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Performance of improved decode-and-forward  
cooperation in low SNR 

ZHU Yi-jun, LI Ying, TIAN Zhong-jun, CHEN Jin-yang 
(Institute of Information Engineering, Information Engineering University, Zhengzhou 450002, China) 

Abstract: An enhancement was proposed that the receiving node feeds back its decoding state to the other nodes. Further, 

the enhancement can improve the performance of decode-and-forward cooperative diversity. The outage probability and 

throughput of incremental relay and selection relay were derived in low SNR, and the three-order approximation of out-

age probability was presented. Combined with the strong points of incremental relay and selection relay, joint relay was 

brought forward. The theoretical analysis and numerical simulation reveal that the proposed joint relay has such pre-

dominant performances as outage probability and throughput. 

Key words: cooperative diversity; decode-and-forward; incremental relay; selection relay; max-flow min-cut 

 

1  �� 

�������	
���������

��������������� ��!"#$

%&'�()*�+,-./#�01234�	

56
�789:;�<=
[1~3]
-<=>?�@�

	A�56BCD$%EFGH��IJK�L

MN0OP�<=QRSTUV0�WXYZ[

���4\]	V^_`a�bcdefghij

ki�lmn��#o����p��WXqqS

$r�
[4,5]
�stSVF�WX[]	�-uv<

=F�WX[��	
��w$xy�z{|}~

�- 

V0�WXYZ[��	56����}56

BC��}BC#�1��VF�WXYZ[��

1%K�����
[6]
-SalmanV��[6]���9

�����2009-09-03a�����2010-01-15 

�����fgLhi�jklmnop60872043qafgrcistnu�vwxyz{|��}jklmno

p2009ZX03003-005-01q 

Foundation Items: The National Natural Science Foundation of China (60872043); The New-generation Mobile Wireless Commu-

nication Network of National Sci-Tech Major Special Item (2009ZX03003-005-01) 



�82� �  �    � � 31� 

 

x����0��(BAF, bursty amplify-and-forward)

l�������9F�WXYZ[��IJK�

�I�1>����?����.\�0� �^

6¡¢-��[7]£ Salman �<=Q¤�:¥¦§

5¨�(¡-��[8]���[9]5©<=9��ª«

¬4®p�¯°�±(selection relaying)�B1�

±(incremental relaying)VF�WXYZ[��IJ

K��I�1- 

V¡²�	56�<=����³´�µ��

¶(·¸��(�¹���º��»¶(�(¼½

�¹(CSI)-¾�<=�B¿ÀÁÂ���	�B¿

�Ã�ÄÅV�µ���µ¥�ÆÇÈ�DÉ£�

ÊÂËÌÍÎ(ACKÏNACK)ÐÑÒ������

���ÓÔÕ�µ��ÐÑ�¹�»Ö×y[x

Ø��	��-R���9B1�±�¯°�±�

ÙÚ1��IJK>���Ò�9F�WXYZ[

�IJK�ÛÜ.Ý��DÉÞ��B1�±ÙÚ

��ß��¯°�±�IJKF-QàB1�±�

¯°�±�áâã��R���9x�äà�±å

�-«R5æ�P�çè>?�é�êÀ�äà�

±å��V�IJK�ÙÚ1ë�ìí��ãî- 

2  �����	
�� 

ïÀ�Ûe�	åÀðñ 1òó-z{|}��

ô\õ��µ�ö÷���rø����ù�]	

Vúû]¼½
[1]
-Vp5úû]ÁÂ��å�[�

üýl�þ� 2�Ü�-V�x�Ü����� S

���¹��	(�±)�� R�M��� D�µ�

¹�ð¤ R��ËÌÊÂ���£V��Ü�	}


Ö�Â¾�ÂÈ��Ò D�D£ 2�Ü��µ¥

� 2��¹	}�0Xà�ÈÓÊÂ�ð¤�xÜ

��� R ÊÂ���V��Ü��� R ���

Sí»��¦�����p�5�ðñ 2(a)òó-

³´ S-DÏS-RÏR-D��(BC�1 asdÏasrÏard

��
��U����)*��5¨��í�í� 

 
� 1  ������� � 

����5©� gsdÏgsrÏgrd��
2

sda Ï
2

sra Ï
2

rda

5©���P� 1
sdg − Ï 1

srg − Ï 1
rdg− ��P5¨���

R��� D�µ¥� !"W# zrÏzd1Ïzd2
��

U�í�í�����í� N0- 

V»	}�	$�l�p�üýl��p%&

'� T0�l�(K� R0�)*� B���+)�}

K�η0=R0/B�ü�����º,Kí� P0���

º�WX SNR=P0/N0-	}�	ÇÈ�ü�Ü��

p%&'� T0/2�uv�+)�}K� 2η0- 

-Õ�0� �^6.MFMC, max-flow min- 

cut/y«�V»01�±�º�ÆÍ��º�ÆÇ

%�
2��YZ[�3���	���¹¡¢�[6] 

 ( )( )2 2 2

MFMC sd sr rdmin ,I a a a SNR≈ +  (1) 

uv�MFMC�IJK� 

{ }

( )
out-MFMC MFMC 0

2 2 2 0
sd sr rd

2

2
min ,

P P I

P a a a
SNR

η
η

= <

⎧ ⎫= + <⎨ ⎬
⎩ ⎭

 
(2)

 

3 0SNR → p�³´ 0 0η → �y4
02

0

e 1

SNR

η

γ −=  

02

SNR

η
≈ � 0 0γ → - 5 6 7 � 1

2

sdU a= �

( )2 2

sr rdmin ,V a a= �ô\
2

sda Ï
2

sra Ï
2

rda 5©

���P� 1
sdg − Ï 1

srg − Ï 1
rdg − ��P5¨�� V��

�P� rd sr

rd sr

g g

g g

+
��P5¨�uv8 

 

{ } ( )out-MFMC

rd sr rd sr

0
sd rd sr rd sr

| d

1 exp exp d

VP P U V V v f v v

g g g gv
v v

g g g g g

γ

γ

γ

= + < =

⎡ ⎤⎛ ⎞ ⎛ ⎞+ +−= − × −⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

∫

  (3) 

	} 21
e 1

2
x x x≈ + + 4�(3).ÝDÉ¥8 

( ) ( )

( )

2
sr rd

out-MFMC sr rd
sd sr rd

3
sd sr sd rd sr rd

2 2 2
sd sr rd

2

6

g g
P g g

g g g

g g g g g g

g g g

γ

γ

+
≈ − +

+ +
 

(4)

 

V)*�([�9�	}à:��Â��;Â

¾<�&���IJK.Ý=\�ÂK
[10]
-uv�

MFMC�¬p%�¬+)�òl��$%�¹1�

��¬+)��ÙÚ1� 



� 2 � �����	
���������������� �83� 

 

( ) ( )0 0
MFMC out-MFMC 0 out-MFMC

0

1 1
T

Thr P P
T

η η= − = −  (5) 

3  �������	
�� 

3.1  IDF ���� 

�� [1, 9]4 IDF. incremental relaying�

incremental decode-and-forward/å�>?9<=�

�@¾ABCS£xýl�5� 2�Ü�8�xÜ

��S���R� D�µ�ð¤�xÜ� D�µË

Ì�� D�@ÐÑD¶ S� R�EF��Ü��l

���QG¸�l�@H�ð¤�xÜ� D�µ»

ËÌ��V��Ü� RÓÔÕ�ÊÂËÌÍÎ×y

SÎÒ D l�-³´ D üýÐÑòI}�p��

Tδ �ðñ 2(b)òó-DÉÞ��δ 
3\ÐÑp
�IxJKp%�XL-ô\�µ��ÐÑp�9

M�D¶��µSÎËÌ�uvδ �E�N^-IDF

å�[�GH��A��0��¹� 

( )
( )( )

2 2

sd sr 1

IDF
2 2 2

sd rd sr 1

1
ln 1 ,

2
1

ln 1 ,
2

a SNR a
I

a a SNR a

γ

γ

⎧ + <⎪⎪= ⎨
⎪ + +
⎪⎩

�

 (6) 

���
( ) ( )02 / 1

0
1

2 / 1e 1

SNR SNR

η δ η δ
γ

− −−= ≈ -V IDF å�

[�GH��IJK� 

{ } { } { }
{ } { }

2 2

out-IDF IDF 0 sd 1 sr 1

2 2 2

sd rd 1 sr 1

P P I P a P a

P a a P a

η γ γ

γ γ

= < = < < +

+ < �

 
(7) 

��� 

 { }
1

sd

2 3
2 1 1 1

sd 1 2 3
sd sd sd

1 e
2 6

gP a
g g g

γ γ γ γγ
−

< = − ≈ − +  (8) 

 { }
1

sr

2 3
2 1 1 1

sr 1 2 3
sr sr sr

1 e
2 6

gP a
g g g

γ γ γ γγ
−

< = − ≈ − +  (9) 

 { }
1

sr

2 3
2 1 1 1

sr 1 2 3
sr sr sr

e 1
2 6

gP a
g g g

γ γ γ γγ
−

= ≈ − + −�  (10) 

 { } ( ) 32
2 2 sd rd 11

sd rd 1 2 2
sd rd sd rd2 6

g g
P a a

g g g g

γγγ
+

+ < ≈ −  (11) 

��(8)~�(11)���(7)�� IDF �	
��

 

( ) ( )rd sr sd sr2 3 3
out-IDF 1 1 12 2

sd rd sr sd sr sd rd sr

2 2 1

2 3 2

g g g g
P

g g g g g g g g
γ γ γ

+ +
≈ − −  

  (12) 

� IDF�������������� 

 

2

sd 1

IDF
2

sd 1

,
2

,

T T
a

T

T a

δ γ

γ

+⎧
⎪= ⎨
⎪ <⎩

�
 (13) 

���IDF������� 

{ }( )
( )0

IDF out-IDF2

sd 1

2
1

1 1
Thr P

P a

η
δ γ δ

= −
+ + < −

 (14) 

 
� 2  ������	
���� 

3.2  SDF ���� 

 ![1, 8]" SDF (selection relaying�selection 

decode-and-forward)��#$%&'�()*+,

-./012�S34�R5 D6789:/01

2 R67;<�=(��/>12?�@A�B*

CBD34E D89:/012 R67F;<�=

(�GHIJ S�KL(�/>12E DM340

NOPQ R ��GH�����RS Tδ ��R

TU9V 2(c)�WO���SDF����XYZ[

\��]^_`a 

( )
( )( )

2 2

sd sr 1

SDF
2 2 2

sd rd sr 1

1
ln 1 2 ,

2
1

ln 1 ,
2

a SNR a
I

a a SNR a

γ

γ

⎧ + <⎪⎪= ⎨
⎪ + +
⎪⎩

�

 (15) 

SDF����XY�	
�� 



�84� �  �  �  � � 31 � 

 

 
{ }

{ } { }

2 21
out-SDF sd sr 1

2 2 2

sd rd 1 sr 1

2
P P a P a

P a a P a

γ γ

γ γ

⎧ ⎫= < < +⎨ ⎬
⎩ ⎭

+ < >
 

(16)
 

(	� 

1

sd

2 3
2 21 1 1 1

sd 2 3
sd sd sd

1 e
2 2 8 48

gP a
g g g

γγ γ γ γ−⎧ ⎫< = − ≈ − +⎨ ⎬
⎩ ⎭

 (17) 

��(17)b�(9)b�(10)b�(11)���(16)�

�. 

( )rd sr 2 3 3sd sr
out-SDF 1 1 12 2

sd rd sr sd sr sd rd sr

7 10 1

2 24 2

g g g g
P

g g g g g g g g
γ γ γ

+ +
≈ − −  

  (18) 

� SDF�������������c 0T �

��(��� 

 ( )SDF 0 out-SDF1Thr Pη= −  (19) 

3.3  JDF ���� 

defTghijk�l�	m��nZo�

p-qr	m	
��sOtu IDF 5 SDF �v

wxy�* zk%0{|}�~u�B�3 

(JDF, joint decode-and-forward)���()*+,

-./012�S34�R5 D67�/012t

�D�D5 R�vw67;<��GHE�� 2�

�yO9:/012 D67;<�=��/>12

�����t�������89:/012 D6

7F;<�p R67;<�= R��/>12?�

@A�B*CBD34E D89:/012 D67

F;<� R67F;<�= S��/>12ME D

�30NOPQ D5 R��GH�����Rc

Tδ ��RTU9V 2(d)�WO���JDF����

XYZ[\��]^_`a 

( )
( )( )

2 2

sd sr 2

JDF
2 2 2

sd rd sr 2

1
ln 1 2 ,

2
1

ln 1 ,
2

a SNR a
I

a a SNR a

γ

γ

⎧ + <⎪⎪= ⎨
⎪ + +
⎪⎩

�

 (20) 

(	�
( ) ( )02 / 1 2

0
2

2 / 1 2e 1

SNR SNR

η δ η δ
γ

− −−= ≈ O���(15)

5�(20)2 �hJ�JDF 5 SDF �_`a���@

���� JDF�	
�� 

( )rd sr 2 3 3sd sr
out-JDF 2 2 22 2

sd rd sr sd sr sd rd sr

7 10 1

2 24 2

g g g g
P

g g g g g g g g
γ γ γ

+ +
≈ − −

  (21) 

� JDF�������������� 

 

2

sd 2

IDF
2

sd 2

2
,

2

,

T T
a

T

T a

δ γ

γ

+⎧
⎪= ⎨
⎪ <⎩

�
 (22) 

���JDF���XY���� 

{ }( )
( )0

JDF out-JDF2

sd 2

2
1

1 2 1 2
Thr P

P a

η
δ γ δ

= −
+ + < −

 

  (23) 

4  ������� 

PQ`���X��c� gsdbgsrbgrd ��^

���� ¡�}�¢ sd
sd

1g
dα∝ b sr

sr

1g
dα∝ b

rd
rd

1g
dα∝ �(	 dsdbdsrbdrdT£�W S-DbS-Rb

R-D�¤¥�α¦��§¨�©�0ª� 2~5��

«¬®�α=4OPQ SbRbD�0¯°±e��

R� SbD²��� dsd=1�dsr+drd=1[4]
O�η0=0.5�

δ=0.05O 

V 3- dsr=drd=0.5�`³� SNR� 0~10dB´

µ��MFMCbIDFbSDFbJDF�	
��´µ¶

±VOhijk��s`³�¯·��IDF �	


��� MFMC ¸�¹ SDF 5 JDF �	
���

MFMC sO«-�º» MFMC �	
���P

®¼�yFJ�	m�y5½��y�¾¿`a�

¹ SDF 5 JDF cÀ�%ÁÂ�¾¿`a(ACKb

NACK)OÃÄ ![6]�BAF �	
��nZ�s

`³�¯·��MFMC@Å��� SDF5 JDF�

	
��nZSxÆ BAFOV 4 - SNR=3dB�	

m�y R ÇÈ´µ(dsr� 0~1 �´µ)" MFMCb

IDFbSDFbJDF �	
���ÉÊOhË�R �

S-D �	�ÇÈ���{�����	
��nZ

Ì-�x�O 

 
� 3  ������	
��� 



� 2� �������	
��������� !"#$% &85& 

 

����1976-�������	
��

������������������

�� !"#$%MIMO&'#$( 

 
� 4  ����� R'(��� 

iÍÎÏÐ0�)*ÏÐÑÒ�ÓÔÕÖ

100�ÑÒO���ÑÒ	�S-D�¤¥® 1�

	m�y R �ÇÈÓÔ´µ(¢ S-R �¤¥� 0~1

�c×TØ)OÙÚ���MFMCbIDFbSDFbJDF4

{����Ûc���9V 5�WO 

ÜuefÙÚhijk��s`³�¯·�� JDF

ÝÞ-	
��nZ�ß-���nZÌ-�x�O 

 
� 5  )*+��	
��� 

5  	
� 

* &'%	m�y5½��yà�GHá

(â�yIJ(67-�;<(ACKbNACK)«0

lãnä2"�B�3ÏÐ�nZåæçèOtu

l�	mbqr	m�vwéy�zk%0{~u

	m���Tg%(	
��5������O�

�ÙÚ�ê�«{|}�~u	m���ÝÞ-�

	
���ëß-�����ëcnZxìO 

dÆíîï% 3yÏÐ�}���Þ 	�	


��5���nZðK�ñ��ybñ¯ò���}

�#0óôõOö�²��Þ �&'-÷ø�v�

y3ùú�@û��Tüýþ 2�12����û�

�)�e��tu�y��ÇÈ�ú��¼5�R�

¼��¿]xTU�	ßðK#0ó&'O 

����� 

[1] LANEMAN J N, WORNELL G W, TSE D N C. Cooperative diversity 

in wireless networks: efficient protocols and outage behavior[J]. IEEE 

Transactions on Information Theory, 2004, 50(12): 3062-3080. 

[2] KHONMUJI M N, LARSSON E G. Cooperative transmission based 

on decode-and-forward relaying with partial repetition coding[J]. 

IEEE Transactions on Wireless Communications, 2009, 8(4): 1-10. 

[3] IBRAHIM A S, SADEK A K, WEI F, et al. Cooperative communications 

with relay-selection: when to cooperate and whom to cooperate with[J]. 

IEEE Transactions on Wireless Communications, 2008, 7(7): 2814-2827. 

[4] KHORMUJI M N, LARSSON E G. Finite-SNR analysis and optimi-

zation of decode-and-forward relaying over slow fading channels[J]. 

IEEE Transaction on Vehicular Technology, 2009, 58(8): 4292-4305. 

[5] STAUFFER E, OYMAN O, NARASIMHAN R, et al. Finite-SNR 

diversity-multiplexing tradeoffs in fading relay channels[J]. IEEE 

Journal on Selected Areas in Communications, 2007, 25(2): 245-257. 

[6] AVESTIMEHR S A, TSE D N C. Outage capacity of the fading relay 

channel in the low SNR regime[J]. IEEE Transactions on Information 

Theory, 2007, 53(4): 1401-1415.  

[7] ATIA G, SHARIF M, SALIGRAMA V. On optimal outage in relay 

channels with general fading distributions[J]. IEEE Transactions on 

Information Theory, 2007, 53(10): 3786-3797. 

[8] RAJAWAT K, BANERJEE A. Selection Relaying at Low Signal to Noise 

Ratios[A]. Wireless Personal Multimedia Communications[C]. Jaipur, 

2007. 

[9] RENK T, JAEKEL H, JONDRAL F K, et al. Outage capacity of in-

cremental relaying at low signal-to-noise ratios[A]. IEEE 70th Ve-

hicular Technology Conference[C]. Anchorage, Alaska, 2009. 

[10] CAIRE G, TARICCO G, BIGLIERI E. Optimum power control over 

fading channels [J]. IEEE Transactions on Information Theory, 1999, 

45(5): 1468-1489. 

 

����	 

 

 


��1978-��)�*+,-
����������

�������MIMO./01#$( 

 

���1979-����*+,-
�2������

�34��������567��89:( 
 

����1987-����;<=-
������2

����������7�&>?@�89:( 


