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Abstract. In this paper a hybrid Network Coding Coopera-
tion (hybrid-NCC) system is proposed to achieve both 
reliable transmission and high throughput in wireless net-
works. To balance the transmission reliability with 
throughput, the users are divided into cooperative sub-
networks based on the geographical information, and the 
cooperation is implemented in each sub-network. After 
receiving signals from the cooperative partners, each user 
encodes them by exploiting hybrid network coding and 
then forwards the recoded symbols via the Link-Adaptive 
Regenerative (LAR) relaying. First, the Diversity-Multi-
plexing Tradeoff (DMT) is analyzed to demonstrate that 
the proposed system is bandwidth-efficient. Second, the 
Symbol Error Probability (SEP) is also derived, which 
shows that the proposed system achieves a higher reliabil-
ity as compared to the traditional Complex Field Network 
Coding Cooperation (CFNCC). Moreover, because dedi-
cated relays are not required, our proposed system can 
both reduce the costs and enhance the flexibility of the 
implementation. Finally, the analytical results are sup-
ported and validated by numerical simulations. 

Keywords 
Cooperative communication, complex field network 
coding, diversity-multiplexing tradeoff, wireless com-
munication. 

1. Introduction 
In wireless networks, robust transmission against 

shadowing or enhanced coverage can be achieved from 
spatial diversity [1]. Typically, it is obtained by deploying 
multiple transmit and/or multiple receive antennas at base 
stations and/or mobile ends, such as found in Multi-Input 
Multi-Out (MIMO) systems. However, collocated antennas 
necessary for MIMO systems are not practical for mobile 
ends, due to their size and power limitations. In order to 
acquire the spatial diversity from these functionally limited 
hand-held mobile ends, cooperative communication has 
attracted much research interest. In cooperative commu-

nication, a virtual MIMO system is established through 
cooperation among multiple mobile ends. The cooperative 
ends in this system transmit signals for both themselves 
and their partners.  

Although the cooperative system is robust, it is at the 
expense of other performance such as throughput. In order 
to avoid interference, transmissions should be in orthogo-
nal channels. Therefore, the throughput decreases when the 
cooperative network size is large. Given this, a tradeoff 
must be made between the transmission reliability and the 
throughput. 

Network coding is believed to be able to improve the 
throughput of the traditional communication strategies [2]. 
Therefore, incorporating network coding into the coopera-
tive communication has been an attractive topic. Chen et al. 
have analyzed the achieved diversity of a wireless commu-
nication system adopting network coding [3]. Katti et al. 
have combined the Galois Field Network Coding (GFNC) 
theory with practical applications [4]. A system in which 
the relay implemented the Analog Network Coding (ANC) 
to assist the transmission was proposed, which reduced the 
system complexity and achieved the same Diversity-Multi-
plexing Tradeoff (DMT) as the GFNC strategy did under 
certain conditions [5]. Peng et al. have proposed a mecha-
nism which achieved good DMT performance by adopting 
the network coding dynamically [6]. Complex Field Net-
work Coding (CFNC) applied to the cooperative network 
was introduced by Wang et al. [7], and has been studied by 
other researchers [8], [9]. The remarkable characteristic of 
CFNC Cooperation (CFNCC) is the desirable throughput. 
However, the lower coding gains limit the application of 
the CFNC strategy in large scale networks. 

In this paper a hybrid Network Coding Cooperation 
(hybrid-NCC) system suitable for multiuser wireless net-
works is proposed. Taking advantage of both GFNC and 
CFNC, the hybrid-NCC is implemented in divisional co-
operative sub-networks, and acquires robust transmission 
along with high throughput. The DMT and the Symbol 
Error Probability (SEP) of this system are analyzed. It is 
proved that the proposed hybrid-NCC system has achieved 
desirable DMT performance, and at the same time full 
diversity is obtained. The SEP of the system is effectively 
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decreased compared with CFNCC [7], although the spec-
tral efficiency is slightly reduced. Therefore, the transmis-
sion reliability is improved. Additionally, the deployment 
of dedicated relay stations is not required, which reduces 
the costs of the implementation. 

The remainder of the paper is organized as follows. In 
Section 2, the transmission procedure of the hybrid-NCC 
system is presented in detail. The DMT performance is 
analyzed in Section 3, and the SEP performance is deduced 
in the following section. Simulation tests are shown in 
Section 5. At last, conclusions are drawn in Section 6. 

2. Proposed Scheme and System 
Model 
In a multiuser wireless network, users can be divided 

into cooperative sub-networks by the grouping and partner 
selection protocol [10]. A cooperative sub-network may 
consist of N  users and one base station, represented as  
(N, 1). This sub-network is a basic portion of the multiuser 
system and an essential scenario to be analyzed. For sim-
plicity, we take N = 3 as an example. 

 
Fig. 1.  A cooperative sub-network with three users and one 

base station. 

This (3, 1) setup model is shown in Fig. 1. The trans-
mit information of user i (Ui) is denoted by si. In this sys-
tem, every user is the relay of the other cooperative users in 
its idle state. Users decode the information sent by their 
partners, encode them by hybrid Network Coding (hybrid-
NC) proposed in this paper and then forward the encoded 
signals to the common destination (D).  

In this paper the channels are block Rayleigh fading. 
The fading coefficient of the channel between Uj and Ui is 
denoted by hij. It represents the effects of path-loss, 
shadowing and frequency non-selective fading, and is 
modeled as a zero-mean, independent, circularly symmetric 
complex Gaussian random variable with a variance of 4ij

2. 
The fading coefficients keep constant during one period, 
and vary over different periods. The noise effect and other 
forms of interference are represented by nij. It is modeled 
as a zero-mean mutually independent, circularly symmet-
ric, complex Gaussian random sequence with a variance of 
N0. The instantaneous and average received Signal-to-
Noise Ratio (SNR) are given respectively by Oij = KhijK2O0 

and POij = 4ij
2O0, where O0 = Px/N0 denotes the SNR without 

fading and Px is the average transmit power. We assume 
that the channel state information is accurately measured at 
the appropriate receivers via training symbols sent by the 
transmit terminals, but not fully known by the transmitters.  

Considering of current limitations in radio implemen-
tation, the users’ antennas are half-duplex. The transmis-
sion procedure is divided into several orthogonal sub-chan-
nels, and non-overlapping time slots are allocated to differ-
ent users. The time-division channel allocation for this 
model is illustrated in Fig. 2. In this figure, the transmis-
sion procedure is divided into two phases. The first three 
time slots compose the Direct Transmission Phase (DTP), 
and the last time slot is the Hybrid Network Coding and 
Forwarding Phase (HNCFP). During the DTP, every user 
transmits its signal in the separated time slot, and receives 
signals from its partners in the other two time slots. During 
the HNCFP, users encode the information from their part-
ners by the hybrid-NC, and then transmit the encoded sig-
nals simultaneously to the base station by the Link-Adap-
tive Regenerative (LAR) forwarding strategy of [11]. In 
every block, D  receives separated signals from the users 
in the DTP and the hybrid-NC coded signals in the 
HNCFP. 

1 2ˆ ˆs sQ

1 3ˆ ˆs sQ

2 3ˆ ˆs sQ

 
Fig. 2.  The time-division structure for the proposed hybrid-

NCC system. 

As shown in Fig. 2, each user does not transmit sig-
nals over the whole block; it only utilizes one separated 
time slot to transmit its signal, and the last time slot to 
transmit the coded signals of its partners. For simplicity, 
we take U1 as an example.  

In the first time slot of DTP, U1 broadcasts its signal 
to U2, U3 and D. The signals received by the partners and 
D are expressed as follows: 

 21 21 1 21y h s n� ! ,  (1) 

 31 31 1 31y h s n� ! , (2) 

 1 1 1 1
D

d d dy h s n� !  (3) 

where s1 represents the signal sent by U1 and is drawn from 
a finite alphabet Rs, Oij represents the signal of Uj received 
by Ui, O1d represents the signal received by D during DTP, 
hid

D is the fading coefficient of the channel between Ui and 
D during DTP. 

(U1)

(U2)

(U3)
(D)
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Similarly, in the second and the third time slots, U2 
and U3 broadcast signals separately. The signals received 
by U1 and D are given by: 
 12 12 2 12y h s n� !  , (4) 

 13 13 3 13y h s n� !  , (5) 

 2 2 2 2
D

d d dy h s n� ! , (6) 

 3 3 3 3
D

d d dy h s n� ! .  (7) 

Then, U1 attempts to retrieve information from the re-
ceived signals by the Maximum Likelihood (ML) demodu-
lation. The estimated signals are:  

 2
2 12 12ˆ arg min

ss
s y h s

�
� �

A
, (8) 

 2
3 13 13ˆ arg min

ss
s y h s

�
� �

A
. (9) 

During the HNCFP, U1 recodes the retrieved signals, 
initially by GFNC (i.e. XOR operation), and obtains: 

 1 2 3ˆ ˆx s s� Q . (10) 

Next, U1 encodes x1 by CFNC and then sends the 
recoded signal to D simultaneously with its partners by the 
LAR strategy. 

The signal received by D during this phase is: 

 
3

4 4
1

R
d id i i i d

i
y h x n� �

�

� !�  (11) 

where y4d denotes the signal received by D during HNCFP, 
hid

R is the channel fading coefficient in this phase, and the 
superscript R indicates that Ui works as a relay of its part-
ners, �i represents the link-adaptive scalar and controls the 
transmit power at Ui during HNCFP, �i is drawn from the 
complex field S. The design of �i is studied in the refer-
ences [12], [13], which considered the choice of �i based 
on the linear constellation precoding of MIMO systems. 
We adopt this design and rewrite the rules here: 

� �� �� �
� �� �� � k

k

Nii N
N

Ninj
Ninj

23for
2for

,3/116exp
,2/114exp

,...,1,
��

�



�
�

��
��

�� �
�

�  (12) 

for any n = 1,� , N. 
One of the distinct features of CFNC is the one-to-one 

mapping between the ordered pair 1 2 3, ,[ ]Tx x x  and 
1 1 2 2 3 3y x x x� � �� ! ! , which means that if and only if 

1 2 3 1 2 3[ , , ] [ , , ]i i i T j j j Tx x x x x x� , i jy y� . This feature enables 
the receiver detects 1 2 3, ,[ ]Tx x x  based only on the received 
symbol y.  

Given that R
id ih �  is obtained at D  through channel 

training, and 1 2 3: [ , , ]T� � ���  is known by all of the users 
and D , the ML detector at D can be expressed as shown in 
(13) at the top of the page. 

3. DMT Performance 
In this section, the DMT performance of the proposed 

system is analyzed. This performance indicates the rela-
tionship between the information rate and the reliability of 
the transmission [14].  

The DMT is described as:  

 � �
O

O
O

2

22

log
logloglim rPDMT out

8(
�� .  (14) 

In this equation, the diversity gain is:  

 � �
O

O
O

2

2

log
,loglim RPd out

8(
��   (15) 

and the multiplexing gain is: 

 � �
O

O
O

2log
lim Rr
8(

��   (16) 

where Pout is the outage probability of the transmission 
with the received SNR O. The data rate R at the given mul-
tiplexing gain r is 

 2log (1 )R r O� ! .   (17) 

Without loss of generality, we take U1 as an example. 
The outage probability for U1 - D is calculated as: 

 1 2 2 3 3 4out C FC C PC C PC C NCP P P P P P P P P� � ! � ! � ! �   (18) 

where PC1 denotes the probability of the case that both of 
the following requirements are met: 

a) During the DTP, no outage occurs in the U1 – U2 and 
U2 – U3 link pairs, then U2 transmits the correct sym-
bol x2 = s1 Q s3 to D ; and at the same time no outage 
occurs in the U3 - D link pair. Then D  will retrieve 

1s  by 2 3ˆ ˆx sQ  using the correct symbol 3s . 

b) Similarly, there is no outage occurrence in the U1– U3, 
U2– U3 and U2– D link pairs during the DTP. There-
fore, D  will retrieve s1 by 3 2ˆ ˆx sQ  using the correct 
symbol s2. 

The outage probability in this case is denoted as PFC. PPC2 
is the outage probability of the partial cooperation in the 

.
/

1 2 3

2 2 2

1 2 3 1 1 1 2 2 2 3 3 3, ,

2

4 1 1 1 2 3 2 2 2 1 3 3 3 3 1 2

ˆ ˆ ˆ( , , ) arg min

( ) ( ) ( )

s

D D D
d d d d d ds s s

R R R
d d d d

s s s y h s y h s y h s

y h s s h s s h s s� � � � � �

�
� � ! � ! �

' $! � Q ! Q ! Q& #

A
      (13) 
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case that requirement (a) is satisfied but (b) is not; and the 
occurrence probability of this partial cooperation is 
denoted as PC2. PPC3 is defined similarly to PPC2, in the case 
that requirement (b) is satisfied but (a) is not; and the 
occurrence probability is denoted as PC3. The occurrence 
probability for the case that neither (a) nor (b) is satisfied, 
is denoted as PC4; and in this case, the outage probability is 
PNC. 

First, we deduce the conditional probability PC1. In 
this case, U2 receives signals from U1 and U3 during DTP 
without the occurrence of outage. Besides, D correctly 
retrieves the signal of U3 in order to decode x2 sent by U2 
during the HNCFP. Meanwhile, U3 works in the same way 
as described above. Then the probability PC1 can be ex-
pressed as:  

. /
. /

1
21 23 3 31 32 2

21 1 23 3 3 3

31 1 32 2 2 2

[(1 ) (1 ) (1 )] [(1 ) (1 ) (1 )]
[1 ( )] [1 ( )] [1 ( )]

[1 ( )] [1 ( )] [1 ( )]  

C a b
d d

out out out out out out

d

d

P P P
P P P P P P
P I R P I R P I R

P I R P I R P I R

� �

� � � � � � � � � � � �

� � - � � - � � -

� � - � � - � � -

  (19) 

where Pa denotes the occurrence probability of (a), Pb de-
notes the occurrence probability of (b), and Pout

ji is the 
outage probability of the link Ui - Uj. With coherent detec-
tion, the mutual information of Ui - Uj is given by: 

 2
2 0

3 log (1 )
4ji jiI h O� !  (20) 

where the mutual information is divided by 4/3, because 
four time slots are assigned to three U - D pairs. Similarly, 
the mutual information of Ui -D is given by:  

 
2

2 0
3 log (1 )
4

D
id idI h O� ! . (21) 

Then, the outage probability of U1 - U2 with the 
transmit power Px and rate R1, is given by: 

 
1

221
21 1 2 21 0 1

4
3

2
21 0

3( ) { log (1 ) }
4

2 11 exp( )

out

R

P P I R P h RO

4 O

� - � ! -

�
� � �

  (22) 

The other outage probabilities in (19) are calculated 
similarly. By substituting them into (19), the occurrence 
probability PC1 is obtained as: 

1 3 3

1 2 2

4 4 4
3 3 3

1 2 2 2
21 0 23 0 3 0

4 4 4
3 3 3

2 2 2
31 0 32 0 2 0

2 1 2 1 2 1exp( ) exp( ) exp( )

2 1 2 1 2 1exp( ) exp( ) exp( )

R R R

C
d

R R R

d

P
4 O 4 O 4 O

4 O 4 O 4 O

� � �
� � � � � �

� � �
� � � � � �

 (23) 

In the similar manner, the occurrence probabilities 
PC2, PC3 and PC4 are: 

1 3 3

1 2 2

4 4 4
3 3 3

2 2 2 2
21 0 23 0 3 0

4 4 4
3 3 3

2 2 2
31 0 32 0 2 0

2 1 2 1 2 1exp( ) exp( ) exp( )

2 1 2 1 2 11 exp( ) exp( ) exp( )

R R R

C
d

R R R

d

P
4 O 4 O 4 O

4 O 4 O 4 O

� � �
� � � � � �

' $
� � �% "� � � � � � �% "

% "& #

 

  (24) 
1 3 3

1 2 2

4 4 4
3 3 3

3 2 2 2
21 0 23 0 3 0

4 4 4
3 3 3

2 2 2
31 0 32 0 2 0

2 1 2 1 2 11 exp( ) exp( ) exp( )

2 1 2 1 2 1exp( ) exp( ) exp( )

R R R

C
d

R R R

d

P
4 O 4 O 4 O

4 O 4 O 4 O

' $
� � �% "� � � � � � �% "

% "& #

� � �
� � � � � �

  

   (25) 
1 3 3

1 2 2

4 4 4
3 3 3

4 2 2 2
21 0 23 0 3 0

4 4 4
3 3 3

2 2 2
31 0 32 0 2 0

2 1 2 1 2 11 exp( ) exp( ) exp( )

2 1 2 1 2 11 exp( ) exp( ) exp( )

R R R

C
d

R R R

d

P
4 O 4 O 4 O

4 O 4 O 4 O

' $
� � �% "� � � � � � �% "

% "& #
' $

� � �% "� � � � � � �% "
% "& #

 

  (26) 
In the following part, we analyze the outage 

probabilities in these cases. For simplicity, we consider the 
case of identical symbol rate for all users, i.e. R1 = R2 = R3. 

First of all, we propose three equivalent one-transmit-
ter, one-receiver links during the HNCFP. This proposition 
means that each user will separately provide an equivalent 
copy of information, received during the DTP, to D . 
Without loss of generality, we take the link U2 - D during 
the HNCFP, for the example.  

Let d min (d max) denotes the minimum (maximum) 
Euclidean distance in the constellation of x2, and 2

min
r dd  

( 2

max
r dd ) denotes the minimum (maximum) Euclidean dis-

tance of symbols, which are encoded by different x2, in the 
constellation of T R

sd� H x , where :R
sd �H 1 2 3( , , )R R R

d d ddiag h h h , 

1 2 3: [ , , ]Tx x x�x . Then, we build a virtual U2 - D link during 
HNCFP without power scaling, and the I/O relationship is: 

 
2 2 2 4

R
r d d dy h x n� !�� �  (27) 

where 2
R
dh�  has an arbitrary phase known by D , with 

an amplitude 
2

min max
2| |: /R

d r dh d d�� . Then, the maximum 
Euclidean distance of the received constellation in (27) is 

2

max min
2| |R

d x r dh d P d�� , which equals the minimum Euclid-

ean distance of symbols encoded by different 2x , in the 
constellation of T R

sd� H x . Therefore, the instantaneous re-

ceived SNR of this virtual link, namely 
2

2
2 0| |R

r d dhO O� �� , is 

the lower SNR bound of the original 2U - D  link during 
the HNCFP. 



RADIOENGINEERING, VOL. 23, NO. 1, APRIL 2014 439 

Similarly, we define the I/O relationship: 

 4 4 4
T

d rd d rd dy h n h u n� ! � !� x� �� � �  (28) 

where :� Tu � x , rdh�  is defined in the same way as the defi-
nition of 2

R
dh� , by replacing 2x  with u . rdO�  is the instanta-

neous received SNR of this virtual link, and then it is obvi-
ous that 2rd r dO O�� � . Due to lemma 1 in [7]:  

 min
rd rd rdO O� � �  (29) 

where rd�  is a random variable independent of min
rdO  

satisfying ( 0) 1rdP � N � , min
rdO  is the minimum received 

SNR of the actual links, which is defined as 

1 2 3

min : min( , , )rd r d r d r dO O O O� , where 2
0: | | , 1, 2,3

i

R
r d idh iO O� � � . 

Furthermore, min
rdO  is exponentially distributed with the 

parameter 2
rd4 , where 32 2

1
1/ (1/ )

ird r di
4 4

�
� �  [6]. 

Then, 
2r dO�  can be further bounded by min

rdO : 

 
2

min
r d rd rdO OA �� . (30) 

The instantaneous lower SNR bound of the virtual 
link U3 - D (i.e. 

3r dO� ) during the HNCFP can also be 
analogously defined. 

Next, we calculate the outage probability PFC. 

First, the lower bound of mutual information for  
U1 – D over the whole block in this case is: 

 
2 31 2 1 2 3

3 log (1 )
4

B D
d d r d r dI O � O � OA ! ! !� � . (31) 

Second, the upper bound of the outage probability 
PFC is obtained as: 

2 3

FC 1 1

2 1 2 3 1

( )
3 log (1 )
4

B
d

D
d r d r d

P P I R

P RO � O � O

� -

� E� ! ! ! -� D

 C

� �
 (32) 

Then, the upper bound of (32) is obtained as shown in 
(33) at the bottom of the page, where: 

:� � 14 /3 2 2 2
0 1 1 2 2 3 3(2 1) / , : , : , :R

d rd rd rd rdV V VO 4 � 4 � 4� � � � � � . 

In the same way, the upper bounds of outage 
probabilities for the other three cases are obtained as: 

 

1 2

22
PC2 2 1 0 2 2 0 1

22
1 2 2

1 2
1 1

1 2
1 2

1 2 2 1

3{ log (1 ) }
4

[ ]

1 [1 ] exp( ),

exp( ) exp( )
1 ,

R
d d

R
d d

V V

P P h h R

P h h

V V
V V

V V
V V

V V V V

O � O

�

� �

� ! ! -

� ! - �

� �� � ! � � �G
G� � � �G � � *G � �


�

�  (34) 

 

31

22
PC3 2 1 0 3 3 0 1

22
1 3 3

1 3
1 1

31
1 3

1 3 3 1

3{ log (1 ) }
4

[ ]

1 [1 ] exp( ),

exp( )exp( )
1 ,

R
d d

R
d d

VV

P P h h R

P h h

V V
V V

VV
V V

V V V V

O � O

�

��

� ! ! -

� ! - �

� �� � ! � � �G
G� � ��G � � *G � �


�

�  (35) 

 

2
1 1 2 1 0 1

1

3( ) log (1 )
4

1 exp( )

NC d dP P I R P h R

V

O� E� - � ! -� D

 C

�
� � �

 (36) 

By substituting (23)-(26) and (33)-(36) into (18), 
an upper bound of the outage probability for U1 - D is ob-
tained. In what follows, we present the DMT of the pro-
posed scheme on the basis of the analysis above.  

When 0O ( 8 , the outage probability U1 - D will be 
expressed as detailed below: 

 
� �

.limlim

limlimlim

433

2210

00

000

NCCPCC

PCCFCCout

PPPP

PPPPP

�!�!

�!��

8(8(

8(8(8(

OO

OOO
O

  (37) 

Due to (23)-(26), terms in the right-hand side of (37) 
are: 

2 3

2 22
FC 2 1 2 3 1 1 2 2 3 3

2
1 2 3

1 1 1
22

1 2 1 2
1 2 2 32 2

121 2 1 2
2

3 log (1 )
4

11 [1 ( ) ] exp( )
2

exp( )( ) 2
1 exp( ) ,

( ) ( )

exp(
1

i

i

D R R
d r d r d d d d

i V

i

i V

P P R P h h h

V V V
V V V

VV V V V V V V V
VV V V V

V

O � O � O � �

�

�

�

� E ' $� ! ! ! - � ! ! - �� D % "& #
 C
� � �

� ! ! � � � � �

�� �� ! � �
! � � � * �

� � �

�
�

�
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3

1 2 1 3 2 3
1

, {1,2,3}
, ,

)
, ,

( ) ( )i i j i k
j k

j i k i j k

V V V V V V
V V V V�

�
* * *

�
G
G
G
G
�
G
G * * *G � � �G



�

      (33)
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 1lim 1
0
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,  (38) 
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(41) 
where ( )T �   represents the higher-order terms. 

Additionally, the upper bound of PFC with O0(8 can 
be derived from (33) and shown as: 
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By adopting the result of Appendix A from [15], the 

outage probabilities for the partial cooperation cases are:  
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In addition, PNC with O0(8 will be: 

 
0 0 1 1 0

1lim lim[1 exp( )] ( )NCP
V VO O O(8 (8

� �
� � � � !T . (45) 

By replacing the data rate of U1 (R1) with the multi-
plexing gain (r1), i.e. R1 = r1 log(O0), and then substituting 
(38)-(45) into (37), the DMT (14) of the proposed system 
is: 

 1 1
4( ) 3 (1 )
3

d r r� � � . (46) 

In the case of a three-user cooperative network, (3, 1) 
for the proposed system and (3, 1, 1) for other scenarios 
with a relay, we compare the DMT performance. It showed 
that Conventional Cooperation (CC) systems, such as 
Space-Time Coded Cooperation (STCC) and Opportunistic 
Relaying (OR), achieved the DMT of ( ) 2 (1 2 )d r r� � �  
[16,] [17]. The Network Coding Cooperation with Dy-
namic Coding (DC-NCC) achieved the DMT of 

( ) 2 (1 4 3)d r r� � �  [6]. Additionally, the DMT of the 
CFNCC was ( ) 2 (1 )d r r� � �  [7]. The DMTs for different 
systems are illustrated in Fig. 3. It demonstrates that com-
pared with the CC and DC-NCC, the hybrid-NCC achieves 
more diversity gains with the same expense of spectral 
efficiency, or with higher spectral efficiency for the same 
diversity gains. While compared with the CFNCC, it can 
be inferred that the Hybrid-NCC achieves the higher diver-
sity gains at the cost of the spectral efficiency. 
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Fig. 3.  The DMTs for different systems at the same symbol 

rate of users. 

4. SEP Performance 
In this section, the SEP performance of the proposed 

system is analyzed, where the SEP denotes the error prob-
ability of the user’s symbols at D. Similarly, we take 1U  
for an example. 

During the DTP, the SEP of the link Ui - Uj or Ui - D  
( , {1,2,3}i j� � ) is:  

 ( 1) 2 ( 1) exp( )e
ji ji jiP M Q MO O� � � � � �    (47) 

where : sM A� , 2

0
( ) : (1/ 2 ) exp( / 2)Q x t dt�

8
� �M . The 

last inequality follows from the Chernoff bound. 
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During the HNCFP, the ML detector at D , utilizing 
information from the whole block, is equivalent to the 
Maximum Ratio Combining (MRC). 

In the proposed system, �i is chosen to control the 
transmit power at Ui during the HNCFP, and it critically 
affects the SEP. By adopting the one introduced by Wang 
et al. [11], a diversity-achieving �  for the relay (e.g. U2) 
is: 

 2 2

2

2

min( , )R r d

r d

O O
�

O
�    (48) 

where 
2 21 23 3: min{ , , }R dO O O O� , 

2r dO  is the equivalent average 
SNR of the virtual U2 - D link during the HNCFP. 3dO  and 

2r dO  are easily estimated infrequently by D, and the over-
head of feeding back the statistical data to U2 is then af-
fordable. When links during the DTP are unreliable, then 
�2 will be set as a small number, and when these links are 
reliable, it will be set as a large number. 

Next, the SEPs for the different cases are analyzed, 
according to the cooperation types of U1’s partners. 

First, we suppose that U2 obtains signals from U1 and 
U3 correctly, and the signal of U3 is also obtained correctly 
by D , during the DTP. Then, U2 can provide a correct 
copy of U1’s information to D . The occurrence probability 
of this case is: 
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  (49) 

Second, similar assumption can be made for the U3 
cooperation type.  

Third, when both U2 and U3 provide the correct infor-
mation from U1, the SEP of U1’s signals at D is: 

 
2 31 2 3( 1) [ 2( ]e

FC d r d r dP M Q O � O � O� � � ! !� � . (50) 

Then, we consider the case in which there are 
detection errors in both U2 and U3. It is noticed that the 
SEP ( e

NCP ) can be upper bounded by the worst case, which 

corresponds to the assumption that the partners have de-
coded the symbol as the farthest constellation point from 
the actual one sent by U1 [18]. Based on the worst case, the 
SEP is: 
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where max min: /d d� � .   

The SEPs for the other two cases, in which only one 
cooperative partner transmits the correct information of 1U , 
will be expressed as: 
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and 
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The corresponding occurrence probabilities for the 
SEPs in (50)-(53) are: 
 

2 31 r rP P P� � , (54)  

 
2 32 (1 ) (1 )r rP P P� � � � , (55) 

 
2 33 (1 )r rP P P� � � , (56) 

 
2 34 (1 )r rP P P� � � . (57) 

By combining (50)-(53) with (54)-(57), the SEP of 
U1’s signals at D is shown in (58) at the top of the page.  

For the convenience of adopting Lemma 2 in [7] to 
derive the achieved diversity order, it is found that the 
right-hand side terms of the last inequality in (58) meet the 
requirements. Lemma 2 of [7] is rewritten below: 

Lemma: Consider the symbol error probability function Pe 
satisfying 
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where Oc U Gamma(nc, PO ) and Oe U Gamma(ne, PO ) are 
independent; and Ic, Ie and I>e are nonnegative random 
variables independent of Oc and Oe. If the probability den-
sity functions p(Ic), p(Ie) and p(I>e) do not depend on O , 
and ( 0) ( 0) ( 0) 1c e ep p pI I I>A � A � A � , then the average Pe 
is bounded as ( )[ ] c en n

eE P VO � !� , where � �: , , 0c e eE kV I I I>� N' $& #  
is a constant not dependent on O ; hence, E[Pe] achieves 
diversity of order nc + ne. 

By defining the independent and identically distrib-
uted (i.i.d.) random variable Oij

normUExpo(1/O0)=Gamma(1, O0) 
for the pair of subscript (i, j), the received SNR of full 
cooperation is rewritten as: 

2 3 2 2 3 3

2 2 2
1 2 3 1 1 2 3= norm norm norm
d r d r d d d r d r d r d r dO � O � O 4 O � 4 O � 4 O! ! ! !� � . (59) 

The first term in the right-hand of inequality (58) is 
then rewritten as: 
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where 
2 31

norm norm norm
c d r d r dO O O O� ! ! , 0eO � , 2

1min{ ,c dI 4�  

2 2 2 2 3 3 3 3

2 2min( , ) / , min( , ) / }r d R r d r d r d R r d r d4 O O O 4 O O O . As a result, 
Oc U Gamma(3, PO ) and ( 0) 1cP I N � . Application of the 
lemma above proves that 1[ ]eE P  achieves diversity of 
order three. 

Similarly, the second term in the right-hand of ine-
quality (58) can be rewritten in the same form as (60) by 
replacing (M-1) with (M-1)2. Since the power scale �  
satisfies i ii R r d� O O� , the second term meets the require-
ments with 

21
norm norm

c d r dO O O� ! , 
3

norm
e RO O� , cI �  

2 2 2 2

2 2
1min{ , min( , ) }d r d R r d r d4 4 O O O , 3 3 3

22e R r d r dI � 4 O O� � , 

3

2
e RI 4> � . Therefore, 2[ ]eE P  also achieves diversity of 

order three. 

In the same way, diversity of order three is proved to 
be achieved by the third term in the right hand of inequality 
(58). 

For the last term, an expression similar to (60) is re-
written by replacing (M-1) with (M-1)3. In this expression, 

1
norm

c dO O� , 
2 3

norm norm
e R RO O O� ! , 2

1c dI 4� , 

2 2 2 3 3 3

2 2max(2 ,2 )e R r d r d R r d r dI � 4 O O � 4 O O� � �� �  and eI> �  

2 3

2 2min( , )R R4 4 . Therefore, 4[ ]eE P  achieves diversity of 
order three.  

As a result, E[Ps] achieves the diversity of order 
three, which proves that the proposed hybrid-NCC system 
can obtain full diversity. 

5. Simulation 
In this section, we compare the simulated SEP results 

in various scenarios for practical SNR (O0) values. 
0 0/xP NO �  denotes the signal to noise ratio without fad-

ing and Px is the average transmit power. Unless specified 
otherwise, the adopted modulation is BPSK and the scale 
of the network is (3, 1). 

Fig. 4 shows simulation results of the proposed sys-
tem under different channel property settings. The average 
received SNRs of channels U-U and channels U-D are set 
to (O0 + 10 dB, O0), (O0, O0 + 10 dB) and (O0, O0 ) in logarith-
mic-scale, which correspond to better U-U channels, better 
U-D channels and equal average received SNRs between 
U-U and U-D, respectively. It demonstrates that when U-D 
channels are better, the system shows lower SEP compared 
with the other two settings. Additionally, considering that 
U-U channels are better, which is the underlying virtue of 
the case that users are closed to each other, the transmit 
power is saved approximately 2 dB at the same SEP com-
pared with the symmetric scenario. As a result, it is sug-
gested that one should choose neighbor users as its part-
ners, based on the pre-received geography information.  

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

10-5

10-4

10-3

10-2

10-1

100

 

 
S

E
P

SNR O0 (dB)

(O0,O0)

(O0+10,O0)

(O0,O0+10)

 
Fig. 4.  SEPs of hybrid-NCC in various channel property 

settings. 

For the subsequent simulations, the channel properties 
are set to (O0, O0 ) for comparison simplicity. 

0 5 10 15 20 25
10-6

10-5

10-4

10-3

10-2

10-1

100

SNR O0 (dB)

S
E

P

 

 
No Cooperation
CFNCC(2,1,1)
CFNCC(3,1,1)
Hybrid-NCC(3,1)

 
Fig. 5.  SEP comparison of hybrid-NCC with CFNC. 

Fig. 5 exhibits the SEP comparison of the proposed 
hybrid-NCC system with the traditional CFNC cooperation 
[7] at comparable network scale (i.e. three users for the 
proposed system and two or three users with one relay for 
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the CFNC cooperation). It is proved that the proposed 
system achieves more diversity gains and obtains better 
SEP performance. What’s more, dedicated relays are not 
needed in the proposed system, which reduces the network 
costs.  

The SEP results for the hybrid-NCC system with 
modulations other than BSPK are shown in Fig. 6. QPSK 
and 16-QAM are adopted by the proposed system (3, 1) 
and the CFNC cooperation (2, 1, 1) for comparison. This 
figure demonstrates that the coding gain of the proposed 
system decreases when the constellation size is increased, 
yet it can be improved by optimizing T�  as in [19]. Addi-
tionally, diversity of order three is achieved by the hybrid-
NCC for sufficiently high SNR, while the CFNC coopera-
tion based on the same network size, i.e. two users with 
one relay, only achieves diversity of order two. 
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Fig. 6.  SEPs of systems with various constellations. 
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Fig. 7.  SEPs of hybrid-NCC with various numbers of 

cooperative users. 

Fig. 7 illustrates SEP results of the proposed system 
with different numbers of cooperative users. It shows that 
the diversity gain increases with the number of cooperative 
users. However, the symbol mapping in the HNCFP 
implies that there is a coding gain loss at the same time, be-
cause the minimum Euclidean distance is decreased. Thus, 
the number of cooperative users is required to be consid-
ered carefully, to balance the coding gains with the diver-

sity gains for different SNR values. Additionally, the de-
modulator at D becomes more complicated as the number 
of cooperative users increased. 

6. Conclusion 
In this paper, a cooperative communication system 

with the hybrid network coding is proposed. In multiuser 
networks, users can develop self-organized cooperative 
sub-networks through partner selection protocol, based on 
the geographical information. We have analyzed the DMT 
and the SEP performance of the proposed hybrid-NCC 
system. The DMT of the hybrid-NCC system is better than 
that of the existing network coding cooperation. At the 
same time, by efficiently selecting the LAR parameter �, 
the system achieves full diversity for the sufficiently high 
SNR. Additionally, the transmission reliability of the sys-
tem is improved as compared with that of the traditional 
CFNCC. Furthermore, dedicated relay nodes are not neces-
sary. In future research, the implementation of the pro-
posed system and the combination of the hybrid-NC and 
the channel coding (such as LDPC and Turbo) are two 
aspects to be considered. 
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