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ABSTRACT Machine-to-machine communication over long-term evolution advanced (LTE-A) network
has emerged as a new communication paradigm to support a variety of applications of Internet of
Things. One of the most effective techniques to accommodate a large volume of machine type com-
munication (MTC) devices in LTE-A is clustering where devices (nodes) are grouped into number of
clusters and forward their traffics to the base station (e.g., LTE eNodeB) through some special nodes
called cluster heads (CHs). In many applications, the CHs change location with time that causes vari-
ation in distances between neighboring CHs. When these distances increase, the performance of data
transmission may degrade. To address this issue, we propose to employ intermediate non-CH nodes as
relays between neighboring CHs. Our solution covers many aspects from relay selection to cooperative
formation to meet the user’s QoS requirements. As the number of total relay plays a significant role
in cooperative communications, we first design a rateless-coded-incremental-relay selection algorithm
based on greedy techniques to guarantee the required data rate with a minimum cost. After that, we
develop both source-feedback and non-source-feedback-based fountain coded cooperative communica-
tion protocols to facilitate the data transmission between two neighbor CHs. Numerical results are pre-
sented to demonstrate the performance of these protocols with different relay selection methods under
Rayleigh fading channel. It shows that the proposed source-feedback-based protocol outperforms its
non-source-feedbackprotocol counterpart in terms of a variety of metrics.

INDEX TERMS Internet of things, fountain codes, machine to machine communication, cooperative
communications.

I. INTRODUCTION
Over the last couple of decades, future Internet design has
attracted significant attention from both academia and indus-
try. The future Internet is likely to integrate heterogeneous
communication technologies, both wired and wireless, con-
tributing substantially to assert the concept of Internet of
Things (IoT) [1]. IoT is defined as a worldwide network of
interconnected objects, where objects are equipped with tiny
identifying devices, and intelligently transfers data over the
network without any human intervention. Wireless sensor
network plays an increasingly important role in the devel-
opment of this emerging paradigm. It acts as an important
data resource for IoT that collects the information from the
surrounding environments, analyses the collected data and
transmits to the Internet.

With the emergence of 10T, the conventional sensor nodes
are being replaced by more technologically advanced nodes,

namely machine nodes those have higher information
processing features. This introduces a new paradigm in
communication research, namely machine type communi-
cation (MTC) or machine to machine (M2M) communica-
tion [2]. Smart infrastructure, health care and electricity grids
are a few possible applications [3]-[5] in which MTC may
play a leading role to improve the quality of people’s lives.
M2M network can be considered as a generalization of tra-
ditional sensor network in terms of their higher processing
capabilities and is very often installed in remote areas for
sensing or surveillance purpose, where hundreds or thousands
of machine type devices (nodes) are densely located over
small or medium area [6].

In the past, tremendous technology development and
commercial success have incurred in mobile cellular
networks (MCNs). In cellular network paradigm, long-
term evolution advanced (LTE-A) is the latest cellular

2169-3536 © 2016 IEEE. Translations and content mining are permitted for academic research only.

5280 Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 4, 2016

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



A. Nessa et al.: Fountain Coded Cooperative Communications for LTE-A Connected Heterogeneous M2M Network

IEEE Access

communication standards, developed by the Third
Generation Partnership Project (3GPP) to meet the
requirements of International Mobile Telecommunications-
Advanced (IMT-Advanced) systems [7], [8]. The ongoing
massive deployment of LTE-A makes it possible to install
M2M network in most urban and remote areas, and
by using LTE-A backhaul networks, a seamless network
communication is being established between MTC-nodes
and -applications. It is expected, in the following years more
than 2 billion of MTC devices will be interconnected in
LTE-A network to support different applications in
IoT paradigm [9]. Therefore, when a massive number of
nodes will attempt to connect to an LTE-A base station
(e.g. eNodeB), it is very likely that the network will be
congested, and both MTC and non-MTC traffics will be
affected. Many IoT applications, such as health care, industry
automation and robot control demand stringent QoS require-
ments in terms of reliability, latency and scalability. Hence,
it is crucial yet challenging to achieve reliability in M2M
communications specially for time constrained applications.

Node clustering has been proven to be a promising
solution in congestion control and reliable data transmi-
ssion [10]-[12] in M2M communications. In this
architecture, the nodes are grouped into a number of clusters
and some nodes are chosen as CHs which are sometimes
also referred as gateways [13]. The non CH nodes in each
cluster send their data to their respective CHs and inter
cluster traffics are forwarded through the CHs to the LTE-A
base station (eNodeB). In many deployment scenarios, some
machines are allowed to move and change their location in the
deployment area with very low mobility, such as surveillance
applications, animals in habitat monitoring applications, and
traffic monitoring applications [14], [15]. As a consequence,
when the neighboring CHs move apart from each other
because of the mobility of the nodes, the performance of
the data transmission may deteriorate below the threshold
level. Therefore, CH needs to be reselected in such cases.
However, frequent re-selection of CHs results in counter
effect on routing and reconfiguration of resource allocation
associated with CH-dependent protocols.

We identify this problem as a physical layer problem and
as a solution we propose to employ cooperative communica-
tions between neighboring clusters. Cooperative communica-
tion is an effective way of improving the throughput, power
efficiency and coverage in wireless networks [16]-[19].
Currently, the researchers are giving more emphasis to
explore cooperative strategies and protocols to achieve
higher performance and reliability in communications [16],
[20]-[23]. In [24], [25], the authors analyzed cooperative
communication based on distributed space-time block cod-
ing (STBC) for wireless sensor network and showed that
cooperative communication is more energy efficient than
non-cooperative direct communication. However, distributed
STBC requires strict synchronization among transmitters,
which is difficult and even impossible in most mobile cases.
Previous works [24], [25] addressed the fixed rate code.
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The outage probability in their works cannot reach zero if the
precise channel state information (CSI) is unavailable at the
transmitter.

Among many other channel coding techniques, fountain
code - a channel coding technique [26]-[28] that adapts
its rate according to the variation of channel condition,
has attracted a lot of research interest. For its capacity
approaching potentiality and rateless property, it appears as a
promising solution for data communication in many wireless
communication systems including relay networks [19], [29]
and cognitive radio systems [30]. As a promising feature,
it does not require any synchronization mechanism like vir-
tual multiple-input-multiple-output (MIMO). Also it does not
require CSI at the transmitter as fixed rate code. In open
literature, the work related to cooperative communica-
tions [20]-[25], [29] mainly focuses on the performance anal-
ysis and theoretical bound for certain specific models. There
has been little research done on a full and practical solution
for heterogeneous M2M networks.

In this work, we develop a set of schemes to support
cooperative communication in LTE-A connected heteroge-
neous M2M networks. We investigate clustered heteroge-
neous M2M networks, and propose both source-feedback
and non-source-feedback based cooperative communication
protocols using fountain coding. We assume that the network
consists of two or more types of nodes with respect to battery
supply and functionality. The network is then further parti-
tioned into a number of clusters, where more powerful nodes
have been chosen as CHs. CHs emulate the role of the base
stations in their respective clusters, and inter cluster traffics
are forwarded through the CHs to the LTE-A network. Then
LTE-A network relays the messages to servers and end users
located in the application domain as shown in Fig. 1. Our
schemes suggest that intermediate non-CH nodes between
two neighboring CHs act as relays by forwarding the received
information from the source CH to the destination CH. In our
previous work [32], cooperative communication protocols
using LT [26] code have been analyzed for different position
of relay nodes over Rayleigh fading channel. In this work we
propose source-feedback and non-source-feedback protocols
using Raptor code [27] and compare the performance of the-
ses protocols under different relay selection methods. In the
source-feedback protocol, the source CH and relays transmit
to the destination until the destination is capable to decode
the source CH’s information correctly. After successfully
decoding the source CH’s information, the destination CH
sends acknowledgement (ACK) to source and relays. In the
non-source-feedback protocol, source CH transmits to relay
and the destination and then ceases its transmission after
receiving ACKs of successful reception from relays hoping
that destination can successfully receive the remaining infor-
mation from relays. In both aforementioned protocols, all the
nodes use their own fountain coding routine and different
orthogonal channels to encode and transmit their data simul-
taneously. We study their performance in Rayleigh fading
channel and show that by employing cooperative protocols
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FIGURE 1. An LTE-A connected heterogeneous M2M networking
architecture.

the performance of data transmission can be dramatically
improved than the direct communication between two neigh-
boring CHs.

Evidently the performance is improved as more relay nodes
get involved. However, employing more relays between the
source and the destination pair causes more signaling over-
head and higher power consumption. In this regard, we focus
on relay selections between two neighboring CHs aiming
at achieving the target data rate between two clusters with
the involvement of minimum number of relay nodes. The
target data rate between two clusters, which is associated
with the required end to end signal quality depending on the
type of applications, is provided by the network designer.
When a large number of non-CH nodes are available to be
arelay, finding the optimum set by using conventional Brute-
Force Search (BFS) would require huge computational effort
that limits its application in practical systems. In order to
reduce the computational complexity of searching the opti-
mum set, we propose rateless coded incremental relay selec-
tion (RCIRS) algorithm based on greedy technique. In our
approach, source CH collects the channel state information
of neighboring nodes and includes some non-CH nodes in
the cooperative group one by one so that the cooperative data
rate is incrementally increased until it meets the target data
rate. The relay selection proposed here is mainly for source-
feedback protocol. However, it could easily be extended to
the scenario of non-source-feedback protocol.

The main contributions of this paper are the following.

1) We identify the CH-to-CH channel as a bottleneck
in heterogeneous M2M network, and present a full
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solution to support fountain coded cooperative com-
munications. The proposed solution consists of several
schemes from relay selection to cooperative strategy,
while taking into account user’s QoS requirements.

2) In most of the existing works, the number of cooperat-
ing nodes is either fixed [22] or random [21], [23], [24]
depending on the channel and noise realizations. This
work selects the cooperative nodes according to the
data rate requirement. The proposed RCIRS algorithm
takes into account the link between source CH to relay
candidate and destination CH to relay candidate. Then
it judiciously selects a minimum number of nodes while
achieving the required data rate with much less compu-
tational complexity than BES.

3) In this work, we also develop two communication
protocols based on fountain coding, namely source-
feedback and non-source-feedback cooperative com-
munication protocols to improve the performance
of data transmission between two neighboring CHs.
We evaluate the performance of our proposed protocols
with different relay selection method using the metric
of transmission efficiency rather than the outage prob-
ability. This strategy is more realistic since in rateless
coded systems, the outage probability is always driven
to zero if there is no restriction on decoding delay.

The rest of the paper is organized as follows. We first

review the existing work in Section II and introduce our
system model of cooperative communications over clustered
M2M networks in Section III. We then present the relay
selection algorithm and fountain coded cooperative commu-
nication protocols in Section IV and Section V, respectively.
Finally, Section VI demonstrates the simulation results and
Section VII concludes our paper.

Il. RELATED WORKS

In open literature, there exists several works investigating the
performance of rateless codes over wireless relay channel.
Castura and Yongyi [29] introduced the first rateless coding
framework over relay channels, where the relay assists the
source as a secondary antenna once it decodes source infor-
mation successfully. In this framework, the relay node syn-
chronizes itself with the source before starting transmission.
The source and relay then transmit data to the destination
using space time Alamouti code. Xi and Teng Joon [31]
studied several single relay cooperative schemes and derived
their achievable rate in flat Rayleigh fading channel.
Yang and Host-Madsen [33] studied the performance of foun-
tain codes in low power regimes. Abouei et al. [34] study
the performance of fountain codes in wireless body area
network with respect to reliability and energy consumption.
In [17] Zhang et al. proposed a joint network-channel cod-
ing (JNCC) with Raptor code for a 2-1-1 system. They opti-
mized the degree distribution of the Raptor code and showed
that their proposed JNCC with optimized degree distribution
outperforms conventional JNCC schemes in terms of BER
and throughput performance. In [35], Nikjah et al. proposed

VOLUME 4, 2016



A. Nessa et al.: Fountain Coded Cooperative Communications for LTE-A Connected Heterogeneous M2M Network

IEEE Access

several single parameter relay selection protocols based
on information accumulation and rateless coding schemes.
There, relay nodes send acknowledgement to the destination
after successfully decoding the source information, and the
destination then finds out the best relay to transmit informa-
tion to the destination. In [36], Molisch et al. studied the per-
formance of fountain code in the presence of multiple relay
nodes under block fading Rayleigh channel, and showed that
information accumulation consumes less energy and requires
less transmission time than that of energy accumulation.

In cooperative communications, a relay node is located
between the source and the destination and assists the com-
munication in a two hop manner to achieve higher data rate
than the data rate of direct link. In the literature, compre-
hensive studies have been given on relay selection in the
cooperative communications with fixed code rate [37]-[40].
In [37], Zhao et al. showed for a single source-destination
pair, the selection of the best relay node among multiple
relay nodes can offer same level of performance as employing
many ordinary relay nodes. In [38], Bletsas et al. proposed a
distributed scheme for the selection of the single relay node
in the presence of multiple relays based on instantaneous
channel condition. In [39], the authors proposed threshold-
based selective relaying schemes in order to minimize the
end-to end bit error rate (BER) in cooperative decode and
forward system. In [40], Bali et al. proposed a distributed
scheme for multiple relay selection based on source and relay
channel and threshold optimization. They assumed that all the
relays have same average SNRs to the source and optimized
the threshold value on this assumption. However, in practical,
the relay nodes are located randomly between the source and
the destination and experienced SNRs at relay nodes may
vary according to the distance and fading of the wireless
channel.

Most existing works on fixed code rate system address
energy combination of orthogonal transmissions from
different paths at the receiver. In rateless coded system,
however, receiver collects mutual information from different
independent paths to decode information. Therefore, the relay
selection scheme for fixed rate code cannot provide the opti-
mal throughput when applied to rateless coded cooperation.
In fact, the investigation on the relay selection has not
received much attention yet regarding the cooperative com-
munications using rateless code. In [36], as soon as relay
nodes decode the message, they start transmitting to the
destination with the possibility of having a poor link. The
existing works in [35], [38], and [41] mainly focus on how
to select the best relay in the presence of multiple relay for a
single source-destination pair so that the highest transmission
rate can be achieved [35], [41]. In [35], the destination selects
the best relay from a set of nodes after decoding the source
information. The achievable data rate with the cooperation
of a single relay may not be able to attain the target level.
Moreover, in wireless M2M network, single relay selection
may not be robust enough to provide reliability due to the
link instability and resource limitation of the MTC nodes.
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Multiple relay selection utilizing the advantage of fountain
codes becomes a critical challenge in such a research context,
that we solve in our work.

Ill. SYSTEM MODEL

In this paper, we consider a clustered heterogeneous M2M
network setting where the MTC nodes are grouped into a
number of overlapping and disjoint clusters and some pow-
erful nodes among them are selected as cluster heads (CHs)
as illustrated in Fig. 1. In our setup, each cluster has a cluster
head which coordinates transmissions within the cluster, col-
lects data, communicates with neighboring clusters and for-
wards data to the LTE-A network. We also assume that nodes
are equipped with both a long range and a short range inter-
face. Nodes use short range radio interface to create an ad-hoc
capillary network among the nodes in local M2M domain and
long range interface to connect to LTE-A network. The reason
behind clustering is to avoid congestion and increase the
efficiency of data transmission by allowing limited number
of nodes to access LTE-A network directly. Evidently the
level of congestion control depends on the number of CHs.
On the other hand, accommodating a large number of nodes
in a cluster may also cause congestion inside a cluster. In the
literature, comprehensive studies have been given on cluster
design. Communication capability, communication link qual-
ity, storage status and battery status of each node are mainly
considered during CH selection [10]-[12]. However, cluster
design and CH selection are out of the scope of this paper.
In this paper, we only focus on designing cooperative strate-
gies with relay selection between two neighboring clusters.

— Broadcast phase ® cCH
—---> Cooperation Phase O  Non-CH

FIGURE 2. Cooperative communications framework over clustered M2M
network.

Let’s assume, the CH in a source cluster wants to send a
message to the CH of a neighboring cluster. Unlike the con-
ventional direct communications between CHs, we employ
cooperative communications to improve the reliability of data
transmission between two neighboring CHs. In Fig. 2, we
show an example system model that consists of two overlap-
ping clusters with many edge nodes that can sense signals
from both CHs. This figure illustrates a simple scenario of
data transmission between two overlapping clusters where
source CH, s transmits data targeting destination CH, d.
Exploiting the intrinsic nature of wireless medium, the neigh-
bor nodes ry, 1, r3 overhear the transmission between two
CHs and are able to facilitate the transmission by for-
warding the received information to the neighboring CHs.
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TABLE 1. Notation.

Symbol Definition

H Number of bits in relay_probe message

Ctarget Target end to end data rate of s-d pair

Csa Achievable data rate for s-d pair

Csr, Achievable data rate for s-r; pair

Cr,d Achievable data rate for of r;-d pair

Cear Achievable cooperative data rate of the net-
work

Yab Channel gain of a-b pair

Tab Time taken by b to decode relay_probe
message transmitted by a

Py Transmission power of each node

C Set of initial relay candidates

Az Set of successful relay candidates

Amin Set of selected relay nodes

N Number of initial candidates in set C

R Number of relays in set A, in

¢ The transmission efficiency

Q(x) Degree distribution of Raptor code in noisy
channels

Ze, Channel log likelihood ratio

Gap Path loss between node a and node b

Correspondingly, r1, 2, r3 act as relays between s and d, and
thus d achieves diversity by receiving signals from different
fading paths.

We assume, the transmit power of each transmit node s
is restricted to Py and the noise at each receive node j is
assumed to be white gaussian with a variance of ojz. Denoting
the transmitted symbols of s as X, the received symbols at r;
and d can be expressed as

Y; = HyX + W;, ()

where j = {r;, d}; W; is the gaussian noise at j with variance
sz; H,j is modeled as \/G,jhg where hg ~ CN(0, 1) which
is a circularly symmetric complex Gaussian random variable
with zero mean and unit variance, and G,; denotes the path
loss between node s and node j. Then the received SNR at j
for a pair s-j can be expressed as

vy = H}Ps/o}. )

In order to avoid interference, we assume that orthogonal
channels [42], [43] are allocated to different terminals i.e.,
inter-user orthogonality. The source transmits to the destina-
tion and relays through one channel and the relays transmit
to the destination through other different orthogonal chan-
nels. This assumption can be easily implemented in practice
using orthogonal frequency division multiplexing (OFDM)
modulated WiFi technology, where different sub-carriers are
assigned to different users. After relay selection, we assume
that all the nodes use their own fountain coding routine to
encode the data. Table 1 lists the notation used in this paper.
In the subsequent sections, we will use source node (destina-
tion node) and source CH (destination CH), interchangeably.
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(O Relay candidate & Selected relay

FIGURE 3. Relay selection procedure: a) Network topology consists of
source CH s, destination CH d in red circles and a number of neighbor
nodes in grey circles, b) s broadcasts relay_probe message m; to its
neighborhood, c) d sends relay_probe message m, as an
acknowledgement, d) Neighbor nodes that successfully decode the
relay_probe messages of both CHs send relay_response message ms,
e) s sends relay_request m, to the selected relay nodes, f) Selected
relay nodes confirm the request and send relay_confirmation message
ms to s and d.

IV. RATELESS CODED RELAY SELECTION

It has been proven that cooperative strategies are energy
efficient than non-cooperative direct transmission [24], [36].
However, involving more relay nodes between source and
destination impose more signalling overhead and power con-
sumption. On the other hand, the selection of the relay nodes
plays a critical role to improve the performance of the coop-
erative system [31], [38], [41].

Considering the cost and performance issues in M2M net-
work, we propose a relay selection algorithm called rateless
coded incremental relay selection (RCIRS), aiming at achiev-
ing the given target data rate by employing minimum number
of relay nodes. We consider a decode and forward relaying
system where source CH transmit its information to the des-
tination and relays using fountain codes. After successfully
decoding the source CH’s information, relay nodes encode
the received information using fountain codes. The relay
nodes and the source node then continue their transmission
to the destination until the source information is successfully
decoded at the destination.

A. RELAY SELECTION PROCEDURE

We illustrate our proposed relay selection procedure in Fig. 3.
Fig. 3(a) shows an example network topology with a source
CH and a destination CH by red colored circles, and a number
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of neighbor nodes by grey colored circles. In the beginning of
relay selection, source CH, s broadcasts relay_probe message
denoted by m as shown in Fig. 3(b) using predefined rateless
code to its neighbor nodes and continues its broadcasting until
it receives an acknowledgement from destination CH, d. Let
H bits of data to be broadcasted as relay_probe message.
We assume H is a long enough number. The addresses of the
source and destination CHs are included in the relay_probe
message. After successfully decoding of mj, d sends a
relay_probe message denoted by m, as an acknowledgment
to s using rateless code which is shown in Fig. 3(c). Then s
estimates the end to end data rate for s-d pair based on the
time it takes for the successful decoding of relay_probe mes-
sage transmitted by d. This relay_probe message transmitted
by d is reliably decoded at s when

10Csa = tologa(1 + y5a) > H, 3)

where 7( is the duration of transmission and y,y is the
received SNR at s for s-d pair. In ideal fountain code,
the receiver is capable to recover the source information
as soon as the accumulated mutual information equal the
entropy of the codeword. However it is impossible to generate
“universal” fountain code that is simultaneously perfect at
all possible rates. In practical fountain code, the receiver is
capable to recover the source information with overhead that
is not too large [28]. An overhead like this will only lead to
a loss of rate and does not impact much on the analysis here.
In order to simplify the analysis, ideal fountain codes and
decoders are assumed at the receivers in this section. There-
fore, the achievable data rate per unit bandwidth for s-d pair is
given by

Csq = loga(1 + ysq) = H /(10). 4

At the same time, neighbor nodes process the received
relay_probe messages from different CHs and measure the
achievable data rate. Let assume neighboring node r; takes
Ty, and 74y, time to decode relay_probe messages of s and d,
respectively. Hence, the achievable data rate for s-7; pair is

Csr,' = lOgZ(l + ysri) = H/Txr,w (5)

where yy,, the received SNR at r;. Similarly, the achievable
data rate for r;-d pair is given by

Cra = logo(1 + yra) = H /T4, (6)

where y,,4 is the received SNR at r; for r;-d pair. Among
the neighbor nodes, only those who receive relay_probe
messages from both source and destination CHs respond
to the relay_probe with relay_response, which is denoted
by m3 as shown in Fig. 3(d). The relay_response message
includes the data rates C,;, and C,,4 as well as the ids of both
source and destination CHs. Source CH, s then analyzes each
relay_response message and takes only those nodes whose
source to relay data rate, Cy,, are greater than Csy. We refer
these nodes as initial relay candidates and the set of candidate
relays as initial candidate set C.
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The next step is to search for a subset A,;, from the
initial candidate set C. Here, A,,;, denotes our desired set
of relay nodes that consists of minimum number of relay
nodes and contributes to meet the target CH-to-CH data rate.
In regards to this, we propose a search criterion and a greedy
algorithm, namely RCIRS algorithm. In the next two subsec-
tions, we explain the proposed search criterion and RCIRS
algorithm. After the selection of set A,,;,, the source sends
the relay request message my4 to the selected nodes as shown
in Fig. 3(e). Then the selected nodes confirm this request and
send a relay_confirmation message, which is denoted as ms,
to both s and d as shown in Fig. 3(f). Thus, during the design
phase of the network, we judiciously select the minimum
number of relay nodes from a large set of neighbor nodes.
When the network starts to actively operate, the source node
sends data only targeting the selected relay nodes along with
the destination node. Then the selected nodes forward the
source data only to the destination and thus the overall cost is
reduced while the target data rate is maintained.

B. RELAY SELECTION PROBLEM

In this subsection, the relay selection criterion and RCIRS
algorithm are presented. The main goal of the relay selection
problem is to find a set of relay nodes A,,;, from C, that
has minimum number of relay nodes and also satisfies the
target data rate constraint, Cyyger. To solve this problem,
we establish a search criterion. In the search criterion, we
introduce a parameter, namely achievable cooperative data
rate, C.q- that represents the data rate between source
CH and destination CH attained by the co-operative partic-
ipation of source, relay and destination nodes. The search
criterion is stated as below:

Cear = Ctargety @)
where
Csd"f‘ Z Cr,-d
iEAX
Cear = | ——— | ®)
1+ Y &=
rieAX .Yfl

where A, C C is a successful candidate set that satisfies the
criterion in Eq. 7. The relationship of the parameter C.4 with
previously defined data rates of s-d, s-r; and r;-d pair shown
in Eq. 8, is derived by using Eq. 4, 5, 6 and the following
equation,

©.Ca+ Y (T = 1)Cra = H, ©)
r;E.AX

where T is the minimum time taken by the destination to
successfully decode the relay_probe message with the help
of candidate set A,. It is worth noting that C.4, represents
the average of cooperative data rate, which has nothing
to do with H. In practice, H, the number of transmitted
bits, influences the start time of relay transmission. For this
reason, the coded cooperative communications discussed in
this paper have a weakness of inconstant data rate, i.e., the
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Algorithm 1 RCIRS

Input: C, Crarger

Output: A, Cear
I: Cegr < Cyq, Sum_Crg < 0, Sum_Crq/Cg < 0
2: Apin < 0
3: while Ceyr < Crarger do

4. for each i € C\ A, do the following do
A, = Csd+Sum,Crd+Cr,~d

5 71t = \ T#Sum_Cra/Cyr+Cr,a/Cyr,

6: end for

.

rie < arg maxAy, Ay, = max(Ay,)
iEC\Amin
8: Apin < Apin U rix
9: Cear < Ar,-*
1. Sum_Cyq < Sum_Cyq + Cypa
11:  Sum_C,q/Cg < Sum_C,q/Cg +
12: end while
13: return Ayin, Cear

Cri* d
CSrl'*

destination achieves higher data rate as more relays join
the transmission later. Inconstant data rate may negatively
affect realtime applications, such as video and audio. It is,
nevertheless, not a significant problem for data collection
task in M2M domain. Let consider, N is the total num-
ber of relays in the initial candidate set C. So, the number
of all possible successful candidate set A, could vary from
0 to 2V — 1. In the next paragraph, we have shown an example
problem formulation of searching A,,;,, from set C.

Let «; be an indicator variable which is equal to 1 if r;
is selected as relay and O otherwise, the minimal selection
problem can be formally defined as follows:

N
min Zai
i=1
s.t. Cear = Clargelv

a; €{0,1}, VreC. (10)

The above problem is a non linear integer optimization prob-
lem. Now if the size of the network is high ie. if N is
a large number, finding A,,;, from all possible A, < C
sets by using conventional Brute-Force search would require
huge computational effort. The computational complexity
of BFS increases exponentially with the number of relay
candidates N, that limits its application in practical systems.
With N initial relay candidates in the selection process, an
exponential complexity of 2V — 1 would be required to find
out Ay, set. In order to reduce the computational complexity
of searching A,in, we propose a greedy algorithm RCIRS in
the next subsection.

C. RATELESS CODED INCREMENTAL RELAY

SELECTION (RCIRS) ALGORITHM

In Algorithm 1, different steps of RCIRS algorithm is
depicted. The basic idea of RCIRS algorithm is that nodes
in the set C are included in cooperative group one by one
so that the cooperative data rate is incrementally increased
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until the condition in Eq. 7 is satisfied. In order to minimize
the number of relays, each time the candidate that makes
the maximum increment to C,4, is added in the cooperative
group. At the beginning, selected A,,;, is an empty set, since
no relay has been selected, and C,g, is initialized with Csy
by considering the signal received from only s (line 1-2).
After the initializations, C,4, is compared with Cgrge (line 3).
If Ceqr is smaller than Cigpger, the achievable cooperative
data rate A,, is computed by using each candidate relay r;
(line 4-6). Then the candidate relay that maximizes A
is selected and included in the selected relay set A,
(line 7-8). C.qr, Sum_C,q and Sum_C,q/Cs are updated
accordingly (line 9-11). This process is repeated for remain-
ing elements of C until Eq. 7 is satisfied (line 12). At the
end, the algorithm returns the desired relay set A,,; and
cooperative data rate of the system C,4, (line 13). In this way,
the RCIRS algorithm finds a near minimal A,,;,, by limiting
the candidate search space within N + (N — 1) + ....1 =
N(N + 1)/2 sets, which is much lower than the search space
of BFS 2V — 1).

V. FOUNTAIN CODED COOPERATIVE PROTOCOLS

We propose two fountain coded cooperative communication
protocols, namely source-feedback and non-source-feedback
where source CH and relay nodes use their own fountain
routines to encode information and then transmit to the des-
tination through different orthogonal channels. We assume
that the decoder knows the encoding degree distribution of
received encoded symbols via an extra robust direct sequence
spread spectrum (DSSS) channel with long sequence length.
This is different from using identical random number genera-
tor at both encoder and decoder as in [31], which needs strict
synchronization and increases the complexity in a multiple
relay network.

A. SOURCE-FEEDBACK BASED

PROTOCOL (SF-PROTOCOL)

In this protocol, a source CH encodes its information using
fountain code and transmits to the destination CH and relays.
Relay nodes attempt to decode source data and forward the
source information to the destination CH using their own
fountain codes as soon as the information is decoded success-
fully at the relay nodes. Source CH selects this relay nodes by
appropriate relay selection algorithm. Both source CH and
relays then continue their transmissions until they receive an
acknowledgment from the destination CH indicating that the
reception has been successful. The protocol works as follows:

1) The source transmits its encoded data targeting the
destination and relays.

2) Both relays and destination accumulate information
from source transmission.

3) Since the source to relay link is superior than source to
destination link, relays decode the information faster
than the destination. After successfully decoding the
source information, relay nodes co-operate with the
source to transmit to the destination. Each relay uses
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its own fountain encoding routine to encode informa-
tion and then transmit to the destination through pre-
allocated orthogonal channel.

4) The destination collects information from both source
and relays, and attempts to decode information once the
accumulated mutual information is slightly greater than
the source information. If the decoding is successful,
then it sends an ACK targeting the source and relays.
Otherwise it continues to collect more information.
This procedure continues until successful reception at
the destination.

B. NON-SOURCE-FEEDBACK BASED

PROTOCOL (NSF-PROTOCOL)

In this protocol, source CH transmits the data stream encoded
by a fountain codes targeting the destination and relay nodes.
The relay nodes listen to the source data; as soon as a
relay acquired sufficient information to decode source data,
it transmits an ACK to the source that its reception was
successful. Instantly the relay node switches from reception
to transmission mode and co-operates with the source to
transmit to the destination. Once the source has received
acknowledgments from all of the relay nodes, it ceases its
transmission hoping that the destination can successfully
receive the remaining information from relays. The protocol
works as follows:

1) Source generates a large number of encoded symbols
and transmit its encoded data targeting the destination
and relays.

2) Relays and the destination d consistently receive sig-
nals from source and accumulate the mutual informa-
tion to decode the source information.

3) As soon as a relay node has sufficient information to
decide on a codeword, it sends acknowledgement to the
source and switches from reception mode to transmis-
sion mode. At this point, it encodes information using
its own fountain encoding routine and transmit on the
pre-allocated orthogonal channel.

4) Source ceases its transmission after receiving acknowl-
edgement from all relay nodes. The suspension of
source nodes may help to decrease the energy con-
sumption. By this time, if the destination d can not
accumulate enough partial information from source
transmission, it depends on the relay nodes to collect
the remaining information. After successfully decoding
of source information, the destination sends ACK to
relays.

C. ENCODING AND DECODING OF RAPTOR CODE

In our proposed cooperative protocols, the source and relays
use a special class of fountain code, namely Raptor code to
encode their information. Raptor code is universally capacity
achieving over the binary erasure channel (BEC) [27] and
nearly capacity-achieving over other channel models such
as binary symmetric channels (BSC), AWGN and fading
channels [28], [29]. It is a concatenation of two codes,
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a pre-code or outer code and an inner code. Usually LDPC
and LT codes are used as outer and inner codes, respectively.
However, in most practical settings Raptor codes outperform
LT-codes in every aspect.

Q(x) = 0.006x + 0.492x% + 0.03396x> + 0.2403*
+0.006° + 0.096x® + 0.049x'* + 0.018x°
+0.0356x3 + 0.033x2%. (11)

We assume source CH s wants to transmit k-symbols infor-
mation block to destination CH d. In Raptor encoding, the
k-symbols information {x = xi, xp, ....xx} is first encoded
by the pre-code which is typically high-rate LDPC code
to produce a k’-input symbols {v = vy, vs,...vir}. Then
LT-codes that follows the degree distribution as mentioned
in Eq. 11 [27] is applied to v to create Raptor codeword
{c =c1, 2, ....cy....}. In our system, A rate-0.98 LDPC code
is implemented as the outer code of Raptor codes. In Fig. 4,
the factor graph of Raptor code is shown that is referred as G,
and truncated at block length m where channel output
{y = y1,y2, ....ym} corresponds to transmitted Raptor code-
word {c = c1, ¢3, ....Ci}-

Information bits
LDPC coding
LDP codeword bits

LT coding

Channel output bits ()
N Yoo Vs oW s Ye

FIGURE 4. The factor graph of Raptor code. The graph is truncated to
length m.

As mentioned before, the degree of the encoded informa-
tion is transmitted to the destination by an extra robust CDMA
channel with long sequence length. The decoder collects
information progressively and makes first decoding attempts
when the received accumulated information is little bit larger
than the source information. In noisy channel, the decoding
of raptor code is accomplished using the standard Belief
Propagation (BP) algorithm. At the [ decoding attempt,
it performs BP decoding on factor graph G,, by iteratively
passing the LLR (log-likelihood ratio) messages from input
bits{vy...vy’} to output bits {cj...c;;} and then from output bits

back to input bits. Let [LJ;OI,W and V{;}{co denote the message
passed from the output bit ¢, to the input bit v; and input bit
v; to the output bit ¢,, respectively at the j iteration of [
decoding attempt. In every iteration, the following message
update rules are applied in parallel to all input and output
nodes in the factor graph [27]

(2] j,l

Mec,,vi “Z,) V{/ c
tanh —>— = tanh —* tanh —=2, 12
5 H 5 (12)

i i
et =3 udl, (13)
0/7&0
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where Z. is log-likelihood ratios (LLR) of the transmitted
bit ¢,. Since we use binary phase shift keying (BPSK) as
modulation scheme, the transmitted codeword ¢, € 0, 1 is
of equal probability. In Rayleigh fading channel, the channel
intrinsic log likelihood information corresponding to the out-
put node ¢, while channel state information is available at the
receiver, is formulated as [44]

Z, = logw = iyg.a, (14)

’ pr(¥olco = 1) o?

2

where 0“ = %, Yo s the noisy observation of the channel and
0

a is the normalized Rayleigh fading factor with E[a?] = 1
and density function f(a) = 2a exp(—az).

In the end of " decoding attempt, if the transmitted code-
word is decoded correctly, the receiver sends an ACK through
a noiseless feedback channel to the source to terminate the
transmission of the current code word. Otherwise it collects
more output symbols and attempts again to decode the code-
word.

D. TRANSMISSION EFFICIENCY

In rateless coded system, the source node generates a large
number of symbols and transmits to the destination until it
receives any ACK from the destination. Hence, the probabil-
ity of outage is always driven to zero unless any constraint
is imposed on decoding delay. In this paper, transmission
efficiency rather than outage probability is considered as a
primary metric to evaluate the performance of the proposed
protocols. In the following, we evaluate the performance of
our proposed protocols based on the required time to decode
the source information correctly at destination.

Let n denotes the number of time slots required for the
destination to collect enough information from all source and
relays before it successfully decodes a k-bits source message.
In this work, we use BPSK modulation. BPSK allows trans-
mission of one bit per channel that means a time slot is what a
transmitter takes to transmit 1 bit. Therefore, the transmission
efficiency is given by ¢ = k/n where the number of required
time slots are normalized by the bit rate. Since the data rates
of source-relay link are greater than the data rate of source-
destination link, relay nodes can decode the source informa-
tion faster than the destination. The source information is
decoded at relay r; once the accumulated information satisfies

n;rcsrj >k, (15)

where " is the required time slots for r; to decode source
information correctly. Since BPSK is used as modulation, the
data rate, C,p, of a link, a-b can be calculated by [17]:

1 _X72yab
CBPSK —1_ / logo(1 +e e rab dx,
227 Yap J -0
(16)
where y,, = |Hab|2Pa/obz. In both protocols, as soon as

the relay decodes source information, it encodes the receive
information using fountain codes and transmit through the
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pre-assigned orthogonal channel to the destination. In source-
feedback protocol, the source node continues its transmission
until the receiver successfully decodes the source informa-
tion. Using BPSK as modulation scheme, in this protocol the
destination correctly decode the source information when the
accumulated information satisfies

R
nC@PSK + Z(n

j=1

SV)CBPSK > k, (17)

where, R is the number of participating relay nodes, Csq is
the data rate of s-d link and Cy,4 is the data rate of r;-d link.
Restricting the modulation scheme to BPSK, the maximum
achievable transmission efficiency ¢* of this protocol can be
defined as

CBPSK _é.* (18)

BPSK + Z(l

In non-source-feedback protocol, the source node ceases
its transmission after all relay nodes successfully decode
source information. Relay nodes transmit towards the desti-
nation until the source information is successfully decoded at
the destination. Therefore, in non-source-feedback protocol,
the destination may reliably decode the source information
when the accumulated information satisfies

max nsrCBPSK + Z(n nyr)CBPSK >k, (19)
j=1
where max n*" = ma)c{n1 ,n2 . .n;{ } is the required time
for the relay that has minimum source to relay data rate,
min C*" = min{Cs,, Csr,, ...Cgrp}. The maximum transmis-
sion efficiency, ¢* of this protocol can be defined as

maxn
BPSK+Z(1 ] )CBPSK ;* (20)
rl\(.S,O
O i r S~
S /,i//’//’ \\\"“~\::,: d
R N e A P e I L
" fes0)

FIGURE 5. Simulation model.

VI. SIMULATION RESULTS

The simulation scenario in our study consists of a pair of
source CH and destination CH with a number of relay can-
didates where nodes are placed randomly within the area
-1 < x < 1,—-5 <y < .5 The source is placed at
(—1, 0) and the destination is at (1, 0) as shown in Fig. 5.
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For simplicity, the gaussian noise at each node is assumed to
be of the same variance ag, and each node has similar transmit
power Py. Without loss of generality, we assume a unit path
loss between source and destination, i.e., Gg; = 1. We then
have G, = ;%’i (:fﬁ) where dyq, d; and
dy,q are the distances between source and destination, source
and i"* relay node r;, and destination and r;, respectively.

We assume free-space path loss, so we have o = 2.

o
and G,,q =

A. PERFORMANCE OF RELAY SELECTION ALGORITHM

In this subsection, we conduct simulations to evaluate the
performance of the proposed relay selection algorithm. The
channels between all nodes are assumed to be frequency-
flat block-fading Rayleigh channels. We compare our relay
selection method with source relay channel based relay selec-
tion (SRCRS) as in [36] and [40] where relay nodes are
selected based on the channel quality between source and
relays without considering the relays and destination links.

.
S - P - SRCRS
161 - B -RCIRS ||
\ -0~ BFS
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14 1
. A}
o \
= 12F \ B
©
E \
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\~\
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Transmit SNR:P, /2(dB)

FIGURE 6. Number of active relays vs transmit SNR(dB)
(N =25, Cgrget =4  bits/sec).

Fig. 6 shows the number of active relays as a func-
tion of transmit SNR, Py /crg for three schemes including
RCIRS, SRCRS and BFS having a data rate constraint,
Crarger = 4 bits/sec. We assume N = 25. Nodes that
participate in the cooperative group until the destination is
able to decode the relay_probe message are defined as active
relays. From Fig. 6, it is observed that SRCRS employs more
relay nodes than RCIRS to meet the target data rate. This is
because in SRCRS, node is included in the cooperative group
as soon as it decodes the source information successfully with
the possibility of having poor link towards destination. It is
also observed that RCIRS employs equal number of relays as
BFS to meet the data rate requirements with less computation
complexity. Moreover, it is shown that at lower transmit SNR
region, a large number of relays are required to meet the data
rate requirements, which decreases gradually at higher SNR
region.

Fig. 7 shows the cooperative data rate vs transmit SNR,
Py /002 for different schemes with parameters, R = 4 and
N = 25. It is observed that RCIRS almost attains the
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FIGURE 7. Cooperative data rate vs transmit SNR(dB) (N = 25,R = 4).

performance of BFS as expected and outperforms the
SRCRS. This is because in RCIRS, node is added in the
cooperative group based on the data rate of source to relay
and relay to destination links while in SRCRS, only the data
rate of source to relay is considered.

TABLE 2. Comparison among different relay selection methods (N = 25).

Py/ 0(2) (dB) Method C,4, (bits/sec) R
BFS 4.1996 8

4 RCIRS 4.1812 8
SRCRS 4.1996 24

BFS 5.4882 7

8 RCIRS 5.4799 7
SRCRS 5.4882 20

Table 2 lists the maximum achievable cooperative data
rate, C. and corresponding number of active relay
nodes, R for different value of Py /002 and number of initial
relay candidates, N = 25. It is noted that SRCRS achieves
the same C.4- as BFS by employing more number of relay
nodes than that of the BFS. BFS maximizes C.4- by employ-
ing minimum number of relay nodes with the cost of huge
computation complexity (e.g., 22 — 1). It is worth noting
that our proposed RCIRS almost attain the C.4 of BFS
by employing the same number of relay nodes as of BFS
with less computational complexity. At Py /og = 8 dB, the
achievable cooperative data rate of RCIRS is 5.4799 bits/sec,
which is only 0.15% less than that of BFS.

B. PERFORMANCE OF FOUNTAIN CODED

COOPERATIVE PROTOCOLS

In this subsection, we compare the performance of the pro-
posed fountain coded cooperative protocols under different
relay selection methods with that of noncooperative direct
communication scheme.

Fig. 8 presents the performance of the noncooperative
direct transmission (DT) and proposed protocols in terms
of transmission efficiency, ¢ as a function of transmit SNR,
Py/ og under different relay selection methods for
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FIGURE 8. Transmission efficiency vs transmit SNR in Rayleigh channel.

parameter R = 2. It is observed that cooperative protocols
dramatically improve the transmission efficiency than DT
between two neighboring CHs. It is observed that at fixed
relay selection method the source-feedback based protocol
(SF-protocol) outperforms the non-source-feedback based
protocol (NSF-protocol). The reason of the better perfor-
mance of SF-protocol, is that in this protocol relays and
source continue their transmission until the destination sends
back an ACK, whereas in NSF-protocol, the source stops its
transmission after the relay nodes decode the message suc-
cessfully. It is also observed that the relay selection methods
significantly influence the performance of the protocols. The
proposed protocols (SF/NSF-protocol) using RCIRS outper-
forms its SRCRS counterpart. Furthermore, the impact of
relay selection method is more noticeable on NSF-protocols
than SF-protocols. It is observed that at Py /002 = 1dB, the
performance gap between SF-protocol using RCIRS and
SF-protocol using SRCRS is 2.22% while the performance
gap between NSF-protocol using RCIRS and NSF-protocol
using SRCRS is 5.45%. This is because in the SRCRS
method, relay nodes are selected based on the source-relay
link without considering the relay-destination link. There-
fore, the possibility of having poor relay-destination link of
the selected relay nodes and the suspension of the source
transmission in NSF-protocol, significantly degrade the per-
formance of the NSF-protocol using SRCRS.

The maximum achievable transmission efficiency, ¢* of
both protocols under different relay selection methods are
also presented in Fig. 8. It is observed as transmit SNR
increases, the ¢* curve reaches the asymptote of 1, due to
the BPSK modulation scheme. Comparing the achieved trans-
mission efficiency, ¢ with the maximum achievable transmis-
sion efficiency, ¢* for either protocol, we notice that there is
an obvious rate loss, which is due to the suboptimality of the
Raptor codes. As shown in the figure, at Py /O’g = 10 dB
under RCIRS method the rate loss of SF-protocol and
NSF-protocol are 5.7% and 9%, respectively.

In Fig. 9, we illustrate the transmission efficiency of the
proposed protocols as a function of R for fixed transmit SNR,

5290

S -4
T P , By
BT Pt
- e e AT
*:;o.af .,4-" __/’ JiPtie |
5 -7 - @ >
‘S -
% ~ . a.” -
5 0.7+ ,'/ PR ‘,0’ ,‘) il
2 ’ = - ,/ .
8 P
s ¥ et x7
so6f .7 K4 ]
= o s "’
i ~ . =g~ ¢, SF-protocol with RCIRS
o 5"/ }' = B = {, SF-protocol with SRCRS il
ke =@~ ¢, NSF-protocol with RCIRS
o7 ~P- * {, NSF-protocol with SRCRS|
0.4 4 L L L L L L
1 2 3 4 5 6 7 8

Number of relay (R)

FIGURE 9. Transmission efficiency vs number of relay in Rayleigh
channel.

Py/ ag = 6 dB. Here also relay selection methods influence
the performance of the protocols in terms of transmission
efficiency ¢. We observe that SF-protocols using RCIRS
method outperforms the SF-protocols using SRCRS method.
We also observe that the performance of the protocols always
improves with the involvement of more relays. However, at
fixed SNR, the performance difference of proposed protocols
at a fixed relay selection method gradually decrease with the
increase of relay nodes as shown in Fig. 9. This is because,
more relays render more mutual information to destination
and reduces the impact of direct link at destination.

VIl. CONCLUSION

Reliability of M2M networks is getting more attention as
an important [oT performance indicator. With respect to this
fact, this paper develops fountain coded cooperative schemes
and investigates their performance in clustered M2M net-
works. Particularly, we first propose an RCIRS algorithm
to judiciously select relay nodes so that the required data
rate is achieved with the minimum number of participating
relays. Our proposed relay selection algorithm best suits for
adaptive systems in which the data rate between two clusters
can be adjusted to attain the required end to end data rate
to ensure quality of services of the systems. It shows that
our proposed RCIRS employs less relay nodes than SRCRS
and nearly attains the cooperative data rate obtained by BFS.
We then develop source-feedback and non-source-feedback
based protocols to improve the data transmission between two
neighboring CHs. Regardless of the protocol used, transmis-
sion efficiency can always be improved by involving more
relay nodes for cooperation at the cost of additional com-
plexity. Simulation results demonstrate that our design can
significantly improve the end-to-end performance between
two CHs than that of non cooperative direct transmission.
It is also observed that at fixed relay selection method, the
source-feedback based protocol (SF-protocol) always outper-
forms the non-source-feedback (NSF-protocol) one in terms
of transmission efficiency.
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