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Abstract— Internet of things (IoT) is a new paradigm where 

almost every physical object will be furnished with sensing, 

communication and processing capabilities that allow them to 

communicate with other devices possibly via the internet and/or 

telecommunication networks. Machine to machine (M2M) 

communication, which is a key enabling technology for the IoT, 

enables networked devices to exchange information among 

themselves with minor or no human involvement. In this paper, we 

propose a novel coding strategy that considerably increases the 

efficiency of the channel in the multicast setting. Specifically, we 

consider the scenario where three M2M communication devices 

that are close by and want to exchange their messages via a low 

cost relay or another device in proximity. The main advantage of 

the proposed scheme is twofold: 1) use of joint channel and 

physical layer network coding where M2M communication 

devices simultaneously transmit their messages, 2) no decoding at 

the relay where relaying can be as simple as amplify and forward 

or de-noise and forward. Simulation results using practical Raptor 

codes show that the proposed scheme achieves a near optimal sum 

rate performance. Furthermore, we propose an efficiently scalable 

technique for disseminating information among a large number of 

M2M communication devices.  

 

Index Terms— Internet of things, machine to machine 

communications, Raptor codes, network coding, MTC device. 

 

I. INTRODUCTION 

ACHINE to machine communication has emerged as a 

promising technology enabling billions of multipurpose 

devices, namely machine-type communication (MTC) devices, 

to communicate with each other without human intervention [1-

8]. MTC refers to existing and future autonomous networked 

sensing devices which gather and exchange information over 

the network. Some practical and promising applications for the 

MTC are: 1) smart grids [4-5] for intelligent monitoring, control 

and efficient delivery of electricity to consumers, 2) smart cities 

[6] for increasing security, green energy and intelligent parks, 

3) smart healthcare systems [7], 4) intelligent transportation 

systems [8] for building smarter infrastructure and toward smart 

logistics systems, 5) smart tracking and tracing, 6) Public safety 

systems, just to name a few. 
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The Internet of things (IoT) which was first introduced by 

Ashton [9], will comprise billions of MTC devices with low or 

no mobility that attempt to exchange a small amount of data in 

form of data bursts between themselves or to deliver them to 

business servers or central stations. Fig. 1 illustrates the idea of 

a large number of wirelessly equipped devices connected 

together in a smart city. 

Some of the challenges of MTC are: 1) the large amount of 

data exchanged between sensors and meters which makes it 

difficult to instantly manage and process. 2) The 

interconnection of heterogeneous small networks to form the 

big network requires multiple platforms agreeing on a unique 

protocol. A survey on MTC challenges in the context of Long 

Term Evolution (LTE) networks is provided in [10]. Another 

core challenge in MTC is the exchange of messages between a 

large number of networked devices. 

In this paper, we propose a bandwidth efficient scheme for a 

large number of MTC devices that want to exchange their 

messages. The process of exchanging messages among a large 

number of devices requires short communication sessions 

compared to other types of communicated information over the 

network. Example of this type of information is localization of 

devices, reading of the same data from different perspectives, 

emergency messages, control and monitoring readings and so 

on. 

A. Motivation and Related Work 

IoT is considered as the future’s biggest network which 

includes the next generation of Internet and billions of 

heterogeneous MTC devices. Therefore, it is expected that in a 

few years we will have billions of intelligent MTC devices [35] 

worldwide with networked and real time processing capabilities 

to reduce the burden of gathering large amount of data and 

processing delay. 

On the other hand, interference resulting from coexisting 

radio frequency channels can be exploited to improve the 

overall bandwidth efficiency of a communication channel.  

Interference management techniques are mainly divided into 

the following categories: 1) avoiding interference by using 

orthogonal channels, 2) treating the interference as noise, 3) 
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exploiting interference by decoding it. The first technique is 

used when the power of interference is equivalent to the wanted 

signal. This results in dividing the degrees of freedom (DoF) of 

the channel among the users. The second technique is used 

when the level of interference is weak. Then single user 

decoding is applied. When treating interference as noise, the 

information contained in the interference is lost. This reduces 

the overall rate. The first two techniques, which are 

conventionally used in practice, result in an inefficient use of 

resources. Alternatively, exploiting interference is used when 

the interfering signal is stronger than the desired signal. 

Decoding the interfering signal first, then apply successive 

interference cancellation (SIC) [11], the desired signal is then 

decoded interference free [12].  

Stojmenovic [2] proposes an approach for reducing the 

overall data exchanged over the network from large MTC 

devices. Specifically, the author in [2] proposes data 

aggregation, processing and actuation at the network level 

where data is processed prior to being exchanged over the 

network. This in-network processing approach reduces the data 

exchange over the entire network and only exchange related 

data to a specific sub-network. In [13], the authors propose a 

probabilistic rateless multiple access scheme for MTC devices 

to efficiently minimize the access delay. Specifically, the delay 

requirement is achieved by allowing MTC devices to transmit 

simultaneously on the same channel in an optimal probabilistic 

manner based on the individual MTC devices delay 

requirements. Furthermore, they show that their scheme 

outperforms existing MTC schemes used in LTE advanced 

standard. The authors in [14], propose a cognitive approach to 

MTC devices to exploit the available spectrum holes in the 

neighboring environment. Particularly, they propose cognitive 

medium access control protocols for MTC networks from a 

stack perspective. 

The relay plays a crucial role in the performance of the 

proposed cooperative MTC strategy. Since the relay is not 

interested in decoding individual MTC messages, the simple 

Amplify and Forward (AF) relaying technique can be used at the 

relay. However, AF scheme introduces noise propagation from 

one hop to the other. Recently, a new promising relaying scheme 

termed De-Noise and Forward (DNF) has been devised by 

Popovski et al. [15] to mitigate the noise propagation. Koike-

Akino et al. [16] propose a DNF scheme where an optimized 

design of constellation and mapping was studied. Sorensen et al. 

[17] extend the concept of DNF to non-coherent BFSK 

modulation scheme where the requirement for phase tracking is 

avoided. They show that BFSK with DNF exhibits lower 

performance which is due to the larger SNR required in order to 

yield similar achievable rates compared to BPSK.  R. Chang et 

al. [18] propose a joint DNF scheme that exploits the correlation 

among multiple received MTC signals at the relay to enhance 

the de-noising process during the MA phase. The scheme 

exhibits high complexity and implementation concerns at the 

relay with respect to the negligible gain achieved. 

B. Contributions 

In this paper, we make two major contributions. First, we 

propose a new cooperative joint network and channel coding 

strategy for MTC devices in the multicast settings where three 

or more MTC devices dynamically form a cluster to 

disseminate messages between themselves. Specifically, in the 

basic cluster, three MTC devices transmit their respective 

messages simultaneously to the relay in the first phase. The 

relay broadcast back the combined messages to all MTC 

devices within the basic cluster. Given the fact that each MTC 

device can remove its own message, the received signal in the 

second phase is reduced to the combined messages coming 

from the other two MTC devices. Hence, this results in 
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Fig. 1.  Smart city supported by MTC devices with interconnected users, surveillance systems, traffic lights, vehicles, roads, railways, sensor devices and servers 

via telecommunication infrastructures. 
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exploiting the interference caused by one message on the other 

and therefore improving the bandwidth efficiency. 

Furthermore, each group of three MTC devices in vicinity can 

form a basic cluster for exchanging messages, and the basic 

scheme extends to N MTC devices. We will detail the extension 

scheme later in Section III-B.  

Second, we implement the proposed scheme employing 

practical Raptor codes with the use of two relaying schemes 

namely AF and DNF. We show that with very little processing 

at the relay using DNF relaying scheme, performance can be 

further enhanced. We show that the proposed scheme achieves 

a near optimal sum rate performance. We define the optimal 

sum rate as the maximum achievable sum rate in such a 

communication model. Precisely, the optimal sum rate is the 

summation of all individual rates such that reliable decoding at 

each MTC device’s end is possible. Therefore, the rates 

configuration, at each MTC device per each TS as shown in 

Table I, is the optimal configuration to guarantee the 

decodability constraint (i.e., at least a half-rate message is 

available at each MTC device’s end).  

C. Organization 

The rest of the paper is organized as follows. In Section II, 

we present the system model and background about some 

concepts which will be used in later sections. In Section III, we 

describe the proposed coding strategy. In Section IV, we 

present the proposed DNF relaying scheme. In Section V, we 

present the implementation of the proposed coding scheme and 

the simulation results. Section VI concludes the paper. 

II. PRELIMINARIES 

A. System Model 

Consider the scenario where three MTC devices in proximity 

wish to exchange their messages via a relay R as illustrated in 

Fig. 2. Let ��  denote the ��� MTC device with respective 

message �� for	� = 	1,2,3�. The devices can be any radio 

frequency identification (RFID) devices, sensors or meters, 

wireless enabled consumer electronics, wireless enabled home 

appliances, mobile phones or tablets, or any other type of 

networked MTC devices. The relay can be any repeater, remote 

radio head (RRH) or another close by MTC device with limited 

short range transmission to cover three or more devices in 

proximity forming a cluster. For example, Fig. 3 illustrates a 

highly integrated chip designed for the needs of an increasingly 

connected world. This powerful chip offers a complete and self-

contained WiFi networking solution, allowing it to host 

applications. Furthermore, this chip has powerful on-board 

processing and storage capabilities that allow it to be used with 

sensors and other application specific devices with minimal 

development up-front and minimal loading during runtime.  

The transmission strategy is over two phases namely multiple 

access (MA) and broadcast (BC). Note that due to the short 

distance between MTC devices, the channel in both MA and 

BC phases is considered as an additive white Gaussian noise 

(AWGN) channel with equal received power. Additionally, the 

MTC devices considered are half-duplex for practical reasons, 

therefore, MTC devices in vicinity cannot directly receive the 

messages from each other and communication occurs via the 

relay. 

In MA, all MTC devices transmit their respective messages 

to the relay. The received signal at the relay is characterized by 

																																�� = �� + �� + �� + ��																														(1) 
where �� ∈ 	−1,1�, and �� are the channel input from the ��� 

MTC device and the channel output, respectively, in the MA 

phase. �� is a zero mean Gaussian noise with variance ���. 

In the BC phase, the relay performs AF or DNF to broadcast 

back the combined messages to MTC devices within the same 

cluster. The received signal at each MTC device within a cluster 

is characterized by 

																																											�� = �� + �� 																																									(2)	
where �� is the combined message transmitted from the relay 

during the BC phase. 

At the end of the BC phase, each MTC device removes its 

own message first (sent during the MA phase), then the 

remaining received signal consists of the combined messages 

coming from the other two MTC devices. In the absence of 

noise, the received signal at MTC device	�, ��, has three signal 

levels that correspond to the constellation points [29] �� to ��: 

{-2, 0, 2} with probabilities � = 	�� , �� , ���, respectively. In this 
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Fig. 2.  Three MTC devices in proximity exchanging messages via a relay. Each 

MTC device sends one message and receives two messages. MTC devices are 

half duplex. ḿ� denotes the decoded message from MTC device �. 

 

Fig. 3.  ESP 8266 chip with Wi-Fi Direct (P2P), Soft-AP, integrated TCP/IP 

protocol stack, STBC, and integrated Power amplifier and matching network. 

(Permission granted to reproduce image from http://espressif.com). 
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case, the channel model from each MTC device’s perspective 

reduces to a two user multiple access erasure channel [11] over 

two hops with erasure probability	 = 0.5. Since all MTC 

devices transmit equally likely symbols at equal power and 

same modulation, opposite symbols get erased. Therefore, a 

half-rate code is required to recover the erased symbols. In 

Section III, we propose a rateless coding strategy to solve this 

problem.  

B. Successive Interference Cancellation 

Successive interference cancellation (SIC) [11] is an iterative 

process that starts with the strongest coded signal first, decodes 

it and then re-encodes it. The second step is to subtract the re-

encoded message from the original received signal, and then 

decode the remaining messages. 

C. Binary Erasure Multiple Access Channel 

For clarification purposes, we refer the reader to example 

15.3.3 in reference [11]. Briefly, consider a multiple access 

channel (MAC) with binary inputs χ� = χ� = 	0,1� and a 

ternary output	Y = �� + ��. When the combination at the input 

is either (0,1) or (1,0), this results in an ambiguous output, 

otherwise, it is clear what combination was sent from the inputs. 

Assuming that the rate &� = 1, MTC device 2 can send up to 

rate &� = 0.5. Hence, for ��the channel is like a binary erasure 

channel with capacity	1 −  = 0.5 as shown in Fig. 4a. 

Therefore, MTC device 2 can send additional 0.5 bits when 

MTC device 1 is sending at maximum rate 1 as shown in Fig. 

4b.     

D. Network Coding and Physical Layer Network Coding 

Network coding (NC), which is the notion of coding at the 

packet level, has changed the model under which 

communication networks are designed. While in the traditional 

scheme, the intermediate network nodes route a packet from the 

incoming link to the outgoing link without any additional 

processing, NC combines packets, for example, by simply bit-

wise XOR’ing them. NC was originally introduced [19] to 

increase the rate over wired networks. However, given the 

unreliability and broadcast nature of wireless networks, NC can 

provide a natural solution for the characteristic of wireless 

communication that affects routing [20]. Physical layer network 

coding (PNC) was independently and concurrently proposed by 

three groups [15] [21] [22] to exploit the natural operation of 

NC that occurs from the broadcast of two or more non-

orthogonal signals. Nazer et al. [23] proposed a reliable PNC 

by removing the noise at each communication phase using 

appropriate error correcting codes. 

	
E. Raptor Codes 

Raptor codes, the first known practical class of fountain codes 

with linear time encoding and decoding, were originally 

developed for erasure channel [24] and later investigated on 

binary symmetric channels [25]. Raptor code is a rateless code 

in the sense that given a sequence of data symbols, the encoder 

generates and transmits coded symbols until receiver 

acknowledges correct reception of the original data sequence. 

III. PROPOSED CODING STRATEGY FOR MTC DEVICES 

Use of physical layer network coding in the first phase and 

the fact that each MTC device can remove its own message in 

the second phase are the two main components of the proposed 

coding strategy. Specifically, the core idea of the scheme is to 

increase the spectral efficiency of the channel by exploiting the 

interference due to the fact that more than one MTC devices 

transmit non-orthogonally during the MA phase. The useful 

interference is strongly coded to recuperate the erased symbols 

in the received composite signals, and therefore, the key to 

successful decoding of messages remains in the ability to first 

recover the erased symbols, then the other message is decoded 

interference free. 

Furthermore, the proposed coding scheme extends to N MTC 

devices. In the first round, each ensemble of three MTC devices 

form a basic cluster of order 1 to exchange their messages. In 

the second round, a logical cluster also consisting of three MTC 

devices is formed based on the only constraint that each MTC 

device within the logical cluster of order 2 is randomly selected 

from one basic cluster of order 1. This way messages are sent 

from lower order clusters to higher order clusters. This process 

continues until all ' − 3 messages are received at the highest 

order cluster. The last step is to send desired messages from the 

highest order cluster to lower order clusters and so on until 

desired messages are received at basic clusters of order 1. 

A. Cluster with Three MTC Devices  

Consider the scenario in Fig. 2 where one cluster contains 

three MTC devices in vicinity that want to exchange their 

messages. In the conventional approach, one MTC device is 

active at a time while the other two MTC devices are silent. So 

the conventional scheme requires three time slots (TS) to 

multicast 3 bits, hence this scheme is not efficient. On the other 

hand, in the proposed scheme, MTC devices in proximity may 

exchange messages with each other through a close by relay or 

another MTC device acting as a relay. The relay is not interested 

in individual messages, in contrast, it performs AF or DNF to 

broadcast back the composite signal to the MTC devices. 

Let the messages ��� and (�) be row vectors of length * 

and	+�, respectively. The message ��� carries information to be 

1 1

0 0

e

(a) (b)  

Fig. 4.  (a) Equivalent binary erasure channel for the second MTC device. (b) 

Capacity region for the binary erasure MAC where the corner points are 

achieved with rates (0.5, 1) and (1, 0.5) and other rate points on the capacity 

region are achieved using time sharing. 
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multicast from MTC device � to MTC devices , and - at unit-

rate during time slot (TS) ., where �, ,, -, . ∈ 	1,2,3� and � ≠ , ≠	-. On the other hand, the message (�) carries half-rate coded 

information to be multicast from MTC device , during TS .. 
For symmetrical and fair data exchange between MTC devices, 

we consider three TS based transmission strategy.   
Fig. 5 illustrates an example of three consecutive TS. Since 

half of the bits get erased at each MTC device end, the receiver 

requires a half-rate coded message to be able to resolve both 

messages. i.e., the receiver first decodes the half-rate message, 

then, perform successive decoding to resolve the other message. 

The main idea of the coding scheme is that one MTC device 

transmits at a unit-rate whereas the other two MTC devices 

transmit at half-rate such that in the BC phase (after removing 

its own message), at least one half-rate message is available at 

each MTC device to first decode the half-rate message, then 

removes its effect from the received signal and therefore decode 

the unit-rate message, or the other half-rate message. In the case 

where both received messages are at half-rate, the decoder 

randomly decodes one of the messages first, then decodes the 

second message in order to preserve fairness. The introduction 

of TS is to maintain equal average transmission rate at each 

MTC device. This fairness is guaranteed through the rate 

configuration in each TS as shown in Table I. Hence, MTC 

devices in each cluster know at what rate to transmit in each 

round. Note that a protocol can be devised to choose the rate 

configuration (selection of a row in Table I) based on the 

amount of information each MTC device has to share with the 

other two MTC devices. Next, we describe the example in Fig. 

5.  

1. MA Phase 

In the first TS of the MA phase, all MTC devices within the 

same cluster transmit simultaneously their corresponding 

messages	���, � = 	1,2,3� at rates 1, ½ and ½ respectively as 

illustrated in Table I to a nearby relay. In the absence of noise, 

the received signal ��� 	at the relay during the first TS is given 

by 

																																			��� = ��� + (�� + (��																													(3) 
Similarly, in the second and third TS with rate selection from 

Table I, the received signal at the relay is, respectively, given 

by 

																																		��� = (�� +��� + (��																														(4)	
																																		��� = (�� + (�� +���																														(5) 
2. BC Phase 

In the first TS of the BC phase, the relay broadcasts back the 

composite signal to nearby MTC devices. Each MTC device, 

removes first its own message, then decodes the two remaining 

messages from the other two MTC devices. So, each MTC 

device decodes first half-rate message, applies SIC to decode 

the unit-rate message or the other half-rate message. Therefore, 

the received signal at MTC devices 1, 2 and 3 after removing 

their own messages is respectively given by  

																																			��� = (�� + (��																																											(6)	
																																			��� = ��� + (��																																										(7)	
																																			��� = ��� + (��																																										(8) 

TABLE I 

TRANSMISSION RATES CONFIGURATION DURING PHASE ONE. THE CORE IDEA 

BEHIND SUCH RATE DISTRIBUTION IS TO GUARANTEE THAT, IN ANY TS, THERE 

EXISTS AT LEAST ONE HALF-RATE CODED MESSAGE AT EACH MTC DEVICE 

END, AFTER REMOVING ITS OWN MESSAGE. 

 

Time Slot MTC DEVICE 1 MTC DEVICE 2 MTC DEVICE 3 

1 1 1/2 1/2 

2 1/2 1 1/2 

3 1/2 1/2 1 

Sum rate 2 2 2 
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Fig. 5.  Two phase proposed coding scheme for a cluster with three MTC 

devices. In the MA phase, �.� is the unit-rate message sent from MTC device 

� during TS ., (.� is the half-rate coded message sent from MTC device � during 

TS . where �, ,, -, .	 ∈ 	1,2,3� and � ≠ , ≠ -. In the BC phase, MTC device �
removes first its own message, then decodes the half-rate message, applies SIC 

to decode the unit-rate message if it is available or the other half-rate message. 

ḿ.� with solid filled color denotes the unit-rate decoded message. ḿ.� with large 

grid pattern fill color denotes the half-rate decoded message. 
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MTC device 1 randomly selects message (�� or (�� to 

decode first, then applies SIC to decode the other message. 

Alternatively, both messages (�� and (�� can simultanesouly 

be decoded by two independent decoders at the receiver since 

both are half-rate coded messages. On the other hand, MTC 

device 2 decodes first the half-rate message	(��, then applies 

SIC to decode the unit-rate message	���. Similarly, MTC 

device 3 decodes first the half-rate message	(��, then applies 

SIC to decode the unit-rate message	���. Similarly for the 

remaining TS 2 and 3. Therefore, after three TS, each MTC 

device has decoded three messages of a total rate 2. The sum 

rate of all MTC devices is 6 per 3 TS. That is	4� = 2, i.e., 
�
� per 

MTC device as shown in Table I.  
Note that a ternary channel is assumed in phase two. Note 

also that, the relay can be any other additional MTC device in 

proximity, an access point within the cluster, a remote radio 

head (RRH), or any type of networked device with in-network 

processing capabilities as illustrated by the integrated chip in 

Fig. 3.  
The advantage of the proposed coding strategy over the 

conventional scheme is in manifold. Due to the short distance 

between cooperative MTC devices within the cluster, the 

transmit power is significantly reduced resulting in a major 

power saving at active MTC devices. Furthermore, less 

transmitting power usage at MTC devices leads to less 

interference caused to other MTC devices in neighboring 

clusters, hence improving frequency reuse factor and increasing 

network capacity. In addition, directly established links 

between MTC devices with in-network processing capabilities 

reduce latency and release radio resources on the core network 

which also result in increasing network capacity. Moreover, the 

proposed scheme efficiently uses the spectrum due to the PNC 

which increases the sum rate. Finally, the relay, which can be 

any device in vicinity, performs a simple AF or DNF relaying. 

Note that for symmetrical data rates, the considered 

transmission strategy is over three time slots (TS) in a round 

robin fashion. However, for asymmetrical data rates between 

MTC devices, a protocol can be devised to assign transmission 

rates at each MTC device based on the size of the actual locally 

available file for sharing. Therefore, each TS (row) of 

transmission rates configuration in table 1, can be more 

(dynamically) selected based on the available local messages at 

each MTC device to exchange.  

B. Aggregated Cluster with N MTC Devices  

The proposed coding strategy extends to ' MTC devices in 

proximity. The extended scheme consists of log�(') rounds 

each of which is over two phases. In the first round, each three 

MTC devices in closed vicinity are organized in a basic cluster 

which results in 
8
�9 basic clusters of degree	� = 1, where � is 

the degree of the cluster. Then, the scheme devised in Section 

III-A is applied at each cluster of degree 1. At the end of the 

first round, each MTC device receives the messages of the other 

two MTC devices within the same basic cluster of order 1. 

In the second round, a new logical cluster is formed based on 

the following constraint. Only one MTC device from a basic 

cluster of order 1 is allowed to be in the newly formed logical 

cluster of degree � = 2 which results in 
8
�9 clusters of degree 2. 

Then, similarly to round 1, the scheme devised in Section III-A 

is applied at each cluster of degree 2 to exchange all messages 
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Fig. 6.  MTC strategy with clustering technique of dimension N=27. Clusters with green interconnecting links are of degree 1, clusters with blue interconnecting 

links are of degree 2 and cluster with orange interconnecting links is of degree 3. In total, we have 9 basic clusters of degree 1, 3 clusters of degree 2, and 1 cluster 

of degree 3. The blue and orange interconnecting links guarantee dissemination of messages   over the entire MTC network. Messages moving across clusters go 

through interconnecting links based on the scheme devised in Section III-A. Note that the intersecting point that connects that joins three interconnecting links is 

a relay node regardless the degree of the cluster.  (a) illustrates all MTC devices in the network including the interconnecting links for each cluster degree. (b) 

illustrates the highest degree cluster where all messages are gathered. 
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within the logical cluster. In order to disseminate all messages 

across all MTC devices, this process continues until	� ≤log�('). At the end, each MTC device will have received ' −1 new messages. Note that each randomly selected MTC device 

from a cluster of order - contains 3; exchanged messages within 

this cluster of order - where	1 ≤ - < =log�(')>. Once this 

procedure reaches the highest logical cluster degree, at this 

stage, the MTC devices within this highest cluster contain all 

messages in the network. Then, this process continues from the 

highest order logical cluster downward to basic clusters to only 

disseminate the wanted messages at each logical cluster of 

lower degree until reaching each basic cluster of degree 1.  
Fig. 6 illustrates an example where	' = 27. In the first 

round, 
8
�9 = �?

�@ = 9 basic clusters of degree 1 (clusters with 

green interconnecting links in Fig. 6) are formed. The formation 

of basic and logical clusters is described in Table II. In each 

cluster of degree 1, MTC devices exchange messages as 

described in Section III-A. For example, in cluster 1 of degree 

1, MTC devices	1, 2, and 3 exchange their respective messages ��, ��	and ��. In the second round, 
8
�9 = �?

�B = 3 logical 

clusters of degree 2 (clusters with blue interconnecting dashed 

links in Fig. 6) are formed. 

Fig. 7 illustrates the logical cluster 1 of degree 2 where one 

MTC device is randomly selected from each basic cluster of 

degree 1 (MTC devices 3, 5 and 7) to form the logical cluster 

of degree 2. At the end of round 2, each MTC device (MTC 

devices 3, 5, and 7) will have received all messages of MTC 

devices within the logical cluster 2 as indicated in Fig. 7b. Then 

to disseminate these messages within clusters of lower degree, 

i.e., degree 1, only messages that are not previously available in 

each cluster of lower degree are exchanged. For example, in 

cluster 1 of degree 1 (MTC devices 1, 2, and 3) messages �� to �C are only sent downward from higher degree to lower degree. 

In the third round where	� ≤ log�(27) = 3, 
8
�9 = �?

�D = 1 

logical cluster of degree 3 (cluster with thick orange 

interconnecting links in Fig. 6) is formed. 

As shown in Fig. 6, only one MTC device is randomly 

selected from each of the three logical clusters of degree 2 

(MTC devices 9, 11, and 22). Each MTC device belonging to a 

logical cluster of degree 2 contains all the messages from that 

logical cluster of degree 2 to be exchanged with the other two 

logical clusters of the same degree 2. At the end of round	3, 

each MTC device will have received ' − 1 = 26 messages 

coming from all other devices participating in the MTC 

network. For example, MTC device 9 has initially message �C 

to exchange with ' − 1 = 26 MTC devices as illustrated in 

Fig. 6a. In the first round, MTC device 9 is part of cluster 3 of 

degree 1 (MTC devices 7, 8 and 9). At the end of round 1, MTC 

devices 7, 8, and 9 contain the messages	�?, �E, and �C. In the 

second round, MTC device 7 forms a logical cluster of degree 

2 with MTC device 3 and 5. At the end of round 2, MTC device 

7 contains the messages	��, ��, ��, ��, �F, �4, �?, �E, and �C. Newly exchanged messages from this round at MTC device 

7 (i.e.,	��, ��, ��, ��, �F and �4) will be exchanged 

internally with in the basic cluster 3 and therefore, MTC device 

9 will have all the messages of logical cluster 1 of order 2 as 

illustrated in Fig. 6b. In the third round, one logical cluster of 

order 3 is formed which contains MTC devices 9, 11, and 22 

each of which belongs to one logical cluster of order 2 as shown 

in Fig 6a. At the end of this round, each of three MTC devices 

9, 11, and 22 will contain all the messages in the network. 

Finally, only desired messages at each logical cluster of lower 

order are disseminated. i.e, ��G to ��? are sent through logical 

cluster 1 of degree 2 and eventually through basic clusters 1, 2 

and 3 of degree 1.  
As per the overhead related to cluster formation, a protocol 

can be devised to manage MTC devices in vicinity that wish to 

exchange messages. In such scenarios, the nearest relay 

receives requests from close by MTC devices wishing to form 

a group for message sharing. Based on the number of available 

relays for servicing these MTC devices, the relays agree to 

allocate each ensemble of three MTC devices to a single relay. 

Then each relay sends a response message to MTC devices in 

vicinity to declare the formation of a cluster. Note that the 

function of a relay in clusters of various degrees (basic or 

logical clusters) is similar and therefore, clusters are aggregated 

as shown in Fig. 6. 

TABLE II 

FORMATION OF BASIC AND LOGICAL CLUSTERS OF THE EXAMPLE IN FIG. 6 

 

Cluster Degree 

No 
CLUSTER GIVEN NO MTC DEVICE NO 

 1 1, 2, 3 

 2 4, 5, 6 

 3 7, 8, 9 

 4 10, 11, 12 

1 5 13, 14, 15 

 6 16, 17, 18 

 7 19, 20, 21 

 8 22, 23, 24 

 9 25, 26, 27 

 1 3, 5, 7 

2 2 12, 14, 16 

 3 21, 23, 25 

3 1 9, 11, 12 
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Fig. 7.  (a) Three clusters of order 1. In each cluster, MTC devices exchange 

messages. In cluster 1, MTC device 1, 2, and 3 exchange messages m1, m2, 

m3. Similarly for clusters 2 and 3. In the second round, three MTC devices are 

randomly selected from three cluster of degree 1 with the constraint that one 

MTC device is selected from each cluster of degree 1. MTC devices 3, 5 and 7 

are selected to form cluster 1 of degree 2. (b) illustrates all the exchanged 

messages at each MTC device of cluster 1 of degree 2 at the end of the second 

round. 
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On the other hand, cooperative communication [32] is a key 

enabling technology for increasing spectral efficiency. The 

relay plays a vital role in the proposed communication strategy. 

In domestic areas, the relay can be a home access point (AP) or 

any other smart device with in-network processing capabilities 

[33]. The number of MTC devices in a domestic environment 

is proportionally small and therefore can be served by the home 

AP which is acting as a relay. However, in larger areas such as 

malls, universities, airports, and so on, many AP’s are deployed 

all over to ensure nonstop Wi-Fi services in the entire place. 

While these AP’s are mainly used for Wi-Fi access, they can 

also serve as relays.  
Let H denote the number of relays required for a given 

network of ' MTC devices. Based on the quality of service and 

the type of applications, 1 ≤ H ≤ HIJK  where HIJK  denotes the 

maximum number of relays, as a function of	', required to 

achieve the best quality of service and is given by 

																																				HIJK = L '3�
MNOD 8

�P�
.																																								(9) 

However, many uncritical applications, such as file sharing, 

data mirroring and so on, can use any available number of 

deployed relays in the neighborhood that is	< HIJK. When	H =HIJK , each cluster is assigned a dedicated relay. When	H <HIJK , clusters share relays in time division manner. In the 

example of Fig. 7,	HIJK = 13. 

As the number of active devices increases, the amount of 

bandwidth required for disseminating all messages between 

MTC devices increases. Let Qdenote the bandwidth allocated 

to fully exchange messages during the formation of 
8
�  basic 

clusters of degree	� = 1. As the degree of clusters increases the 

number of formed logical clusters decreases by3R, however, the 

amount of required bandwidth is also Q since the number of 

messages to exchange increases as moving to clusters of higher 

degrees. Therefore, the amount of total bandwidth required to 

fully exchange messages within a network of ' MTC devices 

is proportional to ' and is equal to	QSlog�'T. Given the small 

distance between the nodes, this increase in bandwidth 

requirement of Ο(log�') is affordable. With the small distance 

between transmitters and receivers, some of the higher 

frequency bands such as V-band whose utilization was not 

feasible due to high attenuation are becoming popular for 

applications such as the ones suggested in this paper [34]. The 

extremely high bandwidth available in these bands and the short 

transmission range allow high frequency reuse and very high 

data rates. 

IV. DE-NOISE AND FORWARD RELAYING SCHEME 

The DNF scheme is a useful relaying strategy when the relay 

is not interested in decoding individual messages. The proposed 

DNF relaying strategy is simple and exhibits lower complexity. 

The de-noising process [15] consists of mapping the received 

signal at a relay in vicinity to the nearest constellation point. 

This process removes the noise propagation to the next hop. 

However, this process may introduce decision error. By 

appropriately selecting the decision threshold, we minimize this 

error.  

A. A Simple De-noising Strategy   

In the MA phase, the received signal at the relay in noiseless 

scenario is the summation of three messages coming from three 

MTC devices. With the fact that each MTC device utilizes 

BPSK, this results into four regions symmetric constellation {-

3, -1, 1, 3} with probabilities {1/8, 3/8, 3/8, 1/8} respectively as 

shown in Fig. 8. The decision rule that minimizes the probability 

of error is the maximum a posteriori (MAP) probability decision 

rule [28]. Hence, the optimal threshold V� is defined as the edge 

that separates two decision regions in a given constellation [29]. 

In Fig. 8, V� is computed as follows	V� = 1 + (�W�)
� +

XYB� -Z [� E\� E\ ]. Therefore, V� becomes  

																																					V� = 2 + ���2 -Z(3)																																	(10)	
B. Decision Regions and De-Noise Mapping   

Fig. 8 illustrates the decision regions and the per-symbol de-

noise mapping applied at the relay. The transmission of (��, ��, ��) = (−1,−1,−1) and (��, ��, ��) = (1,1,1) are 

distinctive at the relay and fall in region 1 and 4 respectively. In 

these two cases the relay knows without ambiguity what each 

MTC device has transmitted. However, the relay is not 

interested in decoding individual messages, therefore, the relay 

applies the de-noising process which maps any received signal 

in the unshaded regions to	3. Actually, when the signal is in 

either regions one or four which is considered as reliable 

information, each MTC device knows what the other MTC 

devices transmitted during the MA phase. Therefore, we only 

require a ternary code to represent the two ambiguous regions 

(two and three) and the clear region (regions one and four).  
On the other hand, the transmissions of	(��, ��, ��) =(−1,−1,1), (��, ��, ��) = (−1,1, −1) and (��, ��, ��) =(1, −1, −1) are indistinguishable at the relay. They all result in 

the same region two. Similarly for the other remaining three 

cases which result in region three. In those six cases, the relay 

does not know what exact combination was transmitted during 

the MA phase, however, the relay removes the additional 

AWGN noise by mapping the signal that falls in the shaded 

Region 1 Region 2 Region 3 Region 4

-3 -1 1 3

-T2 T20

1/8 3/8 3/8 1/8

XR = 3 XR = -1 XR = 1 XR = 3

 

Fig. 8.  Decision regions and de-noise mapping for the proposed DNF relaying 

strategy. Received messages that fall in both regions 1 and 4 are considered as 

reliable information where MTC devices know what each of them sent and 

therefore can be merged as one region. On the other hand, regions 2 and 3 are 

not reliable and therefore each region is mapped to a different signal. 
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region two to -1 and by mapping the signal that falls in the 

shaded region three to 1.  
In the BC phase, the relay broadcasts one superimposed/de-

noised message to all MTC devices in vicinity. Each MTC 

device first removes its own message. Then the resulting 

signaling reduces to three regions constellation. Hence, if the 

received signal (after removing its own message) falls in either 

of the outer regions one and three, the MTC device knows that 

the other two MTC devices have sent similar message to his 

during the MA phase. Otherwise, the received symbols are 

erased and hence, a half-rate code is required to resolve the 

intended messages for each MTC device.  

V. SIMULATION RESULTS AND DISCUSSION 

We evaluate the performance of the proposed coding strategy 

with both AF and DNF relaying schemes using Raptor code 

[24] which is a two layer code. i.e., the pre-code [26] and the 

LT code [27]. However, the scheme can be evaluated using any 

half-rate channel code. We first study the performance of the 

system in the absence of noise, then we consider the presence 

of noise with both AF and DNF relaying schemes. We perform 

successive decoding at each MTC device to first decode the 

lower rate stream, then subtract it from the received signal to 

decode the higher rate stream if it is available or to decode the 

other lower rate stream. Moreover, we evaluate the overheads 

required for each stream at all MTC devices to achieve a 

specific BER goal. The pre-code for Raptor code is the LDPC 

code [26] of rate 0.98 and left degree 4. The number of LDPC 

decoding iterations is 50 and the number of LT decoding 

iterations is 300.  
The optimized output degree distribution for Raptor code 

[24] is given by 

^(_) = 0.008_ + 0.49_� + 0.166_� + 0.073_� + 0.083_F+ 0.056_E + 0.037_C + 0.056_�C+ 0.025_4F + 0.003_44.																											(11)	
We consider a block length * = 65536 of information bits 

that are pre-coded with LDPC code at rate 0.98 to generate *` =66873  intermediate bits, then Z encoded symbols are 

generated from the intermediate bits by the LT encoder 

according to the distribution in	(11). The relation between the 

number of produced output symbols Z and the overhead a is 

given by  

																																										Z = *(1 + a).																																					(12)	
A. Mechanism to Assign Transmission Rates for MTC 

Devices 

The initial step is to decide at what rate each MTC device 

will transmit. This can be managed by allowing the MTC 

devices to initially transmit few bits to the relay declaring the 

amount of data each has to exchange, then the relay selects the 

rates accordingly by assigning unit-rate to MTC device with the 

largest file and so on. Alternatively, the relay can randomly pick 

up any rate combination (any row from Table I) or select the 

fair combination between the MTC devices (Rows 1, 2, and 3 

from Table I, in a round robin fashion). Table III illustrates the 

various rate allocation schemes and their associated codes. 

When one single row is selected, i.e., code 001, 010 and 100, 

each MTC device will transmit at the assigned rate in every TS 

until an update is received to change the selected rates. On the 

other hand, when more than one row is selected, the rows are 

assigned in a round robin fashion. In the equal average rate 

scenario i.e., code 111 (default setting), the transmission rates 

between MTC devices is changed in a round robin fashion as 

indicated in Table I.  
In each TS, one MTC device transmits uncoded source 

symbols stream while the other two MTC devices transmit Z 

encoded symbols using Raptor code. Encoded symbols from 

respective MTC devices are generated and transmitted until an 

acknowledgment from both respective MTC devices is received 

at the relay. Then, the relay will send one stop message to both 

respective encoders. This message can be a 3 bit all zero code 

(000). 

Note that the Raptor code rates are not known a priori. It 

depends on the channel quality. However, in an erasure channel 

with 50% of the received symbols are erased on average and 

links are considered as AWGN channel, the average number of 

symbols required at the respective MTC devices is nearly 

TABLE III 

ADAPTIVE RATE TRANSMISSION MECHANISM BETWEEN MTC DEVICES. RELAY 

ASSIGNS A RATE SELECTION SCHEME (ROWS IN TABLE I) BASED ON INPUTS 

FROM MTC DEVICES. HOWEVER, RANDOM SELECTION OR EQUAL AVERAGE 

RATE SELECTION (DEFAULT SELECTION CODE 111) CAN ALSO BE ASSIGNED. 

 

Broadcast Code by the relay SELECTED ROWS FROM TABLE I 

001 Row 3 

010 Row 2 

011 Row 2, Row 3 

100 Row 1 

101 Row 1, Row 3 

110 Row 1, Row 2 

111 Row 1, Row 2, Row 3 

 

 

Fig. 9 BER vs. overhead for unit-rate and half-rate messages. (Note that for 

half-rate message, half of the additional coded symbols are erased as well).  
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double to be able to resolve the received messages. Therefore, 

the average rate is around half. 

B. System Performance in the Absence of Noise 

The performance is only affected by the erased symbols. In 

any TS and at any MTC device, the receiver decodes first half-

rate message, re-encodes it, and then removes its effect from the 

received signal to resolve the unit-rate message (where it is 

available) or the other half-rate message. Theoretically, we 

need exactly half-rate (twice the number of output symbols) to 

be able to compensate for the erased symbols and decode the 

message at the receiver, however, with Raptor code we need a 

few more reliable symbols to fully resolve the message.  
As shown in Fig. 9, the overhead required for considerably 

low BER is aG.F = 1.05 and a� = 0.01 for half-rate and unit-

rate messages, respectively. In other words, the decoder 

requires about 1% of additional symbols in the case of unit-rate 

messages and about 5% of additional symbols (on top of the 

number of symbols that were erased) to fully decode their 

respective messages. Furthermore, the overhead required for 

half-rate message is slightly higher compared to unit-rate 

message since first, half of the additional coded symbols (above 

overhead 1) are also erased, and second,  the distribution in (11) 

is optimized [24] for a block length	* and not 
+
�. Consequently, 

for equal length codewords at all MTC devices, the simulation 

overhead ab�I = 0.025 as given by the following maximization 

function 

																									ab�I = �c_ da�, aG.F − 12 e																																(13)	
Additionally, since the distribution in (11) is mainly 

optimized for block length	* = 65536, the second term in (13) 
is most likely to dominate. Hence, the average sum rate over 

three TS is & = 1.952 as given by 

																																& = *Z = 2(1 + ab�I)																																			(14)	

The sum rate & decreases as ab�I increases. In the theoretical 

case, i.e., when	ab�I = 0,	& = 2. Fig. 10 illustrates the sum rate 

as a function of the overhead. Fig. 11 shows the overhead as a 

function of the data block length. Note that the lowest overhead 

[24] is for block length equal to 65536 since the output 

distribution in (11) is optimized for this value.  

C. System Performance in the Presence of Noise with AF and 

DNF Relaying Schemes 

We consider the performance in the presence of Gaussian 

noise that is produced at a close by relay and at each MTC 

device. We assume the same noise variance at all nodes. The 

received signal at any MTC device (after removing its own 

message) is the superposition of two messages coming from the 

other two MTC devices. Note that, although the unit-rate and 

half-rate messages are lower than one and half respectively (due 

to noise), we keep referring to both messages as unit-rate and 

half-rate for simplicity. The key factor of successful decoding 

of all messages at any MTC device begins with the ability to 

decode half-rate message. Note that in the noiseless scenario, 

the half-rate message requires almost double the transmitted 

symbols to be able to fully decode the message. Whereas in the 

noisy scenario, it obviously requires further symbols (more 

overheads) to compensate for the noise. The unit-rate message 

is almost surely decodable since ab�I is most likely greater than a�	the overhead required for successful decoding of unit-rate 

message. 

1. AF Relaying Scheme 

We first consider AF relaying scheme where the relay 

amplifies the received signal that is received during the MA 

phase and then broadcast it to all MTC devices during the BC 

phase. AF scheme is simple and does not require any processing 

at the relay. However, due to noise propagation, it performs 

poorly in the low SNR regime. In the BC phase the relay 

amplifies the received signal by a factor f = g �
�h	XYB and 

 

Fig. 10 Average sum rate as a function of the simulation overhead	ab�I. As 

the overhead increases, the average sum rate decreases. 

 

Fig. 11 Overhead as a function of the data block length	*. The output degree 

distribution in (11) is optimized for	* = 65536. Therefore, the lowest overhead 

is exhibited around this value of *  
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broadcast βYj to MTC devices, where β is the amplifier gain to 

maintain the average power constraint at the relay and 	��� is the 

noise variance. 

MTC device � first removes own message �� from the 

received signal. Then, the remaining composite signal at MTC 

device � is the superposition of the other two messages coming 

from MTC devices , and -, plus noise. Assuming that	� = 1, the 

remaining messages k) and k; have been encoded at half-rate 

and full-rate respectively (rate selection as Row 3 in Table I).  

We first decode the half-rate message, then re-encode �l) and 

remove it from the received signal to decode �l; interference-

free.  
For every SNR point, we first simulate the amount of 

overheads required to achieve a BER target less than or equal 

to 10WF on the half-rate message as shown in Fig. 12 (AF). 

Then, we apply SIC to recover the unit-rate message. The unit-

rate message is easily decoded since the simulation overhead ab�I is always greater than the overhead required for decoding 

unit-rate message a� as illustrated in the maximization function 

in (13). Once this BER target is reached, we note the simulation 

overhead ab�I and apply (14) to compute the sum rate as 

illustrated in Fig. 13 (AF). 

2. DNF Relaying Scheme 

In DNF, the relay applies the per-symbol de-noising process 

at the received signal as follows.   

														��m8n = o−1	13 	 													 �p	−V� < �� < 	0�p	0 ≤ �� <	V�								|��| ≥ V� 																			(15)	
where �� is the received composite signal at the relay during the 

MA phase, V� is the optimal threshold as indicated in (10). To 

maintain the power constraint at the relay, the mapped symbols 

are also scaled by	f. 

Simulation results show that the optimal de-noising threshold V�  for s'& ≤ 2  is the MAP [29] as in (10). However, 

for	s'& > 2 , the optimal threshold is fixed to the minimum 

possible with	V� = 2. Similarly to AF relaying scheme, at each 

SNR point, we simulate the overheads required to achieve a 

BER target less or equal to 10WF on the half-rate message as 

shown in Fig. 12 (DNF). Then we apply SIC to recover the unit-

rate message. Then after, we note the simulation overhead ab�I 

and apply (14) to compute the sum rate as illustrated in Fig. 13 

(DNF).  
Error free transmission is assumed when	Qu& ≤ 10WF. To 

illustrate the importance of the lower rate message, Fig. 12 

shows the BER as a function of the average SNR for various 

achievable sum rates with AF and DNF relaying schemes. As 

SNR increases, the overhead diminishes and therefore the sum 

rate increases. On the other hand, at very low SNR the sum rate 

decreases due to the high overhead required to resolve the half-

rate message. As illustrated in Fig. 12, the performance of DNF 

outperforms AF for the same amount of overheads.  
This Gain in dB for the same overhead is interpreted into 

higher sum rate. Fig. 13 illustrates the average system sum rate 

over three TS. At lower SNR, the sum rate is bounded by the 

average overhead required for error free transmission. The 

dashed line represents the sum rate with AF relaying. It is 

clearly shown that DNF outperforms AF relaying scheme 

particularly at low to moderate SNR. Since the performance of 

both schemes results in the same performance at high SNR, 

i.e.,	s'& > 17	�Q, it is more appropriate to use AF as it is 

simpler and does not require further processing. As the 

overhead increases, the overall sum rate decreases. There is an 

interesting operational regime in which the sum rate increases 

linearly with the	s'&, i.e. for s'& up to around 12dB. Whereas 

at higher SNR, the operational sum rate approaches the upper 

bound. For instance, at 17dB, the sum rate is	1.94. Furthermore, 

a combined DNF-AF selection relaying scheme can be used 

with selection SNR threshold to switch between AF and DNF. 

 

Fig. 12 BER as a function of the average SNR for various achievable sum rates 

R with AF and DNF relaying schemes. The various achievable sum rates reflect 

the various overheads required at various SNR’s. Specifically, for every SNR 

point, we evaluate the required overhead aG.F to achieve a specific BER 

target	≤ 10WF. Then using (13), we calculate the simulation overhead	ab�I, and 

finally, we calculate the average sum rate using (14). On the other hand, the 

legend can be represented in terms of the overhead	aG.F. i.e., for sum rates	& =1.667, & = 1.333, R=1, and R=0.8, the aG.F overheads are 1.4, 2, 3, and 4, 

respectively.  

 

Fig. 13 Sum rate as a function of the average SNR with AF and DNF relaying 

schemes. The overhead required for low SNR increases and therefore results in 

a lower average sum rate.  
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3. Overhead Analysis with DNF Relaying Scheme 

In Rateless coding, the overhead at each MTC device 

depends on the end to end channel quality. In this paper, an 

equal receive signal power is assumed at MTC devices within a 

cluster. While in a noiseless scenario the overhead required for 

half-rate messages achieving error free transmission is mainly 

proportional to the number of erasures (50% on average) in the 

received combined codeword, the overhead required in the 

presence of noise  is higher to compensate for the errors due to 

Gaussian noise. Therefore, the overhead experienced at each 

MTC device is the overhead required to successfully decode 

both intended messages. For instance, the received signal at 

MTC device 3 after removing its own message is given by 

																																				�� = f�� + ��																																									(16) 
Where �� is the de-noised combined message at the relay which 

is a function of the coded messages �� and	�� from respective 

MTC devices with coding rates as illustrated in Table I. i.e., (��, ��) can take the rate pairs (1, 0.5), (0.5, 1), and (0.5, 0.5).	 
Using successive decoding, half-rate message is first 

decoded, subtracted from received signal, then second message 

is decoded interference free. The overhead vs. signal to noise 

ratio is illustrated in Fig. 14 for both half-rate and unit-rate 

messages with DNF relaying scheme. It is clear that the 

overhead decreases as the SNR increases and the overhead for 

half-rate message is higher than the overhead for unit-rate 

message for a given SNR point.  

D. Performance Comparison of the Proposed Coding Strategy 

with Existing Traditional Single Device Communication and 

Functional Decode and Forward coding Strategies in the 

Presence of Noise 

In this Section, we compare the performance of the proposed 

coding strategy with two coding schemes: 1) single device 

communication where one MTC device is active at a time. 2) 

Functional decode and forward where two MTC devices are 

active at a time during the MA phase. In the following, we 

describe and evaluate the performance of both strategies, then 

we compare them with the proposed scheme.  

1. Traditional Single Device Communication Strategy 

In this strategy, one MTC device is active at a time. i.e., one 

MTC device directly transmits its message to the other two 

MTC devices (which are in receiving mode). Therefore, in each 

cluster, three TS are required to exchange three messages 

between MTC devices. Hence, the sum rate is 	�� = 1 and 

therefore, this scheme is not efficient. Fig. 15 illustrates the 

traditional communication strategy over one TS where MTC 

device 1 is active. The received signal at any of the inactive 

MTC devices is characterized by  

																																										��) = �� + ��)																																					(17)	
where �� is the unit-rate BPSK modulated encoded message, ��) and ��) are the received signal and Gaussian noise at MTC 

device , during TS ., respectively.  

2. Functional Decode and Forward Strategy 

The idea of functional decode and forward (FDF) was 

initially proposed for two MTC devices in [21] and [30]. Using 

time division multiple access (TDMA) and user pairing, this 

idea was extended to more than two MTC devices in [31]. More 

specifically, the MA transmission is split into ' − 1 time slots. 

In each TS, two MTC devices are active only. For instance 

when	' = 3, two TS are required to fully exchange three 

messages and therefore, the sum rate is	��. Fig. 16 illustrates the 

FDF scheme for three MTC devices during one TS. In this TS, 

MTC device 1 and 2 are paired during the MA phase. The relay 

is also not interested in decoding individual messages, however, 

the relay decodes a function of the received combined messages 

and transmits it during the BC phase. Then, the paired MTC 

devices are capable of decoding each other messages from the 

function message that was received during the BC phase and 

their own message. The third MTC device is unable to decode 

the function message at this stage and it will be fully resolved 

in the next TS. The FDF process avoids the noise propagation 

at the relay. A simple example of FDF scheme [31] is when the 

relay uses the XOR function i.e. ��⨁��. The relay broadcast ��⨁�� to all MTC devices within the cluster. Paired MTC 

devices can decode the exchanged messages by using the XOR 

1

3

2

 

Fig. 15.  In the first TS, MTC device 1 transmits its message to the other MTC 

devices 2 and 3. Communication between each active MTC device and the other 

two MTC devices is interference free. �� is the unit-rate message sent from 

MTC device �. 

 

Fig. 14 Overhead vs. SNR for half-rate and unit-rate messages. Half-rate 

message is decode first.  
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function of their own message with the received function 

message. The received signal at the relay during TS . is 

characterized by 

																																					��� = �� + �) + ���																															(18)	
where �� and �) are the unit-rate BPSK modulated encoded 

message from the paired MTC devices during TS ., 
respectively. ��� is the Gaussian noise at the relay during TS .. 
In the BC phase, the relay broadcast	��� = p(���). The 

received signal at MTC device , during TS . is characterized by 

																																								��) = ��� + ��) 																																				(19)	
3. Performance comparison between proposed and other 

schemes  

The performance comparison between the proposed, FDF 

and traditional coding schemes for the basic cluster (3 MTC 

devices) is illustrated in Fig. 17. However, Table IV shows the 

comparison in terms of number of TS, bandwidth and power.   

VI. CONCLUSION AND FUTURE WORK 

In this paper, we proposed a new cooperative joint network 

and channel coding strategy for MTC devices in the multicast 

settings where three or more devices dynamically form a cluster 

to disseminate messages between them. Specifically, we 

proposed a coding scheme for MTC devices in proximity to 

exchange messages via a nearby low cost relay. The key 

components of the proposed scheme are the use of PNC in the 

first phase and the fact that each MTC device removes its own 

message in the second phase. Additionally, the core idea of the 

scheme is to increase the spectral efficiency of the channel by 

exploiting the interference due to the fact that more than one 

MTC devices transmitting non-orthogonally to the end MTC 

device. The useful interference is strongly coded to recuperate 

the erased symbols in the received composite signals, and 

therefore, the key to successful decoding of messages remains 

in the ability to first recover the erased symbols, then the other 

message is decoded interference free. Furthermore, we 

proposed a systematic approach to extend the scheme to any N 

MTC devices by employing the concept of clustering. Messages 

are disseminated first within the basic clusters, then spread out 

from one layer of logical cluster to another until the last logical 

layer. Then desired messages within each logical layer are sent 

from higher logical layer to lower logical layer until the basic 

clusters.  
Additionally, we evaluated the performance of the proposed 

scheme using practical Raptor codes with two relaying schemes 

namely AF and DNF. Particularly, we showed that with very 

little processing at the relay using DNF relaying strategy, 

performance can be enhanced. In the absence of noise, 

simulation results showed that a very small overhead is required 

to fully resolve the messages and hence this represents a small 

fraction of sum rate loss. Therefore, a sum rate of 1.952 is 

achievable. Whereas in noisy scenario, simulation results 

showed that the performance degrades and requires additional 

overhead to compensate for the errors due to noise at all nodes. 

Furthermore, results show that the sum rate increases linearly at 

low SNR then it saturates close to the upper bound at higher 

SNR. Moreover, we evaluate the overhead required at each 

MTC device to successfully decode intended messages. 

Additionally, we compare the performance of the proposed 

scheme with functional decode and forward and the traditional 

schemes.  
Future work can be directed to propose an optimized power 

allocation scheme for the unequal received power scenario 

where Rayleigh fading channel between MTC devices and the 

relay are considered. In this setup, the channel state information 

are assumed known at MTC devices and can be easily estimated 

due to the bidirectional aspect of the channel. The aim is to 

allocate optimal power at each MTC device such that the sum 

rate is maximized subject to the total power constraint with and 

without equal rates constraint between MTC devices. The 

resulting optimized power allocation scheme at each MTC 

device is a function of the fading channel coefficients and the 

total power constraint.   

MA phase BC phase

2

1

R

2

1

3

R

ḿ2

ḿ1

m1⨁m2

m1⨁m2

 

Fig. 16.  FDF coding scheme for three MTC devices where MTC device 1 and 

2 are paired in the MA phase. In the BC phase, MTC device 1 and 2 after 

removing their own messages, can decode the other MTC device’s message 

interference free. However MTC device 3 cannot decode both messages at this 

stage and messages are fully resolved in the next TS. 

 

Fig. 17.  Performance comparison between different schemes. The proposed 

scheme is the most efficient as it exploits the interference to increase the sum 

rate. On the other hand, in FDF scheme, messages are decoded interference free 

with TDMA and pairing. The traditional scheme is the most inefficient and it 

is used for illustration purposes. 
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TABLE IV 

COMPARISON BETWEEN VARIOUS SCHEMES. NOTE THAT THE PROPOSED 

SCHEME ACHIEVES 4% BANDWIDTH SAVING WHILE IT REQUIRES 12% OF 

ADDITIONAL POWER PARTICULARLY IN THE BC PHASE. 

 

 
TRADITION

AL 
FDF PROPOSED 

No of TS 
MA 3 2 1 

BC - 2 1 

Bandwidth 
MA 3 2 1 

BC - 2 1.56 

Power 
MA 3P 4P 3P 

BC - 2P 3/2P 

Transmitted messages 3 3 2 

Messages / Bandwidth 3/3 3/4 2/2.56 

Power / message P 2P 2.25P 

 


