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Network-Coding-Based Coded Cooperation

Suwen Wu, Jinkang Zhu, Ling Qiu, and Ming Zhao

Abstract: Coded cooperation is a promising user cooperation
scheme. In this paper, we first propose a novel network-coding-
based coded cooperation scheme. When a user decodes its partner’s
information correctly in the first frame, it transmits the combina-
tion of the partner’s parity bits and its own parity bits through
network coding in the second frame. This is distinct from the clas-
sical scheme, where the user only transmits the partner’s parity
bits during cooperation. We analyze the outage probability of the
proposed scheme, and show that it achieves a full diversity or-
der. Numerical evaluations reveal that the proposed scheme out-
performs the classical scheme when the inter-user channel is poor,
yet is worse when the inter-user channel is strong. Also, the results
show that the proposed scheme always outperforms that of no co-
operation in various channel conditions while the performance of
classical scheme is worse than that of no cooperation with the poor
inter-user channels. This means that the performance of the pro-
posed scheme is more stable than the classical scheme and the pro-
posed scheme is more tolerant to the poor inter-user channels. To
combine the advantages of the proposed scheme and the classical
scheme under different inter-user channel conditions, we propose
an adaptive solution. This adaptive scheme enhances the system
performance considerably in all channel conditions in spite of the
inter-user channel quality, at the expense of only one acknowledge-
ment or non-acknowledgement bit.

Index Terms: Coded cooperation, cooperative communication, di-
versity order, network coding, outage probability.

I. INTRODUCTION

Cooperative communication, in which each user transmits not
only its own information but also its partner’s information, has
attracted more and more attention [1]-[3]. Coded cooperation
is a cooperation scheme proposed by Hunter et al. in 2002 [3].
In this paper, we call it the classical coded cooperation (CCC)
scheme. In [4], it was shown that the outage performance of the
CCC scheme was better than the amplify-and-forward (AF) [5]
scheme and the decode-and-forward (DF) [6] scheme. Hunter
et al. analyzed the outage probability of the CCC scheme and
showed that the outage performance was generally superior to
that of space-time cooperation [7].

Network coding [8], which is firstly proposed in the noise-
less wired networks, has been extended to the wireless networks
recently, to improve the system performance [9]-[15]. In [9],
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the authors compared the outage probability of user cooperation
system with/without network coding, and the results showed
that the performance of system with network coding is better
than that of system without network coding. In [10] and [11],
Woldegebreal er al. analyzed the outage performance of the
network-coding-based DF scheme. The authors in [12] proposed
a network coding-based user cooperation scheme to improve
the system performance and generalized the scheme from two-
user cooperation to multi-user cooperation. A network-coding
scheme was used in the bi-direction cooperation model [13],
[14]. Joint network-coding and channel coding was considered
in [15]. In the above works, it considered the DF scheme in [10]
and [11] and a bi-direction transmission in [13] and [14].In [12],
the user generated new parity bits protecting both its own and
the partner’s bits with network coding. In this scheme, it needs
new more redundancy bits. While in our paper, we consider a
new network-coding scheme in general coded cooperation sys-
tem proposed by Hunter ez al, and it doesn’t need anymore re-
dundancy bits. Note that in the previous works [9], error-free or
good inter-user channel was assumed, whereas we will explic-
itly consider noisy inter-user channels, as the inter-user channel
would go bad from time to time and affect considerably the over-
all system performance [16].

Specifically, we propose a novel network-coding-based coded
cooperation (NCCC) scheme. In the CCC scheme, when one
user decodes its partner’s information correctly in the first
frame, it will transmit its partner’s additional parity bits in the
second frame. While in our proposed NCCC scheme, when
one user decodes its partner’s first frame correctly, it trans-
mits the combination of its own and its partner’s additional par-
ity bits through network coding in the second frame. We carry
out a thorough analysis on the outage probability of the NCCC
scheme. Moreover, we derive the approximate outage probabil-
ity of the NCCC scheme in the high signal to noise ratio (SNR)
regime and prove that the proposed scheme achieves full diver-
sity order. Numerical evaluations reveal that the performance
of the NCCC scheme is superior to the CCC scheme when the
inter-user channel is worse than user-destination channel, yet in-
ferior to the CCC scheme when the inter-user channel is better
than user-destination channel, The results are similar to [12].
Also, it is shown that the performance of the NCCC scheme is
always better than no cooperation in various channel conditions
while the CCC scheme is inferior to no cooperation when the
inter-user channels are poor. This means that the NCCC scheme
is more tolerant to the poor inter-user channels.

To combine the strengths of the CCC and NCCC scheme at
different channel conditions, we further propose an adaptive so-
lution. In the proposed adaptive network-coding-based coded
cooperation (ANCCC) scheme, only when one user decodes
its partner’s information correctly, the NCCC scheme will be
used. When each user decodes each other’s information cor-
rectly or none of the users decodes its partner’s information cor-
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Fig. 1. System model of coded cooperation.

rectly, the CCC scheme will be chosen. Although the ANCCC
scheme needs one acknowledgement or non-acknowledgement
(ACK/NACK) bit for each user to inform its partner whether it
decodes its partner’s first frame correctly, the simulation results
show that the ANCCC scheme outperforms the CCC and NCCC
scheme in different channel conditions.

The remainder of this paper is organized as follows. In
Section II, we introduce system model of the proposed NCCC
scheme. Then the performance analysis of the NCCC scheme is
given in Section IIL. In Section IV, with the CCC and NCCC
scheme, we propose an adaptive solution to enhance the sys-
tem performance and SNR regime. Conclusions are drawn in
Section V.

II. SYSTEM MODEL AND THE PROPOSED NCCC

In this section, we introduce the system model of the NCCC
scheme. As illustrated in Fig. 1, there are two users and one
destination in the system. The inter-user channels and user-
destination channels are modeled as follows
i=1,2%j=12di%] (1)

Yi,j = hijTi + N,

where h; ; denotes the channel fading coefficient, z; ; and y; ;
are the input and output of the channel, respectively, n; ; is the
corresponding additive white Gaussian noise (AWGN). In (1),
we use 1, 2, and d to denote user 1, user 2, and the destination,
respectively. For slow fading channel, the instantaneous SNR is
Vi = 1hw| T’;, where I'; 1s the transmission SNR at user 1.

Here, we assume I'y = I's & T'r.

The coded cooperation process consists of two frames. In
frame 1, each user transmits its own Ny bits (57, ¢ = 1,2 for
user 1 and user 2, respectively) to the partner and the destina-
tion, and receives its partner’s information, where the transmis-
sions of different users could be in time division multiple access
(TDMA) scheme. If a user cannot decode the partner’s infor-
mation correctly, which is indicated by the cyclic redundancy
check (CRC) code, the user will transmit its own N additional
parity bits (S¥, i = 1, 2 for user 1 and user 2, respectively). Oth-
erwise, the user will compute and transmit the combination of
its partner’s and its own Ny additional parity bits through net-
work coding such as XOR which is a simple network coding
function. As in [7], we define the cooperative level parameter
p = Ni/(N1+ N).

In the coded cooperation process, due to the inter-user chan-
nels conditions, there are four possible cooperative cases for the
transmission in frame 2, illustrated in Fig. 2. In case 1, both
users decode each other correctly. In case 2, neither user decodes
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Table 1. The transmission difference among CCC, NCCC, and ANCCC
in the frame 2 (¢ denotes XOR).

Casel Case2 Case3 Cased

Userl S} SY SP Sy
cce P P P P
User2 5] S5 S1 S5
Userl ST Sy SY St STeSE
NCCC P o QP P P o GP P
User2 STeSy S5 StesS; S5
Userl 5% S sY Ste s
ANCCC > - - m
User2 5% Sy STosy S
User 1 User 1

T .
Destmatxon ‘ Destination

User 2 User 2
Case 1 Case 2
User 1 User 1
A:manon + A:matlon
User 2 User 2
Case 3 Case 4

Fig. 2. Four cases of the cooperation.

its partner’s first frame successfully. In case 3, user 2 decodes
user 1’s first frame correctly, but user 1 doesn’t decode user 2’s
first frame successfully. Case 4 is identical to case 3 with roles
of user 1 and user 2 reversed. For different cases, the transmis-
sion strategies are different for each user. For comparison, we
list the transmission strategies of the CCC, our proposed NCCC,
and the ANCCC scheme (see Section 1V) in Table 1.

III. PERFORMANCE ANALYSIS OF NCCC

In this paper, we consider the channel capacity outage prob-
ability. The channel capacity is expressed by the Shannon for-
mula, C(v; ;) = log,(1+:,;) bits/s/Hz. An outage event occurs
if the capacity falls below the desired rate R. The correspond-
ing outage event can be expressed as {C(v; ;) < R}. Then the
outage probability is

p =Pr(C(v,;) < R) = Pr(vi; < g(R))

(R)
= [; P ; (Wi,j )d’Yi,j

()
where g(R) = 28 — 1 and p,, ;(v,;) denotes the probabil-
ity density function of random variable ; ;. For the Rayleigh
fading case, py, , (Vi,;) = rTr - exp(— 2 12—, where [ ; de-
notes the average channel power gain over the fading channel,
ie, I i = E{lh; ]I }. For simplicity, we define I'; ; = Ty e
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pzil,NCCC = PY(C1,2(71,2) > R)Pr (C2,1(’72,1) > R) [Pl”(Czl,d(’Yz,d> > R)Pl"(czl,d(’h,d,’Yz,dlczl,d(’k,d) > R) < R)

+ Pr(C3 4(72,4) < R)PT(C] 4(11,4572,4lC5 4(12.0) < R) < R)]
P2 ncce = Pr(Cia(v2) < RYPr(Cai(v2,1) < R)Pr(Cf 4(v1,0) < R)

O
&

P31 noce = Pr(Cra(y,2) > R) Pr(Cai(ve) < R) [Pr(C3 4(y2,0) > R)Pr(CF 4(v1,0, ¥2,4lC5 4(V2,a) > R) < R)

+ Pr(C3 4(72,4) < R)Pr(CS 4(71,4,12,dlC3 4(72,a) < R) < R)]

12)

Painoce = Pr(Cra(n,2) < R)Pr(Cei(y21) > R) [Pr(C3 4(va.a) > R)Pr(CY 4(71,a,72,4lC3 4(2,a) > R) < R)

+PY(023,d(’Y2,d) < R)Pr(cid('h,dv72,d§c’§,d(’727d) <R)< R)]

15)

The outage probability for the Rayleigh fading channel can be
evaluated as follows

9(R) 1 .
- - I g1 _9(R)
p= /0 T exp( 1_‘i‘j) dryij = 1 — exp( T, ).

A. Outage Analysis of NCCC

According to the four cases discussed in Section II, we an-
alyze the conditional outage events of user 1 for each case as
follows.

Case 1: Both users decode each other’s information correctly. It
means the following events will occur

3)

Ci2(m.2) = ploge(1+m,2) > R,

Ca1(v21) = plogy(1 -+ v2,1) > R (4)

where C; ; denotes the channel capacity from ¢ (i = 1,2) to j
(j = 1,2,d;j # 7). In this case, both users transmit the com-
bination parity bits. For user 1, the outage event should be an-
alyzed in two aspects. On the one hand, if the destination can
correctly decode user 2’s first frame, the combination bits trans-
mitted by both users can be used to decode the information of
user 1. Assuming the signals transmitted by both users in frame
2 can be combined with maximal ratio combining (MRC), and
the transmissions of the two frames are paralle]l channels [7], the
corresponding outage events can be written as

Ca,a' (72,a) = plogy(l +72,4) > R,
C1,d (V1,4 12,4|C2,a" (72,4) > R)
= plogo (1 +71,4) + (1 — p)loga(1 + 71,4 +72,0) < R (5)

where the superscript 1 denotes case 1. On the other hand, if
the destination cannot decode user 2’s first frame successfully,
it can only get the information transmitted by user 1 in frame 1.
And the outage events are

Cy,a(12,4) = ploga(l +72,0) < R,
C1a(11,4572,0|C,a(12,a) < R) = plogy(1 +71,a) < R. (6)
The outage probability of case 1 is given as (7), where the su-

perscript 1 in pl; yooe denotes case 1 and subscript 1 denotes
user 1.

Case 2: Neither user decodes its partner’s first frame correctly.
This correspondsto the events Cy 2(7y1,2) < Rand Cy1(72,1) <
R. We can get the outage event of user 1 as follows

Cl,d,z ('Yl,d) = logz(l + 'Yl,d,) < H. (8)

The outage probability of case 2 is given as (9).
Case 3: User 2 decodes user 1’s first frame successfully, but user
1 does not decode user 2’s first frame correctly. This happens
when Ci2(71,2) > R and Co1(72,1) < R. We analyze the
outage event of user 1 in two aspects as the case 1 and get the
similar outage events as follows

C3 4(v2,4) = ploga(1 + 72,4) > R,

CF a(11,4572,|C3 4 (12,a) > R) = max (logy(1 + 71,4),

plogy(1+m,0) + (1 - p)logy(1 +72,) <R (10)

and

C3 a(v2,4) = ploga(l +72,4) < R,

C3 4(71.d,72,d|C3 4(v2,4) < R) =1loga(1 +71,4) < R. (11)
The outage probability of case 3 is given as (12).
Case 4: Case 4 is identical to case 3 with the roles of user
1 and user 2 reversed. The corresponding outage events are
Cr,2(m,2) < R and Cy1(72,1) > R. Then the outage events
are listed in two aspects

Cs 4(12,4) = logy(1 + 712,4) > R,

Ct 4(1,472,4lC3 4(v2,a) > R) = logy(1 4+ 71,4) < R (13)

and

C3 4(712.4) = logy (1 + 72,4) < R,

Ct 4.4, 12,d1C3 4(12,d) < R) = plogy(1 4+ 1,4) < R.
14

The outage probability of case 4 is given as (15).
Then the outage probability of user 1 can be calculated as
follows

1 2 3 4
Pul,NCCC = Py1,Ncce T Pui,Ncee 1 Pui,Ncee + Pui,Ncoe:
(16)
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Due to the symmetry, we can obtain a similar expression for
user 2 which reverses the roles of user 1 and user 2. For the sake
of simplicity, we only give the results of user 1 in the remainder
of the paper.

For the Rayleigh fading case, (16) can be rewritten as follows

[cf. )]

puiNcee = A1da (1 — B?)(l - By) + Fy)
+ (1= Ar)(1 - A2)(1 - Cy)
+A41(1—-A) (1 = B)(1-Ch) + Fy)

+ (1 — A4z (1 —C2)(1 — By) + Co(1 — CY))
amn
where
oo (Y ey (DY,
o (4E12). e (4),
a=en () Gmen (7)o

Fy and F5 can be expressed by (19) and (20),

Fy = Pr(C34(v2,4) > R)
x Pr(C} 4(11,d,72,4/C3,4(72,a) > R) < R)

//Fld ’Yld)

Areal

XP(—;—%) dm,q dya,d,

)

Tog
(19)

Fy = Pr(C3 4(72,4) > R)
x Pr(CY 4(m,4,72,|C3 4(12,0) > R) < R)

~ [ e

Area2

’)’1 d Y2,d
ek d
)I‘ " exp( Fz,d) Y1,d dy2,4

(20)
where

Areal = {(711,4,72,4) | ploga(1 +72,4) > R,
plogy(1+71,a) + (1 = p) logy(1 + v1,4 +72,4) < R},
21
Area2 = {(v1,4,72,4) | ploga(1 +72,4) > R,
plogy(1+71,4) + (1 — p)logy(1 +v1,4) < R,
plogy(1 4 71,4) + (1 — p)logo(1 + 72,a) < R}. (22)

Through the results of Appendix A, we can get the outage
probability of NCCC.

B. Diversity Order Analysis of NCCC

In this subsection, we derive the approximate expression of
outage probability in high SNR regime to analyze the diversity
order of the NCCC scheme.
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With the approach in Appendix B in [7], we can get the ap-
proximate outage probability of the NCCC scheme as follows

pusnoce = JIRLP)” | g(R/p)g(R)
s Pzrldrzg P2P12F1d
R
(R :0) ’)’lg( /p) +O( ) (23)
r2 Fl al2q I3
where
O(R,p) =
1—-p = VR oR/(1-p) _ oR/I(1-p)) _ x. __ ﬁ
1—2/)((1‘*"71)1"2 2 ) - 2
p#1/2,
:5,2
22RIn(14+41) — 51 — ?1 p=1/2
24)

where 7 is the root of equation (34). In (23), O(i“—l?;) denotes

high order terms in from the Taylor’s series. From (23), we can
see that when I'r — o, the outage probability is proportional
to I';:%, which means that the diversity order is 2. Because there
are only two users, full diversity order is achieved.

C. Numerical Results and Discussions

In this subsection, we use Monte-Carlo simulation to evaluate
the performance of our proposed NCCC scheme.

Fig. 3 compares the outage probabilities of the NCCC and
CCC scheme [7]. Both the simulation results (dashed) and ana-
lytical results (solid) are drawn. We also show the results of no
cooperation [7] as a reference. We consider a symmetric case
where I'y 9 = I'y,; and 'y ¢ = T’z 4. The system outage proba-
bility is defined as the average outage probabilities of two users,
i.e., Psys = (Pu1 + Puz)/2. The cooperative level p = 0.5. The
desired rate R = 1 bit/s/Hz. We depict the results of three sce-
narios:

(a) The inter-user channels are worse than the user-destination
Channels, i.e., ]._‘1,2 = F2,1 = Fl,d —10dB (Fl,d = F2,d)-
(b) The inter-user channels are similar with the user-
destination channels, ie., I'1o = T'y1 = [ g (I'1,q =
I'y.4).
(¢) The inter-user channels are better than the user-destination
channels, i.e., 111’2 =Ty = Fl,d +10dB (Fl,d = F2,d)-
From the results, in scenario (a), the NCCC scheme outper-
forms the CCC scheme and the gain is about 2 dB. We see that
in scenario (b), the performance of the two schemes are nearly
the same. In scenario (c¢), the NCCC scheme is inferior to the
CCC scheme. It is similar to results in [12] where the network-
coding cooperation scheme was superior to the coded coopera-
tion scheme in the poor inter-user channel. Moreover, the NCCC
scheme is always superior to no cooperation in all scenarios,
while the performance of the CCC scheme is worse than that
of no cooperation when the inter-user channels are poor, i.e.,
in scenario (a). It is shown that the performance of the NCCC
scheme is more stable than CCC scheme. Also, our proposed
NCCC scheme can be more tolerant to the poor inter-user chan-
nels. Moreover, we can see that the analytical results and simu-
lation results are nearly similar.
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Fig. 3. The outage probability comparison of the NCCC scheme and the
CCC scheme in three scenarios.

To analyze why system performance of the NCCC scheme
is inferior under scenario (c), we draw the outage probabil-
ity of each case in Fig. 4. From the results, it is shown that
p;ys,NCCC > p;ys,CCC’ ngs,Nccc = pgys,CCC’ ngs,z\zccc <
pgys,CCC’ and ngs,Nccc < ngs,ccc- And pgys,NCCC =
pgys’ccc is due to the same transmission strategies of the two
schemes in the second frame in case 2. In case 1, there are two
parallel channels for user 1 in the CCC scheme [7]. In the NCCC
scheme, if C3 4(72,4) > R, it is found that user 1 has one chan-
nel in frame 1 and two channels in frame 2 from (5). But if
021’4(72,4) < R, it can be seen that user 1 has only one channel
from (6). We can see that the outage event is more easily to occur
if C’.é, a{72,d) < R, so the second part of the outage probability
Pr(C3 ;(v2,a) < R)Pr(C} (71,4, 72.4|C3 4(72,4) < R) < R)
is dominant. Similar analysis can be given for user 2. Then
Piys.NcoC > Phys,cccr Where pie nooe and pays coc denote
system outage probability of the NCCC scheme and the CCC
scheme in case 1, respectively. In case 3 of the CCC scheme,
for user 1, there are one channel in frame 1 and two channels in
frame 2. For user 2, there is only one channel in frame 1. So the
destination decodes the information of user 1 easily. The outage
probability of user 2 is dominant in the system outage probabil-
ity of the CCC scheme. In case 3 of the NCCC scheme, there are
at least two parallel channels for user 1, and if the destination
decodes user 1 correctly, there are two parallel channels for user
2. So in this case, p} yocc is higher than pf ooe, but pi neee is
much lower than pj ¢oc. It means that p2 _ vcoe < Pl coco-
The case 4 is identical with case 3 with the roles of user 1 and
user 2 reversed.

Through the results in Fig. 4, we can explain the results in
Fig. 3. The better the inter-user channels are, the higher the prob-
ability of case 1 is. Then the outage probability of case 1 of the
CCC scheme is much lower than the NCCC scheme. Although
the outage probability of case 3 and case 4 of the CCC scheme
is higher than the NCCC scheme, the total outage probability
of the CCC scheme is lower than the NCCC scheme. When
the inter-user channel are poor, the analysis process is similar.
When the inter-user channels are similar to the user-destination
channels, for the NCCC scheme, the performance gain in case
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Fig. 4. The outage probability of 4 cases comparison between the
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Fig. 5. Comparison of exact and approximate outage probability of the
NCCC scheme where p = 0.5.

3 and case 4 is nearly the same as the performance loss in case
1 versus the CCC scheme, so the total outage probability of the
NCCC scheme is similar to the CCC scheme.

The comparison of the exact and approximate outage proba-
bilities of the NCCC scheme in high SNR regime is shown in
Fig. 5. The cooperative level and desired rate are the same as
Fig. 3. The channel condition is that all the channels are the
same, i.e., I'i 2 I'si = I'yg = I'y 4. From the results in
Fig. 5, we can see that the high SNR approximate outage prob-
ability is nearly the same as the exact outage probability when
the SNR is high enough such asI'y g > 15 dB.

IV. ADAPTIVE NETWORK-CODING-BASED CODED
COOPERATION

With the analysis and numerical results in the above section,
we propose an adaptive scheme to enhance the system perfor-
mance in all channel conditions in this section.
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A. Transmission Strategies in Frame 2

In the ANCCC scheme, the process of frame 1 is the same
as the CCC and NCCC scheme. While in frame 2, when
one user decodes its partner’s first frame, it will transmit one
ACK/NACK bit to its partner to inform the partner whether it
decodes information correctly. And at the same time each user
listens to the ACK/NACK bits from its partner. If it decodes the
partner’s information incorrectly, it only transmits its own parity
bits. If it finds that both its partner and itself decode each other
correctly (case 1), it will transmit the additional parity bits for
its partner which is the same as the CCC scheme. If it finds that
only it decodes information of its partner correctly (i.e., case
4 for user 1), it will use the same transmission strategy as the
NCCC scheme. The difference of transmission strategies among
the three schemes in frame 2 is depicted in Table 1.

Noted that the ACK/NACK bits also can be received by the
destination, so the destination can distinguish the transmission
strategies in frame 2 for each user.

Obviously, the ANCCC scheme needs one ACK/NACK bit
for each user. We will assume that the feedback channel is error-
free in this paper.

B. Outage Analysis of ANCCC

According to the outage analysis of the NCCC scheme in

subsection I1I-B, we analyze the outage probability of the AN-
CCC scheme in a similar way.
Case 1: Both users decode each other correctly and it means
Ci2(m1,2) > R and C3(y2,1) > R will occur. For user
1, follow the analysis in [7], we can get the outage event is
{plogy(1+~1,4) + (1 — p) logy(1 + 72,4) < R} and the corre-
sponding outage probability is

Pur,ancee = Pr(Cra(m,2) > R)Pr(Ca1(v2,1) > R)
x Pr(plogy(1 +v1,a) + (1 — p)logy(1 + 72,4) < R).
(25)

Case 2, case 3, and case 4 are the same as the corresponding
cases in the NCCC scheme, so the outage events are the same as
the NCCC scheme.

Then the outage probability of user 1 is given as

Pul,ANCCC
1 2 3 4
= Pui,aNccce T Pui,ancee T Pul,ancee T Pyt ANcoe
_ 1 2 3 4
= Pu1,aNccc T Pur,Ncee + Pui,Ncee + Pyl Noee:
(26)

For the Rayleigh fading case, (26) can be rewritten as

put,aNcee = Ardop+ (1 — Ar)(1 — Az)(1 - Cy)
+ A1(1 — A2) (1 - B2)(1 — C1) + Fy)
+ (1= A1)A2 (1= C2)(1 = B1) + Co(1 = C1)) (27)

where Aj, Ag, By, Ba, C1,C, and Fy are given by (18) and
(39), and p can be expressed as (28) with the result in [7]

9(R/p)

p=1-B; - (- d 9

28
g Taog (28)

m ex ) dy1 4
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=

Outage probability

Qutage probability

Fig. 6. Comparison of outage probability among the three schemes: (a)
I'ie =To1 = Ty,g —10dB (Tyg = Ta4), B) T12 = 1 =
Fl,d)(l‘l,d =Tyq)and (€) T12 =T2;1 = Iyg+10dB (I'y 4 =
I-‘Z,d .

in which a is given by (36).

We use Monte-Carlo simulation to illustrate the outage per-
formance of the ANCCC scheme. In Fig. 6, the simulation con-
dition and channel scenarios are the same as Fig. 3. In scenario
(a), when the outage probability is 102, the ANCCC scheme
can get about 2 dB gain over the CCC scheme, and it is a lit-
tle better than the NCCC scheme. In this scenario, because the
inter-user channel is worse, so the probability of case 1 is low.



372

The transmission strategy of the ANCCC scheme is the same as
the NCCC scheme in case 2, case 3, and case 4, so the outage
performance of the ANCCC scheme is only a little better than
the NCCC scheme. It is shown that in scenario (b), the perfor-
mance of the ANCCC scheme is about 1.5 dB better than the
CCC scheme and the NCCC scheme when the outage probabil-
ity is 1072 This is due to the fact that pl,, sncoc < Piys noce
and pgys,ANCCC < ngs,ccc (péys,AI\'CCC < P;lys,ccc)- In sce-
nario (c), the ANCCC scheme gets about 2 dB gain over the
NCCC scheme and a little gain over the CCC scheme when the
outage probability is 10~2. The reason is identical to that of sce-
nario (a) with the role of the CCC scheme and the NCCC scheme
reversed. In summary, we can see that the outage performance
of the ANCCC scheme is always the best.

C. Diversity Order Analysis of ANCCC

We derive the approximate expression of outage probability
of the ANCCC scheme in high SNR regime in this subsection.

Such as the analysis in subsection III-B, it is easy to get the
approximate outage probability of the ANCCC scheme as fol-
lows

A(R,p) | 9(R/p)g(R) 1
= = — + —— + O(=- 29
Pul, ANCCC T20; ufoa | TBD 01 (F%} (29)
where
A(R, p) =

P Norso _ (1P \or/1-p)
—C_JoRlr _ [ L )9 1 1/2,
(1-2/)) (1—2p thopY
R22B+11n9 — 228 4 1 p=1/2.
(30)

From (29), we can see that the diversity order is the same as
the NCCC scheme which is the full diversity order.

The comparison of the exact and approximate outage prob-

_ abilities of the ANCCC scheme in high SNR regime is shown
in Fig. 7. The simulation condition is the same as Fig. 5. It is
shown that the approximate outage probability in high SNR is
nearly the same as the exact outage probability when the SNR is
high enough suchasI'1 g > 15dB.

In Fig. 8, we compare the approximate outage probability in
high SNR regime of different schemes under the same channel
condition as Fig. 5 and the cooperative level p = 0.5. And the
approximate outage probability of CCC scheme is obtained by
(20) in [7]. The result shows that the performance of the AN-
CCC scheme is about 2 dB better than the CCC and NCCC
scheme.

V. CONCLUSION

In this paper, we have proposed a NCCC scheme which
transmits combination of two users’ parity bits instead of only
its partner’s parity bits in the CCC scheme during coopera-
tion, Based on the analysis of the performance of the NCCC
scheme, we have presented an adaptive scheme-the ANCCC
scheme, which combines the advantage of two schemes. The
outage probability of the ANCCC scheme has been derived
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Fig. 7. Comparison of exact and approximate outage probability in high
SNR regime where p = 0.5.

QOutage probability

Fig. 8. Comparison of approximate outage probability in high SNR
regime among different schemes where p = 0.5.

and simulation results have showed that outage performance

of the ANCCC scheme was better than the other two schemes
in all channel conditions. However, the ANCCC scheme needs
one ACK/NACK bit. In future work, we will pursue alternative
schemes to enhance the system performance over all channel
conditions without the additional price.

APPENDIX
A. Derivation of the Outage Probability of the NCCC Scheme

Considering constraint Areal in (21) we can obtain the fol-
lowing two inequalities

2,0 > 28 — 1= g(R/p), 3D
24/(1-p) A b
Y2d < mm —l=7y,a=b (32)
So we can get the following requirement
g(R/p) <. (33)
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