�-4�Úx

% 8: P=4 M=2 D£<g[ã`èDÝý0£

% 9: øùGo�XETÕ& sÝý0£��

% 10: P=3 M=3 D£<g[ã`èDÝý0£

% 11: b[ûÒ� rm = 2 ��Ù[�ÿa
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% 12: b[ûÒ� rm = 4 ��Ù[�ÿa

% 13: b[ûÒ� rm = 6 ��Ù[�ÿa

� 1: D£<g[ã`èD-�� p=2�n=2�QPSK
��

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd
Puncturing 

Table 
Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

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

10 ⎥
⎦

⎤
⎢
⎣

⎡
01
11

 2/3 4 0.50 0.50 

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

12 ⎥
⎦

⎤
⎢
⎣

⎡
11
01

 2/3 4 0.50 0.50 

4 
g1=[(1,2),(1,3),(3,2)] 
g2=[(2,0),(2,2),(2,0)] 

16 ⎥
⎦

⎤
⎢
⎣

⎡
01
11

 2/3 8 1.00 0.75 

5 
g1=[(0,2),(2,3),(1,2)] 
g2=[(2,2),(1,2),(2,3),(2,0)] 

16 ⎥
⎦

⎤
⎢
⎣

⎡
11
01

 2/3 8 0.75 1.25 

6 
g1=[(0,2),(3,1),(3,3),(3,2)] 
g2=[(2,2),(2,2),(0,0),(2,0)] 

18 ⎥
⎦

⎤
⎢
⎣

⎡
01
11

 2/3 8 0.25 0.25 

 

� 2: D£<g[ã`èD-�� p=3�n=2�QPSK
��

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd
Puncturing 

Table 
Code  
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎦

⎤
⎢
⎣

⎡
111
100

 3/4 2 0.33 0.16 
2 

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

10 

⎥
⎦

⎤
⎢
⎣

⎡
111
110

 3/5 6 1.00 0.83 

⎥
⎦

⎤
⎢
⎣

⎡
101
011

 3/4 4 0.66 1.00 
3 

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

12 

⎥
⎦

⎤
⎢
⎣

⎡
101
111

 3/5 6 0.33 0.50 

⎥
⎦

⎤
⎢
⎣

⎡
110
110

 3/4 6 1.33 1.66 
4 

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

16 

⎥
⎦

⎤
⎢
⎣

⎡
110
111

 3/5 12 8.33 12.83

⎥
⎦

⎤
⎢
⎣

⎡
101
011

 3/4 4 0.08 0.16 
5 

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

16 

⎥
⎦

⎤
⎢
⎣

⎡
101
111

 3/5 6 0.08 0.16 

⎥
⎦

⎤
⎢
⎣

⎡
101
011

 3/4 8 3.00 6.33 
6 

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

18 

⎥
⎦

⎤
⎢
⎣

⎡
111
011

 3/5 12 4.50 9.04 

 

� 3: D£<g[ã`èD-�� p=4�n=2�QPSK
��

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd
Puncturing 

Table 
Code  
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎦

⎤
⎢
⎣

⎡
0011
1101

 4/5 2 0.25 0.13 

⎥
⎦

⎤
⎢
⎣

⎡
0111
1101

 4/6 4 0.25 0.25 2 
g1=[(0,2),(1,2)] 
g2=[(2,3),(2,0)] 

10 

⎥
⎦

⎤
⎢
⎣

⎡
1111
1101

 4/7 6 0.50 0.25 

⎥
⎦

⎤
⎢
⎣

⎡
1011
0101

 4/5 4 1.75 2.88 

⎥
⎦

⎤
⎢
⎣

⎡
1011
0111

 4/6 6 1.50 2.25 3 
g1=[(2,2),(2,1)] 
g2=[(2,0),(1,2),(0,2)] 

12 

⎥
⎦

⎤
⎢
⎣

⎡
1011
1111

 4/7 8 1.00 1.50 

⎥
⎦

⎤
⎢
⎣

⎡
0110
1011

 4/5 4 0.75 1.38 

⎥
⎦

⎤
⎢
⎣

⎡
0111
1011

 4/6 8 2.50 4.13 4 
g1=[(1,2),(1,3),(3,2)] 
g2=[(2,0),(2,2),(2,0)] 

16 

⎥
⎦

⎤
⎢
⎣

⎡
0111
1111

 4/7 12 5.75 9.00 

⎥
⎦

⎤
⎢
⎣

⎡
0111
0101

 4/5 6 1.71 3.32 

⎥
⎦

⎤
⎢
⎣

⎡
0111
1101

 4/6 6 0.23 0.46 5 
g1=[(0,2),(2,3),(1,2)] 
g2=[(2,2),(1,2),(2,3),(2,0)] 

16 

⎥
⎦

⎤
⎢
⎣

⎡
0111
1111

 4/7 8 0.13 0.22 

⎥
⎦

⎤
⎢
⎣

⎡
1010
0111

 4/5 6 0.63 0.88 

⎥
⎦

⎤
⎢
⎣

⎡
1011
0111

 4/6 8 0.75 1.19 6 
g1=[(0,2),(3,1),(3,3),(3,2)] 
g2=[(2,2),(2,2),(0,0),(2,0)] 

18 

⎥
⎦

⎤
⎢
⎣

⎡
1111
0111

 4/7 12 1.25 2.19 
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� 4: D£<g[ã`èD-�� p=5�n=2�QPSK
��

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd
Puncturing 

Table 
Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎦

⎤
⎢
⎣

⎡
01101
01011

 5/6 2 0.40 0.60 

⎥
⎦

⎤
⎢
⎣

⎡
01111
01011

 5/7 4 1.20 1.30 

⎥
⎦

⎤
⎢
⎣

⎡
01111
11011

 5/8 6 1.60 1.60 
2 

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

10 

⎥
⎦

⎤
⎢
⎣

⎡
01111
11111

 5/9 6 0.4 0.2 

⎥
⎦

⎤
⎢
⎣

⎡
10011
01110

 5/6 4 2.80 5.80 

⎥
⎦

⎤
⎢
⎣

⎡
11011
01110

 5/7 4 0.20 0.30 

⎥
⎦

⎤
⎢
⎣

⎡
11011
01111

 5/8 6 0.40 0.60 
3 

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

12 

⎥
⎦

⎤
⎢
⎣

⎡
11011
11111

 5/9 8 0.40 0.40 

⎥
⎦

⎤
⎢
⎣

⎡
11010
01011

 5/6 4 0.60 1.10 

⎥
⎦

⎤
⎢
⎣

⎡
11110
01011

 5/7 6 0.80 1.50 

⎥
⎦

⎤
⎢
⎣

⎡
11111
01011

 5/8 8 1.20 2.30 
4 

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

16 

⎥
⎦

⎤
⎢
⎣

⎡
11111
11011

 5/9 12 5.00 8.50 

⎥
⎦

⎤
⎢
⎣

⎡
01001
11011

 5/6 2 0.10 0.20 

⎥
⎦

⎤
⎢
⎣

⎡
01101
11011

 5/7 4 0.01 0.03 

⎥
⎦

⎤
⎢
⎣

⎡
01111
11011

 5/8 6 0.02 0.06 
5 

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

16 

⎥
⎦

⎤
⎢
⎣

⎡
11111
11011

 5/9 8 0.03 0.10 

⎥
⎦

⎤
⎢
⎣

⎡
01010
11101

 5/6 4 0.10 0.25 

⎥
⎦

⎤
⎢
⎣

⎡
01010
11111

 5/7 8 1.10 1.70 

⎥
⎦

⎤
⎢
⎣

⎡
01011
11111

 5/8 10 0.50 0.70 
6 

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

18 

⎥
⎦

⎤
⎢
⎣

⎡
01111
11111

 5/9 10 0.1 0.2 

 

� 5: D£<g[ã`èD -�� p=3�n=3�
Memory=2�QPSK ��

Memory 
Generator Sequences of  

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
110
011

 3/4 4 1.33 1.67 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
110
111

 3/5 6 1.00 0.83 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
111
111

 3/6 10 2.00 1.00 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

100
111
111

 3/7 10 0.67 0.33 

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

16 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

110
111
111

 3/8 12 0.67 0.33 

� 6: D£<g[ã`èD -�� p=3�n=3�
Memory=3,4,5,6�QPSK ��

Memory 
Generator Sequences of  

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
011
110

 3/4 4 0.67 1.00 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
111
110

 3/5 6 0.33 0.50 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
111
111

 3/6 12 2.00 2.00 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

100
111
111

 3/7 14 2.17 1.92 

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

20 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

110
111
111

 3/8 16 1.33 1.00 

Memory 
Generator Sequences of  

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

100
010
011

 3/4 8 3.67 4.83 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

101
010
011

 3/5 10 6.33 8.50 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

101
110
011

 3/6 12 0.33 0.17 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

101
110
111

 3/7 16 1.67 1.50 

4 
g1=[(1,2,1),(1,3,2),(3,2,1)] 
g2=[(2,0,2),(2,2,0),(2,0,2)] 

24 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

111
110
111

 3/8 20 4.33 4.83 

Memory 
Generator Sequences of  

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
110
101

 3/4 6 0.83 0.92 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
110
111

 3/5 8 0.17 0.17 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
111
111

 3/6 16 6.41 8.86 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

100
111
111

 3/7 16 0.40 0.50 

5 
g1=[(0,2,2),(2,3,3),(1,2,2)] 
g2=[(2,2,0),(1,2,2),(2,3,1),(2,0,0)] 

24 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

110
111
111

 3/8 18 0.17 0.17 

Memory 
Generator Sequences of  

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
011
110

 3/4 8 3.00 6.33 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
111
110

 3/5 12 4.50 9.04 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

000
111
111

 3/6 18 6.00 9.00 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

100
111
111

 3/7 18 0.33 0.17 

6 
g1=[(0,2,2),(3,1,0),(3,3,2),(3,2,1)] 
g2=[(2,2,0),(2,2,2),(0,0,3),(2,0,1)] 

28 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

110
111
111

 3/8 22 0.46 0.46 

12



� 7: D£<g[ã`èD -�� p=4�n=3�
Memory=2,3,4�QPSK ��

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1110
0011

 4/5 2 0.25 0.13 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1110
1011

 4/6 4 0.25 0.25 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0100
1110
1011

 4/7 6 0.50 0.25 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0100
1111
1011

 4/8 8 0.25 0.13 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1100
1111
1011

 4/9 10 1.00 0.50 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1111
1011

 4/10 12 1.75 1.31 

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

16 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1111
1111

 3/11 12 0.50 0.25 

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
0001
0001

 4/5 4 0.13 0.31 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
0001
1001

 4/6 6 0.50 0.25 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
0001
1011

 4/7 8 0.50 0.38 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1001
1011

 4/8 10 0.75 0.63 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1101
1011

 4/9 12 0.75 0.63 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1101
1111

 4/10 14 1.00 0.75 

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

20 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1111
1111

 3/11 16 1.00 0.75 

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1000
0001
1110

 4/5 8 14.25 25.38 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1010
0001
1110

 4/6 8 0.75 0.50 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1011
0001
1110

 4/7 10 0.50 0.38 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1011
1001
1110

 4/8 12 0.25 0.13 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1011
1011
1110

 4/9 16 3.00 3.25 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1111
1011
1110

 4/10 18 3.00 3.25 

4 
g1=[(1,2,1),(1,3,2),(3,2,1)] 
g2=[(2,0,2),(2,2,0),(2,0,2)] 

24 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1111
1111
1110

 3/11 20 1.75 1.63 

� 8: D£<g[ã`èD -�� p=4�n=3�
Memory=5,6�QPSK ��

Memory 
Generator Sequences of 

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
0110
1011

 4/5 4 0.42 0.79 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
0110
1111

 4/6 6 0.27 0.59 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1110
1111

 4/7 8 0.13 0.22 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0001
1110
1111

 4/8 12 0.13 0.13 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1001
1110
1111

 4/9 16 0.90 1.06 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1101
1110
1111

 4/10 16 0.13 0.13 

5 
g1=[(0,2,2),(2,3,3),(1,2,2)] 
g2=[(2,2,0),(1,2,2),(2,3,1),(2,0,0)] 

24 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1111
1110
1111

 3/11 20 0.81 0.84 

Memory 
Generator Sequences of  

Parent Code 
)(2

min Cd  Puncturing 
Table 

Code 
Rate 

)ˆ(2
min Cd  2d

A  2d
B  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1110
0111

 4/5 6 0.50 0.56 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1010
1111

 4/6 8 0.25 0.25 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1110
1111

 4/7 12 0.63 1.13 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

0000
1111
1111

 4/8 18 5.00 6.25 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1000
1111
1111

 4/9 18 0.66 0.77 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1100
1111
1111

 4/10 20 0.50 0.75 

6 
g1=[(0,2,2),(3,1,0),(3,3,2),(3,2,1)] 
g2=[(2,2,0),(2,2,2),(0,0,3),(2,0,1)] 

28 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

1110
1111
1111

 3/11 22 0.31 0.47 
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