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Abstract—In this work, we propose a feedback-assisted version parity-check packet regardless of its forward channelitual
of the Adaptive Network Coded Cooperation (ANCC) scheme, Therefore, the code rate is fixed.

recently proposed by Bao and Li for a network consisting of | this paper, we elaborate on the ANCC scheme by consid-
M users having independent information to send to a common _ . L .
base station. The aim is to increase the system rate without ering that the BS is able to feedback only one bit after each re

compromising its error performance, based on a small amount Ceived information packet. This feedback bit serves todati
of feedback sent by the base station (only one bit for each retved ~ whether a user will or will not participate in the cooperativ
block is sufficient). Two different approaches are proposedThe phase, based on its instantaneous channel conditions. The

expected rate is analyzed, and simulation results agree witthe  j,onefits are two-fold. First, since only users with suffidien
analytical ones. The system’s error performance is also elwated

through simulations, and we show that the performance is not good forward channels participate as relays in the cooperat

degraded by the increase in the rate. phase, the error performance may be improved under certain
Index Terms—Cooperative communication, LDPC, network conditions. Second, as fewer parity-check packets are aent
coding. increase in the transmission rate is obtained. The sefectio
of users is made by comparing the users channel gains to a
. INTRODUCTION threshold.

As a way to exploit the random-fading nature of the wireless With the proposed scheme, callededback-Assisted Adap-
channel, cooperative communication has attracted thetaiite tive Network Coded Cooperation (FA-ANCC), a considerable
of many researchers in the last decade [1]-[3]. In cooparatimprovement in the system overall rate can be achieved (over
networks, besides broadcasting their own informationyauséANCC) without compromising the system performance.
help each other by relaying their partner’'s information. We present two different approaches for the FA-ANCC. In

Network coding [4], [5], a technique originally proposedhe first approach, we consider a fixed threshold. In the skcon
to attain maximal information flow in lossless networks, haspproach, the threshold is made to vary according to thekign
recently been applied to wireless networks to improve thdi-noise ratio (SNR). We show through computer simulations
reliability. This method allows the users to perform simpléghat FA-ANCC significantly improves the average rate withou
linear coding operations before transmitting packets to- sucompromising the bit error rate (BER) performance. The
sequent nodes. An important scenario is when several usenprovement is larger with the second approach.
have independent information packets to send to a commornThe remainder of this paper is organized as follows. The
destination. Since a user node can decode the packets fiwgwt section presents the system model and the ANCC
its neighbors, a linear combination of packets transmiteed scheme [9]. The motivation for FA-ANCC is presented in
destination may be interpreted as a parity-check packet ofSaction Ill. Section IV presents the two approaches for the
distributed block code. So, a key observation is that theesys proposed FA-ANCC scheme. Simulations results are predente
transfer matrix can be viewed as a generator matrix of adinga Section V. Finally, Section VI presents our conclusiond a
block code. Recent works have expanded concepts from fir@l comments.
classical coding theory to network coding [6]—-[10].

In [9], Bao and Li have proposed the so-callédaptive
Network Coded Cooperation (ANCC) scheme, in which the A System Model
(instantaneous) network topology is viewed as a bipartite We consider a system in which multiple usek$ ¢ 2) have
graph. When the network is composed of a large numbdifferent information to send to a common base station (BS).
0s users, by restricting the number of packets in the line@ne time slot (TS) is defined as the time period in which all
combination performed by each user when acting as relaythe M users realize a single transmission (through orthogonal
sparse graph (sparse matrix) of a LDPC-like code is crelitedchannels, either in time, frequency or code), that is, one TS
the ANCC scheme, each user sends an information packetofresponds td/ transmissions. One cooperation round block
its own and then, in the cooperative phase, each user serds’Bns defined as the sum of the broadcast phase time (one TS)
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and the cooperation phase time (up to one TS, as will bige wireless channel, the inter-user channels may be dubjec

explained later). to failures, and consequently not all users overhear all the
The received baseband codeword at usat time slott is others all the time. In a specific cooperation phase, letvéeeli
given by setD(:) denote the set of users that have overheard Wser
Yt = PjinTiit + Nyt (1) broadcast. Let also the retrieval-sgf{i) denote the set of
] ) terminals whose User has successfully recovered.
wherej € {1,---, M} represents the transmit user index and The idea presented in [9] is that, instead of transmitting
i € {0,1,---, M} the receive user index (0 corresponds t@near combinations of all the information available in the

the BS). The index denotes the time slot;;: andy;;: cooperative phase, each user randomly selects a small mumbe
are the transmitted and the received codewords, resplctivgs sers (sayD) from the setR(i) and forms a linear
njic 1S the zero-mean additive white Gaussian noise Wilhmpination of their information. By doing so, the main
varianceNo /2 per dimension. The dependence pin n; ;. contribution of ANCC is to match network-on-graphe.
reflects the) orthogonal transmissions within time slot  jnstantaneous network topologies described in graphg) wit
The channel gain due to multipath fading is denoted:fy;,  code-on-graph, such as LDPC codes [12]. This procedure is
and it is assumed to have independent identically disetbutystrated in Fig. 2 for a 5-user network, where the box sginb
(i.i.d.) (across space and time) Rayleigh distributiortwunit  (my stands for the check-nodes and the black/white circles

variance. - _ ~ (e and O) represent the variable-nodes. The bipartite code
Assuming thez; ; ;'s to be i.i.d. Gaussian random variables

and considering all the channels with the same average SNR
~, the mutual information; ; ; betweenz;; , andy;;, is

Liix =1og(1+ v|hjiel?). v

Assuming powerful enough channel codes; ; can be cor-
rectly decoded ifl;; ; > r;;+, Wherer; ;. is the information
rate from userj to useri in the time slott. Considering that

all the users have the same rate, the index cdn be dropped. Uz
Thus,z; ;. cannot be correctly decoded if @ ()
9 Fig. 2. Generating a code-on-graph from a network-on-gréghA network
7|hj,z',t| <A, (3) graph used to describe the network topology (for convemierice BS is

. omitted)(b) A bipartite code graph derived from the netwgriaph. Adapted
wherel = 2"—1. The probability that such an event happens ism [9].

called theoutage probability. For Rayleigh fading, the outage

probability is calculated as [2], [11] graph is generated from the network graph by connecting
A\ each variable-node (i.e. black circle) to a check-node Ybox

P.=Pr{y|hji:[* <A} =1- e~ 2, (4) if there is a connection between the corresponding users in

v the network graph. We can see in Fig. 2(b) that a (10,5)

where the approximation holds for a high SNR region. systematic LDPC-like code is obtained. Then, the code may be

In this work, block fading means that fading coefficients ardecoded by a properly algorithm, such as the message passing
i.i.d. random variables for different round blocks but dam$ algorithm [12].
during the same cooperation round block. The ANCC scheme considers a fixed and restrictive code
) ) rate equal to% = 1/2, that is, all the users must participate
B. Adaptive Network Coded Cooperation (ANCC) in the cooperative phase.

In the ANCC scheme [9], besides broadcasting their own
information, users help each other by transmitting to the .
BS linear combinations (over the binary field) of their own [N the ANCC scheme, as mentioned before, all the users
information packets and the information packets from thefpust participate in the cooperative phase. Under the assump
partners received during the broadcast phase. The ANden of block fading channels as defined in Section II-A, a

protocol is illustrated in Fig. 1. Due to the random nature gfmall quantity of feedback from the BS could help the avoid-
ance of two detrimental effects on the system rate inherent t

the ANCC proposal:

IIl. M OTIVATION FOR THIS WORK

9 Broadcast phase Cooperative phase

g 1 1 SR 1) First, in the low SNR region, a large number of users

5 2 [ 2 | 3 Ler) | may have their forward channels in poor conditions

2 ] SR when transmitting their parity-check packer, which will
Time probably not be correctly decoded, wasting resources

Fig. 1.  Adaptive network coded cooperation (ANCC) protocelR(i) SU(_:h as rate and transmit power. Mor_eover’ the,se un-
denotes the check sum of a subset of symbols fRf), whereR (i) denotes reliable packets may have a harmful influence in the
the retrieval-set. (Adapted from [9].) decoding process, since they are a source of uncertainty.



2) Second, in the high SNR region, the BS may be ablelLet T be the number of transmitted cooperation blocks. The
to recover all the information packets from a smalhumber of transmitted information packets per block is gva
number of parity-check packets. In this situation, th&/. The instantaneous rate is given by

transmission of unnecessary parity-check packets yields M
a reduction in the system rate. R(Pr) = 47 TP (5)
In this work, we elaborate on the ANCC scheme by allowingnere . denotes the number of transmitted parity-check
the BS to select a subset of users that will participate in tB%ckets in blockr, for - = 1,...,T. According to the

cooperative phase, based on their channels ConditiO”SB$hedescription of the proposed system (see Fig. 3(B))varies

will then inform each user whether or not it has been selecteghy, - according to the channel conditions. The probability
Only one bit per user of feedback is sufficient. With< M jistribution function ofP, is given by

parity-check packets transmitted in the cooperative phase
. . . . M 3
considerable increase in the system rate can be achieved. In Pr{P, =p} = ( )peM P(1— PP, (6)
spite of the reduced redundancy, the BER performance can p
be made not to deteriorate with an appropriate choicé&pf which corresponds to a binomial distribution. The average

because of the high quality of the selected channels. number of transmitted parity-check packets in a given block
Tis
IV. FEEDBACK-ASSISTEDADAPTIVE NETWORK CODED
COOPERATION(FA-ANCC) B[P ] =M(1- F) (7a)
_2
From (3), we can see that if the conditith; o[> > A/~ = Me . (7b)

is not satisfied, the link between thnh user and the BS will  The length of block- is L, = M + P, packets. The overall
be in outage, and the packets transmitted through this lipde for theT transmitted blocks is given by

will not be correctly decoded. In what follows we propose TM
two approaches to increase the system rate based on the BS Rr= ——— (8a)
feedback. 2721;3;\/[
A. Approach 1 - TM + ZT_1 P (8b)
In this first approach, after the broadcast phase, the BS B M (8¢)
just sends back a packet (composed\bfbits) informing the M+ % Zil P,
users if their individual forward channels are either abowve The averade rate is qiven b a
below the threshold\/~. Upon receiving the feedback, only 9 9 y
the qualified users will participate in the cooperation ghas R= lim Ry (9a)
This proposal is illustrated in Fig. 3. T_’OOM
=— 9b
. M + E[P;] (90)
Broadcast phase Cooperative phase 1
5 1] X DR(1) = . 9
_‘? 2 2 ' DR(2 . 1 + ei% ( C)
5 [ x| SR | As will be seen in the simulation results, this approach
Broadoast phase Time _ @  solves the first problem presented in Section Ill, since it
s 1% Cooperative phas: prevents a user with poor channel conditions from transwgitt
g 2 2 SR2) :%‘f:’f . parity-check packets, and increases significantly the catie
3 i . ] . :‘:““‘:.’ : in the low SNR region. However, when the SNR increases, the

number of users above the threshalty also increases, and
the system rate becomes lower, approaching the ANCC rate.

Fig. 3. = (8) ANCC protocol, according to Fig. 1 (b) Proposetiesse’s Thys this approach fails in solving the second issue pteden
protocol. TheX's represent the users whose forward channel gain is below a

certain threshold\. In Section lIl. o
In order to overcome this limitation, we propose the next

At first this sounds conflicting: How is it possible to@Pproach.
increase the code rate and keep (or even improve) its BER approach 2

performance? The answer for this question resides on hOV\in this second approach, instead of a fixed threshald

the parity-checks are selected. By allowing only the users . L .
whose channels are in good conditions to participate in t eee :\S/Er:neagﬁlgw?ntgrrzz?otpg’ya)vg;l:IzZr:asli;bll:aun?r(i)tn-:r]:eck
cooperative phase, we are disregarding the unreliableéypari g€ ' party

check packets that would be received through poor chann&aCkEts’ we increase the threshold value beyond the tHdesho

S . .
These unreliable packets could disturb the convergendeeof Fon&dered in the Approach 1, that is
iterative decoder. A(y) > A=2"-1. (20)

Time (b)



According to the choose of the thresholM~y), we can
increase the system'’s rate even further. This effect istilied
in Fig. 4, in which the average rat& in (9) is plotted
against the SNR for different thresholds. The goal of thi
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Fig. 4. Average rat& versus SNR for the ANCC and the FA-ANCC scheme,
the last one with\ = {1,2,3 and4}. Number of users\/ 1000
) ) ) ) Maximum number of iterations 100
second approach is to find the highest threshold possibla for
Code degree 12

given SNR (and consequently the highest code rate), without
sacrificing the system’s BER performance. Simulation stopping criterium 5000 errors

Due to randomness of the LDPC (LDGM) code, it is hard
(if possible) to obtain the optimum value for the parameter
A(y) analytically. In the next section, we resort to computer
simulations in order to evaluate the efficiency of the pregbs
scheme.

Information rater 1 bits/channel use

Coherence block length 2M packets

Fig. 6 presentes the BER versus,/N, for: a network
V. SIMULATION RESULTS with no cooperation, the ANCC scheme, and the FA-ANCC

In this section, we present some simulation results (APproach 1) withA = 1. We can see that, for the range of
order to support our proposal and the rate results obtainetiR’s simulated, the increase in the average rate presemted

analytically. Throughout the simulations, we considet the Fig- 5 can be realized without worsening the BER performance
information rater is equal to 1, resulting in the thresholdgcompared with the ANCC scheme. In fact, it can be seen that

A = 1 for Approach 1 and threshold > 1 for Approach 2, the performance of the FA-ANCC scheme is a little better.
according to (10). For each SNR value, we now begin to increase the threshold

In Fig. 5, the average rate obtained analytically in (9) i8(7) uUp to the point beyond which the BER performance gets
plotted versus the SNR and compared with its simulated yali¢orse than the ANCC performance. The BER performance
for the FA-ANCC scheme with threshol= 1 (Approach 1). and the average rate obtained for this second approach are
The ANCC rate is also plotted for comparison purposes. Viesented in Fig. 7 and Fig. 8, respectively.
can see that the analytical values matches the analytiesl.on It is noteworthy the increase in the average rate achieved
The rate of FA-ANCC is considerably higher than the ANC@vith Approach 2, while its BER performance is kept almost
one. the same as the one of Approach 1, both of them slightly

Besides increasing the average rate, we are interestecPiiperforming the ANCC scheme’s BER performance.
keeping (or even improving) the system BER performance. In
this regard, we evaluate the error performance through &ont
Carlo simulation, adopting the parameters presented ileTab  In this work, a feedback-assisted version of adaptive net-
For each simulated SNR point, packets are transmitted untibrk coded cooperation (ANCC) [9] has been proposed. In
the occurrence of 5000 errors. The parity part of the geaerathe proposed scheme, under the assumption of block fading
matrix is randomly generated, following an approach in [9thannels, we have shown that only one bit of feedback for
and the message-passing algorithm [12] is used to decode¢heh information packet received at the BS is sufficient for a
LDPC-like code. significant increase in the system rate, without sacrifi¢hey

VI. CONCLUSIONS ANDFINAL COMMENTS
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Fig. 7. BER versusE,/Np for a network with A/ = 1000 users, for a
network without cooperation, ANCC scheme and the FA-ANC@p#ach

1 and 2). (9]

system error performance. (10]

A rate analysis was developed, and simulation results
corroborate the analysis. The BER performance was algt]
evaluated through computer simulations, and we have Shoﬁﬂ
that the rate increase does not affect the system perfoenarnc

Finally, it should be mentioned that, in practice, the ojatim
value of the threshold(y) for each SNR (or for each small
SNR range) can be obtained off-line, and then saved in a
memory at the BS.
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