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Abstract—In the paper, we present a road-map towards a Near-
capacity Large-scale Multi-user Cooperative-communications
(NLMC) system, where all the evolution paths converge to the
construction of the NLMC system. More specifically, we will
summarise all relevant schemes appearing on the road-map
in the unified frame-work of forward error correction (FEC).
Various Network Coding (NC) design paradigms are highlighted
for illustrating how the NLMC systems might be designed for
meeting diverse design criteria in the context of cooperative
and cognitive communications, where the channel capacity of
the NLMC systems is used for comparing the different design
paradigms.

I. INTRODUCTION AND OVERVIEW

The design of an attractive channel coding and modula-
tion scheme depends on a range of conflicting factors [1],
which are illustrated in Fig. 1. Different solutions accrue
when optimising different codec features. For example, in
many applications the most important codec parameter is
the achievable coding gain, which quantifies the amount of
bit-energy reduction attained by a codec at a certain target
of Bit Error Ratio (BER) or Frame Error Ratio (FER) [2].
Naturally, attaining a transmit power reduction is extremely
important in battery-powered devices [3]. This transmitted
power reduction is only achievable at the cost of an increase
implementational complexity, which itself typically, increases
the power consumption and hence erodes some of the power
gain [3]. Viewing this system optimisation problem from a
different perspective, it is feasible to transmit at a higher bit
rate in a given fixed bandwidth by increasing the number of
bits per modulated symbols [4]. However, when aiming for a
given BER or FER target, the channel coding (CC) rate has
to be reduced in order to increase the transmission integrity.
Naturally, this reduces the effective throughput of the system
and results in an increased overall system complexity [5].

From the perspective of CC, there are several excellent tuto-
rial papers reviewing the techniques supporting near-capacity

The authors are with the School of Electronics and Computer Sci-
ence, University of Southampton, Southampton, SO17 1BJ, UK (email:
1 {hvn08r, sxn, lh}@ecs.soton.ac.uk), with the School of Comput-
ing and Communications, Lancaster University, LA1 4WA, UK (email:
2w.liang@surrey.ac.uk) and with 5G Innovation Centre, University of Surrey,
Guildford, GU2 7XH, UK (email: 3 {hung.nguyen, p.xiao}@surrey.ac.uk)

The financial support of the EPSRC under the grant EP/L018659/1, that of
the European Research Council, Advanced Fellow Grant and that of the Royal
Society’s Wolfson Research Merit Award is gratefully acknowledged. The
authors also would like to acknowledge the support of the University of Surrey
5GIC (http://www.surrey.ac.uk/5gic) members for this work. Additionally, the
authors acknowledge the use of the IRIDIS High Performance Computing
Facility at the University of Southampton, in the completion of this work.

Coding/Modulation 

Scheme

Coding rate

Implementational complexity

System bandwidth

Channel characteristics

Effective throughput

Coding/interleaving delay

Bit/Symbol/Frame error ratio

Transmit power

Fig. 1: Factors affecting the design of channel coding and
modulation schemes [1].

single-link transmissions conceived for either a single user or
a few users [3], [4], [6]–[9], where time-space diversity is
created by encoding the entire frame of a single user or by
jointly decoding several encoded frames travelling via several
users. From the perspective of NC, the goal is to jointly encode
the information in the entire network. Given this ambitious
objective, the authors of [10] portrayed the history of NC, in-
cluding related theory. In [11], NC techniques were presented
from the perspective of the network architecture, where the
diversity order of different NC schemes was compared along
with the multiple access types used. NC was also surveyed in
the specific context of network tomography [12], where the
advantages of NC were detailed. In reference [13], benefits of
NC were highlighted in the context of cognitive radio networks
(CRN).

Against this background, we portray NC in the unified
framework of FEC, which was employed for diverse CC
schemes in [6]. Accordingly, the corresponding channel
capacity is used as a benchmarker for the various NC
paradigms. More specifically, we further expand the concept
of channel capacity and near-capacity channel coding schemes
detailed in [6], in order to cover NC in the context of both
cooperative and cognitive communications [14], [15].

In this paper, we briefly portray an anecdotal research
roadmap in Fig. 2, which shows the research-avenues lead-
ing to near-capacity multi-user cooperative systems. The
central route of our map is illustrated by ‘Phy-Cooperation
Avenue’, which later merged into ‘Cooperative Networking
Road’. In other words, the route emerged from physical-
layer communications, and then culminated in cooperative
networking, which is detailed in Fig. 4. This process is also
indicated in box 2 of Fig. 3.
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We set out on our walk through history with the ultimate
goal of designing high-throughput wireless communication
systems. When we embark on a historic tour along ‘MIMO
Avenue’, ‘Space-Time Coding Street’ connects ‘MIMO
Avenue’ with ‘Phy-Cooperation Boulevard’ heralding the
application of STC in cooperative communications. Sim-
ilarly, as ‘MIMO Avenue’ approaches ‘Next-Generation
Place’ in Fig. 2, ‘Virtual MIMO Street’ [16] and ‘Multi-
user Multi-cell Street’ [17]–[19] branch out from the
original MIMO techniques and merge with ‘Cooperative
Networking Road’, as detailed in Fig. 4.

More specifically, as a result of the further development
of MIMO-related techniques, single-user cooperative relay
aided systems were introduced upon combining the con-
cept of cooperative communications with that of virtual
MIMO systems [16]. For example, exploiting the concept
of space time coding [20] directly led to ‘Cooperative
Networking Road’ of Fig. 2, which again emerged from
‘Phy-Cooperation Boulevard’, as further detailed in Fig. 4.

As the cooperation techniques are expanded to multi-
ple cells, ‘Multi-user Multi-cell Street’ leads to facilitat-
ing spectrally-efficient, reliable data transmission between
spatially-distributed user nodes and multi-antenna desti-
nations via intermediate multi-antenna relay nodes [19].
Thus, ‘Multi-user Multi-cell Street’ [17] also merges into
‘Cooperative Networking Road’ of Fig. 2.

As we travel along ‘Coding Parkway’ of Fig. 2 and
focus our attention on the development of near-capacity
codes, since the early 1990s research interests have been
focused on Turbo Codes (TC), on Low Density Parity
Check (LDPC) codes and on polar codes [21].

Near-capacity performance can be achieved by employ-
ing TC [22], which introduces significant delay caused
by alternating forward/backward iterations of the classic
turbo decoding principle [6]. Fortunately, Maunder’s re-
cent parallel decoding approach can be used for reducing
the turbo decoding delay [23]. As a result, ‘Turbo Street’ in
Fig. 2 is used for reflecting the development of TC, which
emanated from ‘Coding Parkway’ and later broadened
further into ‘Phy-Cooperation Boulevard’.

LDPC codes [24] can also support near-capacity oper-
ation and a potentially reduced decoding delay. However,
both LDPC and TC tend to impose a high complexity and
to exhibit error floors. These disadvantages motivated the
design of polar codes [25]. Polar codes are also capable
of approaching the channel capacity, despite using low-
complexity methods for code construction, encoding and
decoding. Additionally, polar codes are less prone to error
floors [26]. In order to portray these developments in
the area of LDPC and Polar codes, we have changed the
‘Channel Coding Lane’ to ‘LDPC-Polar Lane’ in Fig. 2.

Then, in the context of cooperative communication [16],
Network Coding [27] is cable of exploiting all active
nodes in the network in order to provide diversity for
Cooperative Networking [28]. Various NCs schemes are
presented in Section I.B-2, which can be constructed based
on different channel coding schemes, as portrayed in Fig. 6,
where Maximum Distance Separable codes constitute a

typical example considered in this paper.
Further research along ‘Coding Parkway’ seen in Fig. 2

has appeared in diverse emerging applications of coding in-
cluding network coding [27] and quantum communications
[29]–[32], just to name a few. As we continue our historic
stroll along ‘Coding Parkway’, we find compelling appli-
cations of coding in the emerging contexts of ‘Network
Coding Street’ and ‘Quantum Coding Street’ seen in Fig. 2.
In a nutshell, as we proceed along ‘Coding Parkway’, new
coding schemes continue to emerge for radically evolving
communication systems.

Anecdotally speaking, all the roads tend to converge to the
”Next-Generation Place” in Fig. 2, where ”Quantum Com-
munications Avenue” may be expected to contribute to the
landscape of wireless communication systems. Accordingly,
TABLE I summarises the important milestones along the road
map portrayed in Fig. 2, which are discussed in the order seen
in Fig. 3.

As a result, the novel contributions of this paper can be
summarised as follows:

• We survey the different routes leading to a Near-
capacity Large-scale Multi-user Cooperative communica-
tions (NLMC) system by employing near-capacity turbo
codes, multi-dimensional modulation, co-located MIMO
techniques, distributed and virtual MIMO as well as
network coding.

• We focus our attention on the design of network coding
in order to construct attractive NLMC systems. More
specifically, we detail various techniques employed for
improving the diversity versus multiplexing trade-off of
large-scale cooperative communication systems invoking
network coding.

• We detail our adaptive mechanisms conceived for the top-
most network coding layer in order to demonstrate how
the multiplexing gain of network coding systems can be
further improved.

• In order to provide a complete portrayal of the NC
class focused in the paper, we present our approach on
the corresponding blind NC, where the network-decoder
requires no prior knowledge concerning the encoding
process invoked at intermediate nodes.

• We provide discussions and analyses on influential el-
ements of a general NLMC architecture relying on
the powerful techniques of multi-layer network coding
dispensing with side information network coding, and
adaptive network coding, full-diversity network coding,
near-capacity channel coding as well as cognitive com-
munications.

In the rest of this section, we first review MDM, which is in
a broad sense capable of providing more independently fading
dimensions by increasing the dimensionality of the signal
space. Typically, the attainable diversity gain may be increased
by making use of multiple antennas. Then, by focusing on
the diversity aspects, we feature cooperative communications
that constitute another solution conceived for enhancing the
diversity gain, where single-antenna aided relays cooperate for
constructing virtual MIMO antennas. In a nutshell, we harness
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Year Author Milestone
1948 Shannon [33] Shannon’s capacity theorem was introduced.
1950 Hamming [34] Hamming codes were discovered.
1955 Elias [35] Convolutional codes were introduced.
1957 Prange [36] Cyclic codes were proclaimed.
1959 Brennan [37] Three diversity systems, namely selection combining, maximal ratio combining and equal gain combining,

were analysed.
1960 Reed and Solomon [38] Reed Solomon (RS) codes were defined over certain finite Galois fields.
1966 Forney [39] Concatenated codes were introduced.
1971 van der Meulen [40] A simple relay channel constituted by a source, a destination and a relay was introduced.
1972 Bahl et al. [41] The Maximum A-Posteriori (MAP) algorithm was invented.
1974 Bahl et al. [42] The symbol based MAP algorithm was proposed.
1977 van der Meulen [43] The model of [40] was generalised and the transmission efficiency of relays was studied.
1979 Cover and El Gamal [44] Capacity analysis of the full duplex relay channel was presented.
1993 Berrou et al. [45] Turbo codes were discovered.
1997 Tarokh et al. [46] Space Time Trellis Code (STTC) was introduced.
1996 Foschini et al. [47] Diagonal BLAST was conceived for achieving an MIMO multiplexing gain.
1998 Alamoti et al. [48] Space Time Block Code (STBC) was introduced.

Sendonaris et al. [49] The relay model was generalised to the system supporting multiple nodes, which are capable of transmitting
their own data as well as of serving as relays for others.

1999 Tarokh et al. [50]–[52] Alamouti’s scheme of [48] was generalised for supporting systems exploiting more than two transmit antennas.
2000 Ahlswede et al. [27] Widely acknowledged concept of network coding was formally published.
2002 Hanzo, Liew and Yeap [5] Turbo algorithms were characterised.
2003 Laneman and Wornell [16] Various cooperative diversity protocols were developed for exploiting spatial diversity in a cooperative scenario.
2004 Laneman et al. [53] Performances of various cooperative diversity protocols, namely of Decode-and-Forward (DF),

of Amplify-and-Forward (AF) and of relay selection are compared in terms of their outage behaviours.
Janani et al. [20] The diversity of coded cooperation was increased by borrowing ideas originated from STCs in conjunction with

the application of turbo codes to the proposed relay aided system.
2005 Snessens et al. [54] A soft DF signalling strategy capable of outperforming the conventional DF and AF was proposed.

Hu and Li et al. [55] Slepian-Wolf cooperation exploiting distributed source coding in wireless cooperative communication was advocated.
2006 Li et al. [56] Soft information relaying applied in a BPSK modulated system employing turbo coding was proposed.

Hu et al. [57] Wyner-Ziv cooperation relying on the Slepian-Wolf cooperation of [55] in conjunction with a compress-and-forward
signalling strategy was proposed.

Yeung and Cai [58], [59] Existence of Maximum Distance Separable (MDS) network codes was shown.
Ho et al. [60] Random Network Coding (RNC) was introduced for a non-coherent network model.

2007 Xiao et al. [61] The concept of network coding was introduced in the context of cooperative communications.
2008 Wang et al. [62] The complex field network coding approach capable of mitigating the throughput loss in conventional cooperative

signalling schemes and of attaining full diversity gain was introduced.
2009 Hanzo et al. [63] Low-complexity cooperative MIMOs and distributed turbo codes designed for two users cooperating

for the sake of improving their attainable BER performance were presented.
Ming and Skoglund [64] A basic example of the applications of MDS network coding was introduced in multi-user relay networks.
Sadeghi et al. [65] Instantly Decodable Network Coding (IDNC) was introduced for controlling the decoding delay of RNC.

2010 Rebelatto et al. [28] Generalized Distributed Network Coding (GDNC) designed based on RS codes was introduced for
cooperative communications.

2011 Rebelatto et al. [66], [67] Adaptive GDNC was introduced in the context of cooperative communications.
2012 Maric et al. [68] Multi-hop network coding based systems relying on an AF mechanism were studied.

Xiao et al. [69] MDS network codes were investigated in scenarios in the presence or absence of the direct source-base station links
and relying on orthogonal/non-orthogonal channels.

2013 Nguyen et al. [70] GDNC is further generalised for incorporating adaptive and full diversity aspects.
Li et al. [71] Adaptive GDNC is employed for aiding successive relaying in noncoherent cooperation.
Rayel et al. [72] GDNC is investigated in the context of Nakagami channel.

2014 Moritz et al. [73] GDNC was employed for the uplink transmission, while energy transfer is
carried out in the downlink transmission

2015 Chun et al. [74] An adaptive random network coding scheme was proposed for spectrum sharing in cognitive radio networks.
Chen et al. [75] GDNC was employed in the general context of energy harvesting.
Liang et al. [76] Distributed GDNC scheme was proposed for Cooperative Cognitive Radio Networks.

2016 Bordon et al. [77] The aspect of energy efficient power allocation was investigated for
network-coded cooperative cognitive radio network.

2017 Samadi-Khaftari et al. [78] Coding constructions were conceived for both MDS field-based and
for MDS convolutional code in the context of acyclic networks.

Sundararajan et al. [79] Feedback-based techniques were proposed for controlling the decoding delay of IDNC Schemes.

TABLE I: Milestones related to the research road map presented in Fig. 2.
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Fig. 2: Stylised Roadmap of Near-capacity Network Coding Aided Cooperative Multi-User Communications.

a general technique of combining the benefits of coding and
cooperative communications.

A. Multi-Dimensional Modulation

The idea of MDM was embedded into Shannon’s funda-
mental theorem itself, which relies on increasing the dimen-
sionality of the signal space in order to increase the bandwidth
efficiency [80]. Slepian [81] and Ottoson [82] proposed modu-
lation schemes based on equal-energy signals that were defined
as M points on a sphere in the N -dimensional Euclidean
space.

The motivation for employing MDM may be readily
highlighted by referring to the gain achieved with the aid
of the classic two-dimensional constellation over the one-
dimensional constellation. The implication of this is that

upon considering infinitely large constellations, the Signal-
to-Noise Ratio (SNR) loss of one-dimensional constella-
tions with respect to two-dimensional constellations is un-
bounded [83]. Unfortunately, the same reasoning does not
hold when this concept is extended from two-dimensional
constellations to higher-dimensional constellations. Hence,
only the transition from one-dimensional signalling to two-
dimensional signalling allows us to double the transmitted
information bit rate, provided those signalling schemes are
based on the use of an in-phase quadrature-phase carrier [81],
[84], [85]. By contrast, a BER performance improvement was
reported when evolving from two-dimensional-signalling to
four-dimensional-signalling [84], [86], which was not accom-
panied by a throughput improvement.

Additionally, the seminal paper by Saha and Birdsall [87]
suggested that the four-dimensional modulation referred to as
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Quadrature-Quadrature Phase-Shift Keying (Q2PSK) transmits
twice as many bits per second at a given bandwidth compared
to that of Quadrature Phase-Shift Keying (QPSK) without
any SNR penalty. The evolution from QPSK to Q2PSK was
presented in a way analogous to the transition from BPSK to
QPSK. However, the appealing benefits of Q2PSK eroded after
Visintin et al. investigated the minimum bandwidth required
for each of those modulations [86]. This research clearly
showed that the bandwidth efficiency of QPSK and Q2PSK
are, in fact, identical, and that there is no advantage in using
Q2PSK on Additive white Gaussian Noise (AWGN) channels.
Visintin also suggested that in order to reap a benefit from
using a four-dimensional basis, a channel coded scheme should
be used [86].

Following the idea of the coded multi-dimensional scheme,
the joint designs between MDM and coding, namely group
codes, trellis codes as well as convolutional and block codes
were proposed [80], [82], [85], [88], [89]. The MDM concept
was also applied to Bit-Interleaved Coded Modulation (BICM)
in the context of multi-antenna channels in the form of spatial
mapping (mapping across antennas) [90]–[94]. Later, MDM
was combined with Space Time Coding (STC) and BICM in
the form of coded modulation aided MIMO systems [92]–[95].
In such coded modulation systems, multidimensional bit-to-

symbol mapping is used between the channel-coded words
and multidimensional constellations.

As regards to channel capacity, advances in channel cod-
ing made it feasible to approach Shannon’s capacity limit
in systems equipped with a single antenna. However, these
capacity limits can be further extended with the aid of multiple
antennas in MIMO systems, which are capable of providing
a linearly increasing capacity as a function of the transmit
power, provided that the extra power is assigned to additional
antennas [96]. MIMO schemes can be briefly categorised as
diversity techniques, multiplexing schemes, multiple access
arrangements and beamforming techniques [63]. Typical form
of MDM aided diversity techniques are STTC [97], STBC [98]
and STBC-Sphere Packing (STBC-SP) [99].

1) Space Time Trellis Code: STTCs [51], [97], [100], [101]
were proposed by Tarokh et al., which incorporate jointly
designed channel coding, modulation, transmit diversity and
optional receiver diversity. The performance of the system
employing STTCs is determined upon matrices constructed
from pairs of distinct code sequences, while the corresponding
diversity gain and coding gain of the codes are determined
by the minimum rank and the minimum determinant [97],
respectively. The STTCs proposed in [97] strike the best trade-
off among the data rate, diversity gain and trellis complexity.
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It should be noted that the presence of multiple propagation
paths does not decrease the diversity order guaranteed by the
design criteria used for constructing the STTCs.

2) Space Time Block Code: STBC concept was conceived
by Alamouti in [98] as a simple two-branch transmit diversity
scheme. Using two transmit antennas and a single receive
antenna, the prevalent scheme provides the same diversity
order as maximal-ratio receiver combining with one transmit
antenna and two receive antennas, provided that the two
antennas experience independent fading. It was also shown
in [98] that the scheme can be readily generalised to two
transmit antennas and Nr receive antennas for providing a
diversity order of 2Nr.

3) STBC-Sphere Packing: In line with the approach of
using channel coded scheme [86], Sphere Packing (SP) mod-
ulation was proposed by jointly designing with STBC in [99]
for two transmit antennas and for various number of receive
antennas. As a result, the scheme is capable of exploiting the
benefits of multi-dimensional modulation, where the signals
transmitted from two transmit antennas are chosen from L le-
gitimate space-time signals, which are designed over the four-
dimensional real-valued Euclidean space R4. In other words,
the L legitimate space-time signals are selected from the
four-dimensional real-valued Euclidean space by ensuring that
they have the highest possible minimum Euclidean distance
from all other (L− 1) legitimate signals [63]. The SP-STBC-
G2 scheme was also concatenated with other channel coding
schemes, namely with Low-Density Parity-Check (LDPC)
codes in [102] and with BICM in [103].

Having separately presented the family of transmit
diversity techniques including STTC, STBC and SP-STBC,
the BER/FER performances of these techniques show that
the STTC scheme tends to exhibits a superior BER/FER
performance in comparison to the other schemes, namely
to G2-STBC and SP-STBC, especially at sufficiently high
SNRs. This explains why the STTC scheme is favoured for
the further development of MIMO-based solutions, when the
BER/FER performance of the systems has a high priority.
[104], [105].

B. Cooperative Communications and Network Coding
1) Cooperative Communications: Classically, relays have

been used to extend the range of wireless communication
systems [44], [106]–[111]. However, in recent years, numer-
ous exciting new applications of relay aided communica-
tions have emerged [112]–[120]. The applications of coop-
erative and relay aided communications involve the Physical
Layer (PHY) [113], [118], [119], [121], [122], the Medium
Access Control (MAC) [112], [117], [123], the network layer
[120] as well as their cross-layer operation [114]–[116], [124],
as seen in Fig. 4. One of typical scenarios is to support com-
munications between the source and destination nodes with
the aid of cooperative protocols. Such a system is realized by
designing sophisticated medium access between the source and
relay nodes [125], [126], which is facilitated by appropriate
modulation and coding schemes [127], [128]. The system as a
whole can be optimized in a centralized or decentralised man-
ner [129], [130]. As a result, the diversity gain of the system

can be substantially improved [131]. Moreover, in multi-user
systems, different users can also act as cooperating partners or
relays in order to share resources and assist each other in their
information transmission [132]. Another beneficial application
is the exchange of information between multiple users through
relay(s). In some cases, the total throughput of these systems
can be drastically increased by exploiting the knowledge of
one’s own transmitted signal [133].

As illustrated in Fig. 2, 3 and 4, cooperative networking
exploits the concept of physical-layer cooperation and of
cross-layer operation techniques relying on the PHY, MAC
and network layers, which has recently received significant
research attention [134]–[138]. As seen in Fig. 4, cooperative
networking may be classified into the following categories:

• Coding [136], [139]–[146] in the PHY layer;
• Power allocation [147]–[152] in the PHY layer;
• Energy transfer and harvesting [153]–[156] in the PHY

layer;
• Cooperative transmission [157]–[160] in the PHY layer;
• Full duplex and two-way relaying [161]–[164] in the

PHY layer;
• Relay-selection in the PHY and network layer [165]–

[170];
• Service-quality improvement [171]–[173] in cooperative

networks;
• Channel access [174]–[178] in the MAC layer;
• Routing [179]–[184] in cooperative networks;
• Scheduling [123], [185], [186] in the MAC layer;
• Topology control [187]–[189] in cooperative networks;
• Resource management [190]–[193] in cooperative net-

works;
• Cross-layer design [129], [130], [194], [195] in coopera-

tive networks.

Network coding appears in a number of categories within
the framework of cooperative networking, namely in coding
[139]–[141], power allocation [147], [150], energy harvesting
[153], [154], two-way relaying [154], [164], cooperative trans-
mission [157], channel access [177], [178], relay-selection
[166], [167] as well as in routing [180], [183], [184] cate-
gories, as portrayed in Fig. 4.

2) Network Coding: Network coding is capable of increas-
ing the throughput, while minimising the amount of energy
required per packet as well as the delay of packets travelling
through the network [196], [197]. This is achieved by allowing
intermediate nodes in a communication network to combine
multiple data packets received via the incoming links before
transmission to the destination [198]. Due to the beneficial
merit, the concept of the network coding has been applied in
various disciplines, as illustrated in Fig. 5.

In the area of communications, network codes may be
classified based on different perspectives, for example on the
basis of how the information streams are processed at the
relays [199], on the construction of network codes [200], on
the specific architecture of communication networks employ-
ing network coding [201], on the layer in communication
networks where the network coding operates [202], just to
name a few. As seen in Fig. 6, we may classify network
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codes into three main categories, namely the Linear Net-
work Codes (LNC) [200], [203]–[206], Non-linear Network
Codes (NLNC) [207], [208] and the family of so-called Hybrid
Network Codes (HNC) [209]–[211]1.

It should be noted that the capacity of single-source mul-
ticast communications in a network can be approached by
solely using LNC [212], which has many attractive properties.
From a theoretical standpoint, linearity is a beneficial algebraic
property supported by exact mathematical foundations. From
an engineering standpoint, the simplicity of linear approaches
leads to relatively low complexity in the encoding and de-
coding processes, which makes LNC attractive in the area of
communication engineering [213]. It is worth noting that the
specific categories of the LNC characterised in Fig. 6 are not
strictly unrelated to one another.

3) Linear Network Codes: Let us focus our attention on
the LNC branch of the network coding taxonomy presented
in Fig. 6, where we pay particular attention to Maximum
Distance Separable (MDS) network codes and to Random
Network Codes (RNC). For the details on Generic Network
Codes (GNC), Static Network Codes (SNC) and Convolu-
tional Network Codes (CNC), interested readers might gain
insightful details in reference [203]. For the details on Product
Codes (PC) seen in Fig. 6, refer to [200], whereas the specifics
of Secure Network Codes (SNC) mentioned in Fig. 6 can be
found in [204]–[206].

Let us summarise the important milestones in the evolution
of MDS network codes and RNCs in TABLE II, where the
concept of network coding was introduced by Ahlswede et al.
in 1998 [214] and was later formally published in 2000 [27].

In 2006, the network coding concept was conceived as
a generalisation of classic error correction codes in [58],
[59], which also extended bounds employed in classic coding
theory, namely the Singleton bound, Hamming bound and
Gilbert-Vashamov bound, to the network coding field. Based
on the Singleton bound, the existence of Maximum Distance
Separable (MDS) network codes was proved. In the same
year, RNCs were proposed in [60]. The main benefits of RNC
are their decentralised operation and robustness to network
changes or link failures, which are considered in the scenario
of the non-coherent network model. It was noted that research
in network coding theory considered two different network
models, namely coherent and non-coherent networks. In the
coherent network, the transmitter and receivers are aware of
the network characteristics, while in the non-coherent net-
works the opposite is true. Naturally, the non-coherent network
model is more suitable for most practical applications [200].

In 2007, SC was introduced in [215] as a branch of RNC,
which was described in more detail in 2008 [216] as a network
code capable of correcting various combinations of errors and
erasures.

In 2008, the author of [217] proved that the concept of
minimum distance plays exactly the same role as it does in
classic coding theory in terms of characterising the capability
of correcting/detecting errors. This proof simplifies the design

1We use the term ‘hybrid network codes’ for the network codes that do
not entirely belong to either the linear network coding or non-linear network
coding classes

of network codes. Hence, the structure of the MDS code family
established in classic coding theory may also be applied to
network coding.

Relying on the initial work in [64] published in 2009, the
application of the MDS network coding in multi-user relay
networks was fully characterised in 2011 [218].

In 2011-2012, relying on the initial results of [28] dis-
seminated in 2010, the authors of [67], [219] formally intro-
duced GDNC relying on employing the construction of Reed
Solomon (RS) codes, which belong to the family of MDS
codes.

In 2012-2013, the concept of GDNC systems was fur-
ther developed for incorporating near-capacity channel coding
schemes into the GDNC systems, in order to conceive a family
of multi-user, multi-layer, multi-mode cooperative systems2

During 2014-2017, the GDNC based system was further
investigated in the context of energy transfer [73], energy
harvesting [75] and cognitive radio networks [74], [77]. Fur-
thermore, beneficial coding constructions were conceived for
both MDS field-based and MDS convolutional coded acyclic
networks [78].

The rest of the paper is organised according to Fig. 3 as
follows. We first discuss the overall architecture of NLMC
systems in Section II before focusing on detailing two promi-
nent layers, namely Network Coding 1 in Section III and
Network Coding 2 in Section IV, respectively. The principles
and examples of the NLMC system design are presented in
Section V, before offering our design guidelines and conclu-
sions in Section VI.

II. GENERAL ARCHITECTURE OF THE NLMC SYSTEM

The general architecture of the NLMC system shown
in Fig. 7 can be structured into three coding layers, namely
CC, Network Coding 1 (NC1) and Network Coding 2 (NC2).
In the triple-layer coding architecture, H consecutive frames
of a user’s information are processed in NC2 by using either
the fixed mode or the rate adaptive mode, before feeding the
Θ number of resultant encoded frames to NC1, as seen in
Fig. 7. Details of the encoding and decoding processes at the
NC2 layer are discussed in Section IV.

At the NC1 layer, the NLMC system can be activated for
operating either in a centralised or in a distributed topol-
ogy. If the centralised topology is opted for, the M users
cooperatively transmit Mk1 Information Frames (IFs) to the
same destination node (also known as Base Station (BS))
during a transmission session, where k1 is the number of IFs
transmitted by each of the M users during the transmission
session. Once the frames to be transmitted have been con-
structed according to the processes performed at NC1 and
NC2, each frame is encoded by the channel coding scheme,
as shown in Fig. 7. By contrast, the distributed topology
may be used for the scenario, where M users communicating
with a BS via N relay nodes, which apply network-coding

2It is observed by the authors of [212] that in the area of network coding
research, the gradual shift from more theoretical investigations to more
practical concerns has demonstrated that network coding research has reached
a level of maturity. As a result, recent research in network coding is more
focused on its practical challenges, implications and implementations [212].
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Fig. 6: A rough classification of network codes

Year Author Milestone
1998 Ahlswede et al. [214] Seminal work on the network coding field introducing the concept of processing information frames

at intermediate nodes rather than simply forwarding them.
2000 Ahlswede et al. [27] Widely acknowledged concept of the network coding was formally published.
2006 Yeung and Cai [58], [59] Existence of Maximum Distance Separable (MDS) network codes was proved for paving the way

applying classic code theory to network coding.
Ho et al. [60] Random Network Coding (RNC) was introduced for non-coherent network model, which is more suitable

for most practical applications.
2007 Koetter et al. [215], [216] Subspace Codes (SC) was proposed as a branch of RNC family, which is capable of correcting

various combinations of errors and erasures.
Xiao et al. [61] The concept of network coding was introduced in the context of relay aided communications.

2008 Zhang [217] Concept of minimum distance in LNC was proved to be the same as that in classic coding theory,
when characterising the capability in correcting/detecting errors.

2009 Ming and Skoglund [64] A basic example on the applications of MDS network coding in multi-user relay networks was introduced.
2010 Rebelatto et al. [28] Generalized Distributed Network Coding (GDNC) was introduced, which is generalised from the basic model of [64]

by allowing each user to transmit multiple frames during broadcast and cooperative phases according to
a transfer matrix constructed from generating matrices of RS codes.

2011 Chao et al. [218] Applications of MDS network coding in multi-user relay networks was fully introduced along with analyses on
Diversity Multiplexing Trade-off (DMT).

Rebelatto et al. [66], [67] Adaptive GDNC was introduced by allowing each user in the GDNC system to transmit fewer parity frames based on
the feedback from transmission during the broadcast phases

2012 Rebelatto et al. [219] GDNC systems was formally introduced.
Maric et al. [68] Multi-hop network coding based systems relying on an AF mechanism were studied.
Xiao et al. [69] MDS network codes were investigated in scenarios in the presenceor absence of the direct source-BS links

and relying on orthogonal/non-orthogonal channels.
2013 Nguyen et al. [70] GDNC was further generalised for incorporating adaptive and full diversity aspects.

Li et al. [71] Adaptive GDNC was employed for aiding successive relaying in noncoherent cooperation.
Rayel et al. [72] GDNC was investigated in the context of Nakagami channel

2014 Moritz et al. [73] GDNC was employed for the uplink transmission, while energy transfer is carried out in the downlink transmission.
2015 Chun et al. [74] An adaptive random network coding scheme was proposed for spectrum sharing in cognitive radio networks.

Chen et al. [75] GDNC was employed in the general context of energy harvesting
Liang et al. [76] Distributed GDNC scheme was proposed for Cooperative Cognitive Radio Networks

2016 Bordon et al. [77] Energy Efficient Power Allocation aspect was investigated for Network-Coded Cooperative Cognitive Radio Network.
2017 Samadi-Khaftari et al. [78] Coding constructions were conceived for both MDS field-based and for

MDS convolutional code assisted acyclic networks.

TABLE II: Milestones in network coding (2000-2017) with regard to the development and applications of the Maximum
Distance Separable (MDS) based network coding.
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to the IFs received from the M users in order to generate
PFs for transmission to the BS. Moreover, the NC1 layer can
be configured for operating in various modes chosen from
two groups of appropriate modes, namely using the combined
modes and the single modes.

At the CC layer featured in Fig. 7, the NLMC system
can be programmed for functioning in different modulation
modes that are concatenated with diverse coding schemes.
Then, the most appropriate coded modulation scheme can
be activated for supporting the cognitive radio functionality,
while the diversity between transmission frames can be im-
proved by exploiting the most suitable sub-frame transmission
mechanism. More specifically, all the links in the system are
supported by near-capacity schemes that comprise a powerful
channel coding scheme and a modulator [6], [8], [70], [104],
[220]. The channel coding scheme is capable of providing
either a fixed coding rate [70] or an adaptive coding rate
[76] that can be amalgamated with either a single antenna
system [70], [220] or multiple antenna system [221]. The
modulator can be configured for a coherent regime [220] or
a non-coherent regime [70]. For further details of how the
near-capacity schemes are designed, consult [6]–[8]. For the
sake of brevity, refer the interested readers to the above-
mentioned references for further details relating to the near-
capacity channel coding design, while in this paper, we focus
our attention on characterising the NC1 and NC2 layers.

It should be noted that at the NC1, NC2 and CC layers,
there are a number of operational modes that may be
activated according to the specific system requirements.
The CC layer is used for providing time diversity within
a transmission frame, while the NC1 layer is capable of
gleaning spatial diversity from all M users involved in a
transmission session. When the time diversity between the
different transmission sessions further improves the system
performance attained, the NC2 layer may be activated.
Accordingly, the modes of the layers are described in
the corresponding layers presented in Section III and
Section IV.

III. NETWORK CODING 1: MULTI-USER COOPERATIVE
COMMUNICATION

In the Dynamic Network Codes (DNCs) scheme proposed
by Xiao and Skoglund [64], each of the M users also acts as a
relay for the other users. In the scheme, each user broadcasts a
single IF of its own both to the BS and to the other users during
the first Time Slot (TS). Then, during the 2nd to the (M)th TS,
each user transmits (M − 1) Parity Frames (PFs) to the BS.
Each of these PFs consists of nonbinary linear combinations
of the IFs that it could successfully decode.

By contrast, GDNCs adopted as conventional mode (C
mode) at NC1 layer were proposed in [28], [219] by interpret-
ing the scenario as being equivalent to that of operations of
linear block codes defined over GF(q) for erasure correction.
The authors of [28], [219] extended the original Dynamic
Network Coding (DNC) concept by allowing each user to
broadcast several (as opposed to a single) IFs of its own
during the Broadcast Phase (BP), as well as to transmit several

nonbinary linear combinations, which are also considered
as PFs, during the Cooperative Phase (CP). A transmission
session of GDNC comprises two phases, namely the BP and
the CP.

A. Network Coding 1: Conventional Mode employing Gener-
alised Dynamic-Network Codes

1) System Model: In the cooperative multiple-user system
employing GDNC having M users cooperatively communicat-
ing with a common BS, a transmission session of the system
is conducted in two groups of phases, the BPs and the CPs.
Let us detail an example of such the GDNC system that has
M = 2 users communicating with a BS [64]. In a transmission
session, each user transmits k1 = 1 IF during the BP and
k2 = 1 PF during the CP. The details of transmission phases
are illustrated in Fig. 8 and summarised as follows

Broadcast phases

(B1) Broadcast phase 1 : User 1
I1(1)−−−→ BS and User 2,

(B2) Broadcast phase 2 : User 2
I2(2)−−−→ BS and User 1,

Cooperative phases

(C1) Cooperative phase 1 : User 1
�1(1)=I1(1)+I2(2)−−−−−−−−−−−−→ BS,

(C2) Cooperative phase 2 : User 2
�2(2)=I1(1)+2I2(2)−−−−−−−−−−−−−→ BS.

If all the frames transmitted within the session are success-
fully decoded, the transmission session can be equivalently
represented by the matrix G2×4 [28], [219]

G2×4 =

[
1 0 | 1 1
0 1 | 1 2

]
, (1)

where G2×4(i, i) = 1, i = [1, 2] represents the successful
decoding of the IFs Ii(i) at the BS, which was transmitted
by User i during the BP Bi. Having G2×4(1, 3) = ”1” or
G2×4(2, 4) = ”2” means that the PF transmitted by User 1 or
User 2 during the CP C1 or C2 is successfully decoded at the
BS, and the linear combining coefficient of the IF I1(1) or
I2(2) in this PF has a value of ”1” or ”2”, respectively. Note
that having G2×4(2, 3) = ”1” or G2×4(1, 4) = ”1” indicates
that IF I2(2) or I1(1) is successfully decoded by User 1 or
User 2, and the PF transmitted by User 1 or User 2 during
the CP C1 or C2 is successfully decoded at the BS, provided
that the linear combining coefficient of the IF I1(1) or I2(2)
in this PF has a value of ”1” or ”1”, respectively.

To elaborate further, the system might experience an actual
transmission session containing (k1M + k2M) = 4 phases
depending on the success or failure of a specific transmission
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Fig. 7: The general architecture of the Generalised Near-Capacity Multi-user Network-coding system.

attempt as follows

Broadcast phases

(B1) G
′

2×4(1, 3) = G2×4(1, 3),

[User 1 =0−−→ BS] : G
′

2×4(1, 1) = 0,

[User 1 =1−−→ User 2] : G
′

2×4(2, 4) = G2×4(2, 4),

(B2) G
′

2×4(2, 4) = G2×4(2, 4),

[User 2 =0−−→ BS] : G
′

2×4(2, 2) = 0,

[User 2 =1−−→ User 1] : G
′

2×4(1, 4) = G2×4(1, 4),

Cooperative phases

(C1) [User 1 =0−−→ BS] : G
′

2×4(i, 3) = 0, i = 1, 2,

(C2) [User 2 =1−−→ BS] :,

where ′ →′ represents the transmission direction, while ′ =
1′/′ = 0′ means that the frame is successfully/unsuccessfully
recovered at the destination, respectively. The matrix G

′

2×4 is
defined as the corresponding ’modified’ transfer matrix, where
the terminology ’modified’ implies that the entries of G

′

2×4
are modified from those of the original transfer matrix G2×4
of Eq. (1) according to the actual transmission session detailed
in Eq. (2). As a result, G

′

2×4 is formed as

G
′

2×4 =

[
0 0 | 0 1
0 0 | 0 2

]
, (2)

where the diagonal elements ’1’ at the left of Eq. (1) be-
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Fig. 8: The model of the system supporting M = 2 users,
where each user transmits k1 = 1 IFs and k2 = 1 PFs [220].

come ’0’ owing to the unsuccessful [User 1 =0−−→ BS] and
[User 2 =0−−→ BS] transmissions in (2B1) and (2B2). The
’0’ elements in the third column of Eq. (2) indicate the
unsuccessful [User 1 =0−−→ BS] transmission in (2C1).

In the generalised system model, the transfer matrix
Gk1M×k1M+k2M (or G for shorthand) comprising the identity
matrix Ik1M×k1M (or I for shorthand) and the parity matrix
Pk1M×k2M (or P for shorthand) represents a transmission
session of the system, where all the frames transmitted during
that session are successfully decoded [219]. In fact, there
may be unsuccessful frame transmission occurring during the
transmission session, then the transfer matrix is modified for
reflecting the transmission session to become the modified
transfer matrix G

′
. The formula representing how the G

′
is

calculated from G is detailed in [220], [222].
The decoding process is carried out at the BS by employing

the modified transfer matrix G
′
. To characterize the FER-

performance of the GDNC based system, a method referred to
as Purely Rank-Based Method (PRBM) is used in the study
presented in [28], [219]. Later, a method coined as Pragmatic
Algebraic Linear Equation Method (PALEM) is proposed in
[220]. The method is capable of providing more accurate FER
results for the characterisation of network codes than those
provided by PRBM. The PALEM facilitates the investigation
of the FER-performance bounds of GDNC based systems
[222], which allows to estimate FER-performance of large-
scale GDNC based systems.

2) Performance Bounds and Diversity Order of the GDNC
system: In the GDNC system, each of the M users broadcasts
the k1 IFs to the other M − 1 users during BPs. Then, during
CPs each of M users transmits the k2 IFs to the BS. If all the

inter-user transmissions are successful, all the PFs formed by
a user are linearly independent combination of the IFs, which
were successfully received during BPs. As a result, an IF is
conveyed to the BS by (Mk2 + 1) independent paths, which
leads to the diversity order of (Mk2 + 1).

By contrast, the unsuccessful inter-channel transmissions
may lead to the case where some of the PFs transmitted by
a user are not linearly independent combinations of the IFs.
The worst case is when each of the other (M − 1) user is
able to produce only a single linearly independent combination
(PF), while the user itself is always capable of constructing k2
linearly independent combinations. As a result of such worst
case, there are (M + k2) independent paths for carrying the
IF to the BS, which induces the diversity order of (M + k2).

In line with the above-mentioned analysis, it was proved
in [219], [223] that the diversity order D of the system is
bounded by

M + k2 ≤ D ≤Mk2 + 1. (3)

The authors of [222] formulated the diversity order D of the
GDNC based system mentioned in Eq. (3) as follows

D = lim
SNR→∞

− log2 Po
log2 SNR

, (4)

where SNR is the signal to noise power ratio, while Po was
estimated on the basis of the best case PLowero and worst case
PUppero instead of using exact value of Po. Then, by using the
most influential terms of PUppero and PLowero instead of exact
value of Po in Eq. (4), it is observed in [222] that the upper
and lower bounds of the probability Po are in harmony with
the estimated diversity order given by Eq. (3).

As a further benefit of the performance bounds, one can
invoke the performance bounds derived in [222] for the sake
of exploring the GDNC system’s FER-performance in order
to find the most appropriate network code. More specifically,
it may be gleaned from the formula of PLowero in [222] that
the performance of the system approaches its lower bound
more closely, when the SNR value increases. Hence, we can
use the lower bound of the system performance for estimating
its capacity, when large transfer matrices are employed for
building the GDNC system.

For example, as seen in Fig. 9 that presents further
comparison of the system detailed in [70], along with the
increase of the size of the transfer matrix from G2×4 to
G4×8, G6×12, G20×40, G200×400, G1000×2000, G10000×20000
and G12000×24000, the distance from the GDNC system capac-
ity having a network coding rate of Rinfo = 1/2 is reduced to
1.7 dB from 24.8 dB, where a further marginal improvement
is exhibited when employing a transfer matrix having a larger
size than the matrix G12000×24000. From another perspective,
when a network code relying on a larger transfer matrix, say
G12000×24000 is used, a maximum improvement of approxi-
mately 44 dB may be expected for the system investigated in
Fig. 9.

B. Network Coding 1: Full Diversity Mode

The Full Diversity (FD) principle is first proposed in
[224] and later generalised in [70] for the NLMC system, in
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Fig. 9: The FER performance of network coding based systems
having Rinfo = 1/2 and employing the realistic IrCC-URC-
QPSK channel coding scheme [6], [70], when communicating
over wireless channels influenced by both the fast Rayleigh
and block Rayleigh fadings.

order to provide more diversity to the C mode described in
Section III-A. In the FD mode, the NLMC system is capable
of exploiting the inter-user transmissions during CPs, for
improving inter-user transmissions in BPs. More specifically,
if each user in the system is equipped with a network-coding
decoder, which is identical to the network-coding decoder
used at the BS, the user can decode all the IFs and PFs that
were successfully received, in order to improve its knowledge
about IFs transmitted by the other users. Then, the improved
knowledge is exploited for constructing the subsequent PFs
transmitted by the user. The process of decode-and-update
is repeatedly kicked off, as soon as the user receives a PF
transmitted by another user in the system. The decode-and-
update process at a certain user is no longer required, as soon
as all IFs transmitted by the other users during the BPs are
comprehensively known by the user.

In the C mode, the system is potentially capable of ap-
proaching the full diversity that corresponds to the maximum
diversity order of D = Mk2 + 1, however this is not
guaranteed in all scenarios. Thus, the FD mode is employed
for broadening scenarios, where the maximum diversity order
is achieved. These scenarios would emerge when a user has
a full knowledge of the IFs transmitted by the other users in
the system. Therefore, having a full knowledge of the IFs of
all the other users is the best scenario created by the FD
mode. This best scenario is equivalent to the case, where all
of the inter-user transmissions carried out during the BPs are
successful. If this condition holds, the system always achieves
its maximum diversity order given in [224] as:

DMax
NLMC = Mk2 + 1. (5)

Hence, the system’s performance associated with the ide-
alised simplifying assumption of having perfect inter-user
channels, where the inter-user channels are error free, sets a
limit for the maximum attainable diversity gain of the near-
full-diversity process.

C. Network Coding 1: Adaptive Mode

1) Operating mechanism: The inter-operation of channel-
and network-coding may be exploited for providing an im-
proved performance [67]. The inter-operation advocates an
adaptive mechanism, which relies on a feedback flag directly
reflecting the performance of the network coding scheme. This
feedback flag can be employed to control the channel coding
scheme, and vice versa, the feedback flag provided by the
channel coding scheme may be utilised for controlling the
operation of network coding. The authors of [67] applied this
adaptive flag-controlled mechanism under the idealised simpli-
fying assumption of using an ideal/perfect channel code. The
authors of [70], [76], [220] further generalised this adaptive
feedback flag based solution for the NLMC system, where the
adaptive mechanism can be used with the FD mode described
in Section III-B, while the flag-controlled mechanism operates
upon realistic near-capacity channel codes.

In the adaptive mechanism, each users transmit a change-
able number of PFs, which is decided upon feedback flags
sent from the BS. The feedback flags indicate success-
ful/unsuccessful transmission of the IFs received at the BS. As
a result, the multiplexing gain of NC1 is increased due to the
reduction on the number of transmitted PFs. In line with [67],
the authors of [70], [76], [220] assume that the BS is capable
of sending back to the users a modest amount of information
containing feedback flags. Accordingly, let us denote the
number of PFs transmitted by User j in a transmission session
by k2,j . In order to increase the achievable multiplexing gain,
the value of k2,j has to be adaptively adjusted for each
transmission session according to two potential approaches
referred to as two adaptive modes, namely (A1) and (A2) [67].

In the first adaptive (A1) mode, the diversity gain remains
unaltered, while the value of k2,j is adaptively adjusted based
on a feedback flag, which is an acknowledgement bit sent
by the BS to indicate the successful/unsuccessful reception
of all the Mk1 IFs transmitted by all the M users during
their BPs. In the second adaptive (A2) mode, the value of
k2,j is adaptively adjusted upon a feedback flag, which is an
acknowledgement bit sent by the BS to indicate the success-
ful/unsuccessful reception of all the k1 IFs transmitted by User
j during his/her BPs. Hence, by the end of a transmission
session, in the (A1) mode there is a single acknowledgement
bit sent by the BS, while in the (A2) mode the BS needs to
send M acknowledgement bits during a transmission session.

Accordingly, the average adaptive network code rate corre-
sponding to the two adaptive modes, namely the A1 mode and
the A2 mode can be calculated upon given values of k1, k2,M
and Pe. It should be noted that Pe is the outage probability of a
single link in the system, which reflects the FER-performance
of the link [67]. As a result of having improved average
network code rates, namely the Rinfo,A1

and the Rinfo,A2
,

we accordingly have the associated average multiplexing gain
defined as: Ω1 =

Rinfo,A1

Rinfo
and Ω2 =

Rinfo,A2

Rinfo
, where Rinfo

is the network coding rate in the C mode, which can be can
be calculated by Rinfo = k1

k1+k2
. Moreover, it is observed in

[67], [70] that the average network coding rates Rinfo,A1
and

Rinfo,A2 increase when the outage probability Pe decreases.
Since we have the outage probability 1 ≥ Pe ≥ 0, the adaptive
network coding rates can reach its maximum value, when the



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2018.2814636, IEEE Access

14

outage probability approaches zero Pe = 0. In other words,
having the average adaptive network coding rate reached its
maximum value of 1 corresponds to the scenario where PFs
are no longer required to be transmitted to the BS.

The maximum value of the average multiplexing gain as-
sociated with the adaptive modes A1 and A2 may be char-
acterised by the maximum value of the Eb/N0-improvement
obtained by employing the adaptive feedback-flag based mech-
anism, which may be formulated as

% = Max {10 log (Ω1)} [dB],
= Max {10 log (Ω2)} [dB],

= 10 log

(
k1 + k2
k1

)
[dB], (6)

which merely depends on the values of the number of trans-
mitted IFs k1 and the number of PFs k2.

2) Adaptive Network Coding: Multiplexing Gain versus
Diversity Gain: In order to feature the relationship between
the multiplexing aspect and the diversity aspect of the GDNC
system, which may appear when activating an individual mode
or a combination of available modes in the NC1 layer, which
are described separately in Section III-B and Section III-C. It
should be noted that in order to have a fair comparison, the
gains have to be compared by the same basis, for example
SNR value of the system.

Let us recall the multiplexing gains, namely Ω1 and Ω2,
where its maximum value is determined by Eq. (6). If the
matrix G2×4, the matrix G4×8 or the matrix G6×12 is used at
the NC1, we have k1 = k2 = 1, k1 = k2 = 2 or k1 = k2 =
3, respectively [219]. As a result of substituting the specific
values of k1 and k2 into Eq. (6), we may obtain the maximum
value of the multiplexing gain as

Ωmax
1,2 = 10 log

(
k1 + k2
k1

)
[dB],

= 3[dB]. (7)

Hence, it is expected that the multiplexing gains, namely Ω1

and Ω2, increasingly approach the Ωmax
1,2 = 3 dB, when

increasing the SNR value used in the NLMC system employ-
ing the matrix G2×4, the matrix G4×8 or the matrix G6×12.
Fig. 10a shows various gains affecting the performance of
the system relying on the IrCC-URC-QPSK scheme when
activating the A1 mode or the A2 mode. Both multiplexing
gains, Ω1 and Ω2 increase along with the increase of the
SNR value. The Ωmax

1,2 = 3 dB sets an upper bound for both
multiplexing gains.

It is observed that the diversity gain can be represented
by changes in FER-versus-SNR performance of the system,
when a particular regime is employed in the system. The
regime can be set by activating FD mode for approaching
the system’s full-diversity presented in Section III-B, or by
applying the adaptive mechanism (A1 mode or A2 mode)
described in Section III-C or by employing a combination of
the adaptive mechanism and the full-diversity modes. More
specifically, when the adaptive mechanism is applied to the
system employing NC1, the changes in FER-performance
of the system associated with a given SNR value reflects

the effect of changing the number of PFs transmitted within
transmission sessions on the FER-performance of the system.
Hence, the attainable diversity gain can be characterised by
the FER-versus-SNR performance of the system, when
the adaptive mode is employed. Therefore, let us define the
diversity gain Φ1 and Φ2 achieved in the system by applying
the A1 and A2 mode, respectively:

Φ1 = SNRC − SNRA1
, (8)

Φ2 = SNRC − SNRA2
, (9)

where SNRC , SNRA1
and SNRA2

denotes the SNR value
required by the system using the C mode, A1 mode and A2

mode, respectively.
In the system supported by the A1 mode, none of the PFs

are transmitted, when the BS already recovered all the IFs
[67], [70], [76], [220]. As a result, the FER-versus-SNR
performance of the system remains unchanged at a given SNR
value, when the A1 mode is applied. Hence, the diversity gain
Φ1 corresponding to the system exploiting the A1 mode is
Φ1 = 0, as seen in Fig. 10. Let us consider the total-gain Σ1 =
Ω1+Φ1 as the sum of the diversity gain and multiplexing gain
in the case of employing the A1 mode. As a result of having
a diversity gain of Φ1 = 0 for the A1 mode, the total-gain Σ1

is equal to the multiplexing gain Ω1, as also seen in Fig. 10.
By contrast, having more levels for adjusting the number k2

of PFs, the A2 mode is capable of supporting the improved
multiplexing gain Ω2 seen in Fig. 10 in comparison to that
associated with the A1 mode. It is also shown by Fig. 10 that
although the system supported by the A2 mode has the higher
multiplexing gain of Ω2, the overwhelming degradation3 of
the related diversity gain Φ2 results in an inferior total gain of
Σ2 = Ω2+Φ2. Hence, it is expected that the system employing
the A1 mode outperforms the system invoking the A2 mode.

D. Network Coding 1: Dispensing with side information

In all existing contribution on GNDN [67], [219], the
BS (or destination) is assumed to have full knowledge of
the side-information concerning the encoding process at the
intermediate nodes. Hence, an imposed overhead containing
the side information about the instantaneous formation of
each PF has to be transmitted over an error-free channel or
a well-protected channel to achieve error-free transmission.
In this section, we introduce our approach on the so-called
No-side-Information based GDNC (NI-GDNC) scheme that
requires no prior knowledge of how the PFs were formed. In
order to characterise the performance of the NI-GDNC based
system, we compare the performance of GDNC systems in the
following scenarios:
• GDNC with perfect side information (BS is aware of the

formation of PFs);
• NI-GDNC without any side information at the BS;
• GDNC with different amount of imperfect side infor-

mation, where the overhead is contaminated by realistic
error-prone channels.

3The degradation in diversity gain Φ2 is caused by introducing 0, 1 or k2
PFs in the A2 mode, rather than employing 0 or k2 PFs in the A1 mode
[67].
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Fig. 10: The diversity-versus-multiplexing gain breakdown of the G4×8 based systems of Fig. 7 relying the NC1 and CC layers,
when considering both the A1 mode and the A2 mode at NC1 layer and activating the IrCC-URC-QPSK [70] and IrCC-URC-
DBPSK [220] at the CC layer. Both the block Rayleigh fading and the fast Rayleigh fading are considered, when a frame
is transmitted in the Nsub = 1 subframe regime [6] over the wireless channel. For the sake of brevity, the SNR-performance
used for characterising the diversity gains in the A1 and A2 modes is presented in Section III-C2.

The different-accuracy imperfect side information is re-
flected by the BER Qu = {10−1 : 10−6} of the signalling
channels that convey the side information. In the GDNC
system operating in different-BER signalling channels, if
the signalling channel provides reliable side information, the
GDNC system is switched to the perfect-side-information
mode, namely to GDNC. Otherwise a blind search algorithm
Sb is activated for exhaustively searching in the predefined
network coding search-space defined by the transfer matrix G
used for constructing the network coding codec, in order to
recover IFs transmitted by the users of the system.

To demonstrate the benefits of GDNC systems when no
side information is available, we use the simplest GDNC
configuration relying on the G2×4 matrix of [67], [219], [222],
where a similar idealised channel coding scheme operating at
the CCMC capacity is employed for the sake of comparison
to existing benchmarkers [67], [219].
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Fig. 11: Comparison of GDNC system’s performance in dif-
ferent scenarios, namely perfect side information available at
the BS, no side information available at the BS and erroneous
signalling channels used for conveying the side information.

As elucidated by Fig. 11, when no side information is
available at the BS, the GDNC system is still capable of

providing a significant improvement of 18 dB compared to
that of the direct link transmission. The GNDC system requires
Qu = 10−3 guaranteed by the signalling channels in order to
support a performance similar to that exhibited in the perfect
side information based scenario.

IV. NETWORK CODING 2: EXPANDING TIME DIVERSITY
AMONG TRANSMISSION SESSIONS

In order to enhance the reliability of NLMC system by
provisioning time diversity between transmission sessions oc-
curring at the NC1, NC2 may be activated in order to form the
triple-layer coding architecture [70]. When in use, a random
network code [60] at the NC2 layer is applied across the
H IFs, namely across I1, ...IH , in order to generate the Θ
network-coded frames of Z1, ..., ZΘ, where Θ ≥ H . It should
be noted that Θ network-coded frames are then allocated
into transmission sessions at the NC1. As a result, a linear
combination of the H IFs having a length of N bits/frame
forms a network-coded frame Zj , Zj =

∑H
i=1 αijIi, where

scalars αij (i ∈ [i, ...,H] and j ∈ [1, ..., Θ]) may be chosen
randomly and uniformly from a GF (2q). If the GF (2q) is
sufficiently large, the expected number of successfully received
frames required by the BS for successfully decoding the H
IFs is approximately H [60], [225]. Hence, it can be deemed
that the reception of H network-coded frames at the BS is
sufficient for the BS to recover H corresponding IFs [60], [70].
An outage is declared, when the number of frames received
at the BS is less than H , and this outage occurs with the
probability:

PNC2
o =

H−1∑
i=0

(
Θ

i

)
(1− Po)iPΘ−io , (10)

where Po is the outage probability of the system when NC2
is not in operation. In practice, the outage probability Po is
represented by the FER-performance of the system without
activation of NC2 [70].
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Accordingly, the conventional information rate of NC2 may
be defined as:

Rinfo2 =
H

Θ
. (11)

Bearing in mind information rate Rc, Rinfo characterizing the
channel coding scheme at the CC layer and network coding
scheme at the NC1 layer and the network code rate Rinfo of
NC2, the aggregate code rate of the NLMC system becomes

RNLMC = Rc ×Rinfo ×Rinfo2 . (12)

It should be noted that when the delay due to the encoding
and decoding process becomes a critical criterion, the variants
detailed in [65], [79], [226] may be favoured. However, our
unified framework used in this paper can still be applied to
cover those variants.

A. Design and Benefits of NC2

As mentioned both in [225], [227], the scalar of αij (i ∈
[i, ...,H]) used in NC2 can be chosen from random coefficients
defined over GF (28), which is sufficiently large for providing
the Θ number of virtually unlimited sets of αij , where the
resultant Θ sets of αij form Θ vectors that are linearly
independent of each other. Accordingly, the coefficients αij
may be obtained by obeying the constraints imposed by the
specific structure of the Vandermonde matrix [227], [228].
Then, the coefficient matrix may be pre-generated and be
stored by the users as well as by the BS for encoding and
decoding. Hence, the users only need to transmit the indices
of the coefficient sets employed for encoding the IFs to
be transmitted to the other users or the BS, as part of the
session set-up information, before transmitting actual data. As
a result, no overhead pertaining to the random coefficients is
transmitted during the actual communication session.

In order to simply demonstrate the benefit of the NC2 in the
context of NLMC system, let us consider Θ = 20, H = 18
that leads to the fixed coding rate Rinfo2 = N/Θ according
to Eq. (11). Once NC2 is activated, the time diversity across
H = 18 frames is exploited by scattering over Θ = 20 en-
coded frames at the output of the NC2, in order to improve the
system’s performance. More specifically, as shown in Fig. 12a,
a significant FER versus Eb/N0-performance improvement
of approximately 34 dB can be achieved at an FER of 10−4

by activating the most appropriate modes of the triple-layer
coding scheme presented in Fig. 7. It should be noted that the
(FD+A2) mode is the most appropriate mode that supports
the best performance of the system used in our illustration, as
readily seen in Fig. 12b. It should be noted that the appropriate
mode supporting the best performance of the system may be
selected by determining the operating region of the NC1 [70].

In order to study the factor deciding the operating region of
the NC1 layer as well as to investigate the most appropriate
value of Rinfo2 associated with the highest improvement of
the system’s performance, let us consider the performance
associated with the NC2 configurations that are reflected by
different values of Rinfo2, as presented in Fig. 13. As a
result of reducing the network coding rate Rinfo2 at the
NC2 layer, the system’s performance characterised in Fig. 13

is improved. However, when the rate Rinfo2 falls below
the point corresponding to Rinfo2 = 10/20 = 1/2, the
performance of the system degrades, as seen in Fig. 13.
This may be interpreted by assuming that the point having
Rinfo2 = 10/20 = 1/2 is a threshold, where the gain provided
by activating the NC2 reaches its maximum value. Thus,
reducing the coding rate achieves no further network coding
gain, while the multiplexing gain represented by RNLMC of
Eq. (12) is reduced.

For further study, once the hardware capability of the
NLMC system allows us to support a higher value of H in
the NC2, we may extend our scope for finding the optimal
parameters of the NC2, namely the optimal value of H and
Θ, in order to attain the best possible performance of the
system, provided that the parameters of the CC and NC1
layers are given. For example, it is suggested by Fig. 13 that
the rate of Rinfo2 = 1/2 is the optimal network coding rate
in the scenario considered and that given Rinfo2 = 1/2, the
performance associated with higher values of the parameter Θ,
say Θ = 200, is better than that associated with the smaller
value of Θ = 20, when comparing Fig. 13a and Fig. 13b.
Hence, it may be desirable to examine the optimal value of H
and Θ, provided that the network coding rate Rinfo2 = 1/2
remains unaltered.

In order to address the issue regarding the optimal value of
the parameter H and Θ in the NC2 layer, we activate one of the
modes in the NC1 relying on the matrix G4×8, namely mode
C, and employ the IrCC-URC-QPSK scheme in the CC layer
relying on the sub-frame transmission associated with Nsub =
1 [6], [70]. Then, the performance of the system is investigated
for different values of Θ, namely for Θ = 2, 20, 2× 102, 2×
103, 2×104, 2×105. Note that we fix the network coding rate
to Rinfo2 = 1/2 and assume that the parameter Θ and H are
related by Eq. (11) as

Rinfo2 =
H

Θ
. (13)

Thus, we have to investigate different values of Θ, in order to
determine the optimal value of Θ and H associated with the
best FER-versus-Eb/N0 performance. It can be readily seen
in Fig. 14 that when the value of Θ increases from Θ = 2
to Θ = 2× 104, the Eb/N0-versus-FER performance of the
system is improved. However, when the value of Θ becomes
higher than Θ = 2×104, no further performance improvement
is exhibited. Hence, we may deem Θ = 2 × 104 to be the
optimal value for the system under investigation. As for the
general case, the issue of finding the optimal value of Θ,
provided that the other parameters of the system are given,
is set aside for future work.

V. SYSTEM DESIGN: APPROACHING NEAR-CAPACITY
PERFORMANCE

In this section, we consider our examples of the system
configurations to illustrate how the DCMC capacity can be
used as a benchmarker for the near-capacity performance of
the system, in order to design near-capacity NLMC system.
We begin performance comparison of the system supported
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and the fast Rayleigh fadings.
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Fig. 13: The performance of the NLMC system portrayed in Fig. 7, relying on the NC2, NC1 and CC layers, when employing
different values of Rinfo2 at the NC2, while the matrix G4×8 is selected for operating in the C mode at the NC1 layer, whereas
the IrCC-URC-QPSK scheme [6], [70] is used for transmitting in the Nsub = 1 sub-frame regime [6] over wireless channels
influenced by both fast Rayleigh and block Rayleigh fadings.

by a realistic channel coding scheme, for example the IrCC-
URC-QPSK scheme detailed in [70], to that of the system
relying on the ideal/perfect coding scheme operating exactly
at the DCMC capacity detailed in [6], when activating various
configurations at the NC1 and NC2 layer, as listed Fig. 7.
Then, again the method detailed in [6] can be used as a basis
for determining the capacity of the NLMC system, in order to
lead to measures that might be invoked for approaching the
capacity.

A. Achievable Capacity of the Ideal/Perfect Coding Scheme

Let us consider Fig. 15, where the Eb/N0-versus-FER
performance of the system employing the IrCC-URC-QPSK
scheme [70] is plotted along with that of the system relying
on the ideal/perfect channel coding scheme operating at the
DCMC capacity [6]. At the NC1 layer of Fig. 7, all the

available modes, namely the C, A1, A2, FD + A1 and
FD + A2 modes, are investigated, while the network coding
rate Rinfo2 = 1/2 is set at the NC2 layer of Fig. 7. It can
be seen in Fig. 15 that in all the studied cases, the perfor-
mance curves associated with the IrCC-URC-QPSK scheme
are approximately 1.0 dB apart from their corresponding per-
formance curve supported by the ideal/perfect coding scheme
at FER = 10−4. In other words, the FER-performance of
the NLMC system employing the IrCC-URC-QPSK scheme
is approximately 1.0 dB within its capacity, which is the
performance of the NLMC system assumingly relying on the
ideal/perfect coding scheme operating at the DCMC capacity.

B. Approaching the NLMC capacity
Let us continue by employing the approach detailed in [6]

for determining the NLMC system’s capacity. Accordingly, the
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supporting the Nsub = 1 sub-frame [6] transmission over
wireless channels influenced by both fast Rayleigh and block
Rayleigh fadings.

capacity of the NLMC based systems can be characterised by
the transmission links capacity spamming from a certain user
supported by the system to the BS. This link in the NLMC
based systems may be viewed as an equivalent single-link
model, where the equivalent transmission rate Re of the user-
to-BS link in the NLMC system can be formulated as

Re = Rinfo2RinfoR , (14)

where R is the information rate of a single link in the NLMC
system, while the network-coding scheme’s rate Rinfo of the
NC1 and the network-coding arrangement’s rate Rinfo2 of
the NC2 are described in TABLE III. Then, the equivalent
transmission rate Re of Eq. (14) may be used for determining
the capacity of the channel in the case of the DCMC capacity
[70] and D-DCMC capacity [220], respectively.

Let us invoke the numerical example in TABLE III, in
order to illustrate the method employed for determining the
capacity of the NLMC system. Accordingly, the network-
coding’s information rate of NC1 is Rinfo = 0.5. This
system employs a channel coding scheme characterised by an
information rate of R = 0.5 and by a coding rate of Rc = 0.5.
The configuration of the system in this example results in the
number of modulated bits expressed as follows:

µ =
R

Rc
=

1.0

0.5
= 2 . (15)

Having µ =2 BPS means that the coherent (non-coherent)
modulation scheme of QPSK (DQPSK) may be employed
at the CC layer. Similar to the method invoked in [6] for
determining the receive SNR value (SNRr) corresponding
to a given throughput R, which is also considered as the
information rate in this context, the capacity of the above-
mentioned NLMC system may be equivalently determined by
identifying the corresponding value of SNRr.

Parameters CC layer
Coherent Non-coherent

R[BPS] 1.0(QPSK) 1.0(DQPSK)
Rc 0.5 0.5
Nsub [bit] 1, 10, 102, 103 1, 10, 102, 103

Parameters NC1 layer
Mode C, FD, A1, A2, FD +A1, FD +A2

G G2×4, G4×8, G6×12

M [user] 2
k1 [frame] 1(G2×4), 2 (G4×8), 3 (G6×12)
k2 [frame] 1(G2×4), 2 (G4×8), 3 (G6×12)
Rinfo 0.5
DNLMC D2×4 = 3, 4 ≤ D4×8 ≤ 5, 5 ≤ D6×12 ≤ 7
Parameters NC2 layer
H 10
Θ 20
Rinfo2 1/2

TABLE III: Parameters for an example of the NLMC system
portrayed in Fig. 7.

For the convenience of presentation, we define SNRe|Re

as the equivalent SNRr value corresponding to a given
throughput of Re. According to Eq. (14), the value of Re =
0.25 in the numerical example can be determined by using
Rinfo = 0.5,Rinfo2 = 0.5 and R = 1.0 given in TABLE III.
Then, the SNR value can be determined based on the DCMC
capacity curve SNRe|Re

= −6.9 dB [70] or on the D-DCMC
capacity curve SNRe|Re

= −2.73 [220]. These SNRe|Re

values can be benchmarked as the achievable capacity of the
system in the configurations considered.

It should be noted that the value of the system’s capacity is
determined on an SNR basis. By contrast, when considering it
on an Eb/N0 basis, the equivalent coding rate Re = 0.25 must
be taken into account, in order to infer to the corresponding
equivalent Eb/N0 value in ratio as

Eb/N
R
0 |Re

=
SNRRe |Re

Re
, (16)

which leads to the corresponding Eb/NR
0 |Re

= −0.88 dB in
the DCMC scenario Eb/N0|Re = 3.29 dB in the D-DCMC
scenario.

Having calculated the capacity of the NLMC system, we
can now proceed to evaluate the distance between the FER-
performance curve of a NLMC system and its capacity.
It is worth noting that the distance must be measured at
a vanishingly low value of FER, e.g. an FER = 10−4.
For example, Fig. 16 characterises the distance between the
system’s capacity and the Eb/N0-versus-FER performance of
the system employing Rinfo2 = 1/2 at the NC2 and invoking
the matrix G6×12 at the NC1 activating the C as well as the
FD modes and relying on the IrCC-URC-QPSK scheme at
the CC layer supported by Nsub = 1 frame transmission. Note
that the value of Eb/N0 = −0.88 dB is the system’s Eb/N0

limit. Accordingly, a relatively large gap of approximately
11 dB is exhibited at an FER = 10−4. This leads to a
question regarding which particular solution may be employed
for reducing the 11 dB-gap.

In order to address the above-mentioned issue, let us recall
the NLMC system’s architecture presented in Fig. 7, which
comprise three layers, namely CC, NC1 and NC2 layers. A
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Fig. 15: The performance of the NLMC systems portrayed in Fig. 7 comprising the NC2, NC1 and CC layers, when comparing
the two scenarios at the CC layer, namely that employing the coding IrCC-URC-URC-QPSK scheme [70] and that employing
the corresponding ideal/perfect coding scheme operating at the DCMC capacity [6]. The performance is recorded in various
modes of the NC1 relying on the matrix G4×8, namely the C , A1, A2, FD+A1 and FD+A2 modes, while the Rinfo2 at
the NC2 is fixed at the optimal value of Rinfo2 = 1/2, as determined in Section IV-A. A transmission frame is transmitted in
the Nsub = 1 subframe regime [6] over the wireless channel.
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Fig. 16: The Eb/N0-versus-FER performance of the NLMC
system portrayed in Fig. 7, which comprises the NC2, NC1
and CC layers and has all parameters listed in TABLE III. The
system employs Rinfo2 = 1/2 at the NC2, invokes the G6×12
matrix at the NC1 layer operating in the C and FD modes
and relies on the IrCC-URC-QPSK scheme at the CC layer
supported by Nsub = 1 frame transmission.

straightforward approach is to optimise each individual layer
in a scenario, when the parameters of the other layers are
given. More specifically:
• At the CC: The employment of sub-frames and the near-

capacity coding design can be utilised for improving the
system’s performance;

• At the NC1: Selecting the appropriate transfer matrices,
as suggested in Section III-A2, has the potential to en-
hance the system’s performance. Additionally, activating
a suitable mode of the available ones, namely of the C,
FD, A1, A2, FD+A1 and FD+A2 modes, may improve
the system’s performance;

• At the NC2: Applying the optimal network coding rate
Rinfo2 can help improve the system’s performance.

Hence, in the following sections, the above-mentioned opti-
mization issues at each layer are discussed in detail.

C. Solutions at Channel Coding Layer

Let us continue to employ the IrCC-URC-QPSK scheme [6],
[70] to demonstrate the benefits of the sub-frame transmission
regime at the CC depicted in Fig. 7. As a remedy, the sub-
frame transmission regime detailed in [6] may be invoked
at the CC layer for improving the system’s performance. It
can be seen in Fig. 17 that the higher the number of sub-
frames (Nsub) per transmission frame, the better the system’s
performance becomes. Particularly, if the system is designed
to allow a transmission frame partitioned into Nsub ≥ 104

sub-frames, the performance of the system supported by the
IrCC-URC-QPSK scheme is capable of operating at a mere
0.5 dB from the corresponding DCMC capacity. It should be
emphasised that when Nsub is higher than Nsub = 104, no
further improvements are observed. It may be further inferred
that once the system is permitted to partition a transmission
frame into Nsub = 104 sub-frames, there is no need for
employing the NC1 and NC2. If the NC1 and NC2 are still
activated, the performance of the system would be degraded.
This is because the FER-versus-SNR performance is no longer
improved, but the multiplexing gain is reduced. However, in
order to make the system capable of automatically adjusting
its operational mode, the adaptive modes at both the NC1 and
NC2 have to be activated. We will further discuss this issue
later in Section V-D and Section V-E

Furthermore, in order to approach the near-instantaneous
channel capacity that varies according to the status of each
transmission link in the NLMC systems, the most appropriate
adaptive modulation regime has to be applied during each
transmission. Hence, the CC layer of the NLMC system of
Fig. 7 can be designed for having a beneficial BER/FER-
performance improvement over a fixed bandwidth. Alterna-
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IrCC-URC-QPSK scheme [6], [70], when communicating over
a wireless channel influenced by both the fast Rayleigh and
block Rayleigh fadings.

tively, it can be used for achieving an improved throughput
for a given BER/FER performance, or for reducing the us-
age of the bandwidth while maintaining the required target
throughput and BER/FER performance [76].

D. Solutions at the Network Coding 1 Layer

As discussed in Section V-C, there is no need to employ the
NC1, when the number of sub-frames used for conveying a
transmission frame becomes as high as Nsub = 104. However,
invoking a large number of sub-frames Nsub may result in an
unaffordable delay incurred by a user. For example, a frame in
the Long Term Evolution-Advanced (LTE-Advanced) standard
is of 10ms duration [229], [230]. Let us consider a scenario,
in which the number of subframes is set to Nsub = 104 at
the CC layer for transmitting a single transmission frame,
while the fading coefficients remain constant during the time
period of a frame length and vary independently frame by
frame. In order to have a beneficial time diversity, each of the
104 sub-frames must be mapped to a single LTE-Advanced
frame having a length of 10ms [229], [230]. In other words,
104 LTE-Advanced frames are used for conveying a single
transmission frame, which is divided into Nsub = 104 sub-
frames. Consequently, a transmission frame incurs a delay of
104 × 10ms=100s, which is too long for interactive or delay-
sensitive applications. Hence, let us now consider a scenario
employing Nsub = 10 sub-frames per transmission frame,
which leads to a moderate delay of 10 × 10ms=100ms. It
should be noted that the employment of network coding can
also lead to an additional delay, which is as much as k1 frame
lengths. For example, if the matrix G6×12 is employed at the
NC1, the delay becomes k1 = 3 times of the delay for a
transmission frame, which is equal to 3× 100 = 300ms.

Having opted for Nsub = 10, let us now investigate
the benefit of employing the NC1. As seen in Fig. 18, the
network coding significantly improves the attainable system
performance. More specifically, the more powerful the network
coding, the better performance in comparison to that of the
system relying solely on sub-frame transmission, as seen in

Fig. 18b. At an FER = 10−4, the distance to the Eb/N0

value corresponding to the system’s capacity having Re = 0.5
from the performance curve of the system employing the
G4×8 and G6×12 matrices is as low as 2.0 dB and 2.7 dB,
respectively, as seen in Fig. 18b. By contrast, that of the
system solely supported by the Nsub = 10-based transmission
regime is approximately 7 dB, as seen in Fig. 17. Hence, a
gain of (7-2.0=5 dB) and (7-2.7=4.3 dB) may be achieved
by employing the G4×8 and G6×12 matrices at the NC1
layer, respectively. Note that Fig. 18a characterises the SNR-
versus-FER performance of the system relying on the G4×8
and G6×12 matrices at the NC1 layer operating in the FD,
FD +A1 and FD +A2 modes of Fig. 7.

It should be noted that when the A1 and A2 modes are
activated at the NC1 layer of Fig. 7, the performance of the
system may be improved beyond the SNR value associated
with the capacity having Re = 0.25 and approaches that
associated with the capacity having Re = 0.5, as seen in
Fig. 18b. This can be interpreted by recalling Eq. (14), where
we can see that once the adaptive mechanism is employed,
the coding rate Rinfo becomes Rinfo,A. Accordingly, when
a sufficiently high Eb/N0 value is encountered, the value of
Rinfo,A may approach its maximum of Rinfo,A = 1. As a
result, the maximum value of Re can be calculated as

Re,max = Max {Rinfo,A}︸ ︷︷ ︸
=1

R = R . (17)

This leads to obtaining the corresponding Eb/N0|Re,max =
1.78 dB.

Moreover, as a result of having an increased adaptive
network coding rate Rinfo,A upon increasing the transmit
power, the system experiences an increased multiplexing
gain. Note that the multiplexing gain has no effect on the
FER-versus-SNR performance of the system, as seen in
Fig. 18a. However, a substantially increased multiplexing gain
ultimately leads to a considerably improved FER-versus-
Eb/N0 performance, as seen in Fig. 18b, since the beneficial
multiplexing gain increase outweighs the detrimental SNR
increase. As a result, reduced Eb/N0 values might actually
be associated with a fixed or even increased SNR value
owing to the changes in the coding rate, which potentially
allows the system to provide an improved FER-versus-Eb/N0

performance.

E. Solutions at the Network Coding 2 Layer

As demonstrated in Section IV-A, the NC2 layer of Fig. 7
has the potential of further improving the system performance
in some scenarios. In a delay-tolerant system that allows
us to have a delay as high as N frame durations, NC2 is
capable of approaching the achievable capacity determined
in Section V-A.

Let us illustrate the above-mentioned issue by considering
the NLMC system of Fig. 7 relying on the IrCC-URC-QPSK
scheme [6], [70] and on the basis of Nsub = 10 sub-frame
transmission determined in Section V-C, while the G6×12
matrix is employed at the NC1, where the FD + A1 and
FD + A2 modes at the CC layer of Fig. 7 may be used for
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Fig. 18: The benefit of employing the NC1 in the NLMC system pictured in Fig. 7. The system consists of the NC1 and CC
layers having all the parameters listed in TABLE III, where the G4×8 and G6×12 matrices are employed at the NC1 layer,
while the IrCC-URC-QPSK scheme is activated at the CC layer for supporting the Nsub = 10, 103 sub-frame transmission
regimes over wireless channels influenced by both the fast Rayleigh and block Rayleigh fadings.

the sake of supporting the best attainable performance. Then,
we investigate the benefit of employing the NC2 for the sake
of approaching the capacity of the NLMC system, which is
characterised by parameters listed in TABLE IV.

Parameters CC layer
Coherent

R[BPS] 1.0(QPSK)
Rc 0.5
N [bit] 106

Nsub [bit] 10
Parameters NC1 layer
Mode FD, FD +A1, FD +A2

G G2×4, G4×8, G6×12

M [user] 2
k1 [frame] 3(G6×12)
k2 [frame] 3(G6×12)
Rinfo 0.5
DNLMC 5 ≤ D6×12 ≤ 7
Parameters NC2 layer
H 10
Θ 20
Rinfo2 1/2
Mode Adaptive (Fixed)

TABLE IV: Parameters for an example of a NLMC system
used for illustrating the benefit of NC2.

It should be noted that the NC2 layer in Fig. 7 is capable
of operating in two modes. More specifically:

• The Fixed mode is configured for having a fixed rate for
the network codec at the NC2 layer. In other words, in
the fixed mode, we always have Rinfo2 = H/Θ, which
is equal to Rinfo2 = 1/2, as listed in TABLE IV.

• The Rate adaptive mode may be activated, when the
system can afford the delay of acquiring the feed-back
information acknowledging the number of frames that are
correctly recovered at the BS. Upon receiving the feed-
back information from the BS, the users supported by the
system may decide to refrain from transmitting the rest
of the Θ encoded frames. Hence, the adaptive rate at the

NC2 may be expressed by:

Rinfo2,A =
Θ

E[Number of frames transmitted]
. (18)

Hence, in the high SNR region, we may have
Max {Rinfo2,A} = 1 .

As seen in Fig. 19, when the adaptive mode is activated
at NC2, the performance of the system relying on the G6×12
matrix at the NC1 operating in the C mode tends to approach
its capacity within a distance of 1.5 dB at an FER = 10−4.
If we activate the adaptive mode at both the NC1 and NC2,
namely the FD +A1 and FD +A2 modes at the NC1 layer
and the adaptive mode at the NC2 layer, it is expected that
the performance curves closely approach their corresponding
capacity, which is the one associated with the Re = 0.5, as
seen in Fig. 19b. However, there is a distance of approximately
4.4 dB seen in Fig. 19b, when we compare the capacity
associated with Re = 0.5 and the performance curve of the
system employing the NC1 activating the FD+A1 mode and
the NC2 operating in the adaptive mode. We set aside for
future study the issue of optimising the parameters in order to
match the two adaptive modes at both the NC1 and NC2.

It can be seen in Fig. 19b that the increased aggregate
multiplexing gain of both NC1 and NC2 requires reduced
Eb/N0 values for maintaining a fixed FER value. Again,
this is due to the fact that the beneficial effect of the improved
multiplexing gain outweighs the detrimental effect of requiring
an increased SNR value. It should be noted that the increased
multiplexing gain has no impact on the FER-versus-SNR
performance, where the effect of the adaptive mechanism
employed at NC1 is excluded, as seen in Fig. 19a.

VI. DESIGN GUIDELINES AND CONCLUSIONS

To summarise, the design process of the NLMC may obey
the following phases.

Phase 1 is used for interpreting the details of the design re-
quirements, which may encompass two groups of parameters.
The first group contains parameters characterising the NLMC
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Fig. 19: The benefit of employing the NC2 in the NLMC system pictured in Fig. 7. The system comprises NC2, NC1 and CC
layers having all the parameter listed in TABLE IV, where H = 10 and Θ = 20 are employed at the NC2 layer operating in
both the fixed and adaptive modes, while the G4×8 and G6×12 matrices are employed at the NC1 layer, whereas the IrCC-
URC-QPSK scheme is activated at the CC layer for supporting the Nsub = 10 sub-frame transmission regime over wireless
channels influenced by both the fast Rayleigh and block Rayleigh fadings.

system as a whole, including the number of users and their
configurations, the number of relays and their configurations,
as well as the BER/FER target performance, the tolerable
delay, the affordable complexity, etc. The configuration of the
users or relays determines the transmission modes as well as
the corresponding maximum/minimum code rates (throughput)
in the NC2, NC1 and CC layers of the NLMC system. The
second group comprises parameters that can be used for
defining requirements of a single link’s transmissions in the
NLMC system, hence they are mainly related to the CC layers,
namely to the BER or FER performance, to the available coded
modulation schemes, the available transmission modes, etc.

In phase 2, we need to construct the overall system ar-
chitecture from the first group of parameter as well as to
determine the system’s configuration based on the constraints
and requirements given. Then, we can quantify the equivalent
capacity of the NLMC system, as detailed in Section V-A and
exemplified in Section V-B. Accordingly, the corresponding
capacity is employed as a reference point for carrying out
the three layer design, as demonstrated in Section V-C, Sec-
tion V-D and Section V-E.

In phase 3, the layer-design results are further calibrated for
matching to the stipulated design requirements on the system’s
overall performance in order to conceive various operating
regimes for the LMNC system.

In a nutshell, we have portrayed the road map leading to the
formation NLMC systems relying on multiple layers, namely
CC layer, NC1 layer and NC2. The techniques proposed for
these layers have been analysed with the objective of facilitat-
ing near-capacity cooperative and cognitive communications.
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[28] J. L. Rebelatto, B. F. Uchôa-Filho, Y. Li, and B. Vucetic, “Generalized
distributed network coding based on nonbinary linear block codes for
multi-user cooperative communications,” in 2010 IEEE International
Symposium on Information Theory (ISIT 2010), pp. 943 –947, June
2010.

[29] Z. Babar, S. X. Ng, and L. Hanzo, “Near-capacity code design for
entanglement-assisted classical communication over quantum depo-
larizing channels,” IEEE Transactions on Communications, vol. 61,
pp. 4801–4807, December 2013.

[30] Z. Babar, P. Botsinis, D. Alanis, S. X. Ng, and L. Hanzo, “Construction
of quantum ldpc codes from classical row-circulant qc-ldpcs,” IEEE
Communications Letters, vol. 20, pp. 9–12, Jan 2016.

[31] Z. Babar, P. Botsinis, D. Alanis, S. X. Ng, and L. Hanzo, “The road
from classical to quantum codes: A hashing bound approaching design
procedure,” IEEE Access, vol. 3, pp. 146–176, 2015.

[32] H. V. Nguyen, Z. Babar, D. Alanis, P. Botsinis, D. Chandra, S. X.
Ng, and L. Hanzo, “Exit-chart aided quantum code design improves
the normalised throughput of realistic quantum devices,” IEEE Access,
vol. 4, pp. 10194–10209, 2016.

[33] C. E. Shannon, “A mathematical theory of communication,” Bell Syst.
Tech. J., vol. 27, pp. 379/623–423/656, July/Oct. 1948.

[34] R. Hamming, “Error detecting and error correcting codes,” Bell System
Technical Journal, vol. 29, pp. 147–160, 1950.

[35] P. Elias, “Coding for noisy channels,” IRE Conv. Rec. pt.4, pp. 37–47,
1955.

[36] E. Prange, “Cyclic error-correcting codes in two symbols,” AFCRC-
TN-57, 103, Air Force Cambridge Research Center, Cambridge, Mass.,
1972.

[37] D. Brennan, “Linear diversity combining techniques,” Proceedings of
the IRE, vol. 47, pp. 1075 –1102, June 1959.

[38] I. Reed and G. Solomon, “Polynomial codes over certain finite fields,”
J. Soc. Ind. Appl. Math., vol. 8, pp. 300–304, June 1960.

[39] C. Forney, “Concatenated codes,” Cambridge: MIT Press, 1966.
[40] E. C. van der Meulen, “Three-terminal communication channels,”

Advanced Applied Probability, vol. 3, no. 1, pp. 120 – 154, 1971.
[41] L. Bahl, C. Cullum, W. Frazer, and F. Jelinek, “An efficient algorithm

for computing free distance,” IEEE Transactions on Information The-
ory, vol. 18, pp. 437 – 439, May 1972.

[42] L. Bahl, J. Cocke, F. Jelinek, and J. Raviv, “Optimal decoding of
linear codes for minimizing symbol error rate,” IEEE Transactions on
Information Theory, vol. 20, pp. 284 – 287, Mar. 1974.

[43] E. van der Meulen, “A survey of multi-way channels in information
theory: 1961-1976,” IEEE Transactions on Information Theory, vol. 23,
pp. 1 – 37, Jan. 1977.

[44] T. Cover and A. Gamal, “Capacity theorems for the relay channel,”
IEEE Transactions on Information Theory, vol. 25, pp. 572 – 584,
Sep. 1979.

[45] C. Berrou, A. Glavieux, and P. Thitimajshima, “Near shannon limit
error-correcting coding and decoding: Turbo-codes. 1,” in IEEE In-
ternational Conference on Communications, 1993. ICC ’93 Geneva.
Technical Program, Conference Record, vol. 2, pp. 1064 –1070 vol.2,
May 1993.

[46] V. Tarokh and N. Seshadri and A. Calderbank, “Space-time codes
for high data rate wireless communications: Performance criterion
and code construction,” in Proc IEEE International Conference on
Communications ’97, (Montreal, Canada), pp. 299–303, 1997.

[47] G. J. Foschini, “Layered space-time architecture for wireless commu-
nication in a fading environment when using multiple antennas,” Bell
Labs. Tech. J., vol. 1, pp. 198–212, Autumn 1996.

[48] S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,” IEEE Journal on Selected Areas in Commu., vol. 16,
Oct. 1998.

[49] A. Sendonaris, E. Erkip, and B. Aazhang, “Increasing uplink capacity
via user cooperation diversity,” in IEEE International Symposium on
Information Theory, 1998, p. 156, Aug. 1998.

[50] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
codes from orthogonal designs,” IEEE Trans. Inform. Theory, vol. 45,
July 1999.

[51] V. Tarokh, A. Naguib, N. Seshadri, and A. R. Calderbank, “Space-time
codes for high data rate wireless communication: Performance criteria
in the presence of channel estimation errors, mobility, and multiple
paths,” IEEE Transactions on Communications, vol. 47, pp. 199–207,
Feb. 1999.

[52] H. J. V. Tarokh and A. Calderbank, “Space-time block codes from or-
thogonal designs,” IEEE Transactions on Information Theory, vol. 45,
pp. 1456–1467, May 1999.

[53] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2018.2814636, IEEE Access

25

Transactions on Information Theory, vol. 50, pp. 3062–3080, Dec.
2004.

[54] H. H. Sneessens and L. Vandendorpe, “Soft decode and forward
improves cooperative communications,” in 6th IEE International Con-
ference on 3G and Beyond, pp. 1 –4, Nov. 2005.

[55] R. Hu and J. Li, “Exploiting Slepian-Wolf codes in wireless user
cooperation,” in IEEE 6th Workshop on Signal Processing Advances in
Wireless Communications, 2005, pp. 275 – 279, June 2005.

[56] Y. Li, B. Vucetic, T. Wong, and M. Dohler, “Distributed turbo coding
with soft information relaying in multihop relay networks,” IEEE
Journal on Selected Areas in Communications, vol. 24, pp. 2040 –
2050, Nov. 2006.

[57] R. Hu and J. Ti, “Practical compress-forward in user cooperation:
Wyner-Ziv cooperation,” in IEEE International Symposium on Infor-
mation Theory, pp. 489 –493, July 2006.

[58] R. W. Yeung and N. Cai, “Network error correction, Part I: Basic
concepts and upper bounds,” Communications in Information and
Systems, vol. 6, no. 1, pp. 19–36, 2006.

[59] R. W. Yeung and N. Cai, “Network error correction, Part II: Lower
bounds,” Communications in Information and Systems, vol. 6, no. 1,
pp. 37–54, 2006.

[60] T. Ho, M. Medard, R. Koetter, D. Karger, M. Effros, J. Shi, and
B. Leong, “A random linear network coding approach to multicast,”
IEEE Transactions on Information Theory, vol. 52, pp. 4413 –4430,
Oct. 2006.

[61] L. Xiao, T. Fuja, J. Kliewer, and D. Costello, “A network coding
approach to cooperative diversity,” IEEE Transactions on Information
Theory, vol. 53, pp. 3714 –3722, Oct. 2007.

[62] T. Wang and G. Giannakis, “Complex field network coding for mul-
tiuser cooperative communications,” IEEE Journal on Selected Areas
in Communications, vol. 26, pp. 561 –571, April 2008.

[63] L. Hanzo, O.Alamri, M. E.Hajjar and N.Wu, Near-Capacity Multi-
Functional MIMO Systems. New York, USA : John Wiley and Sons,
2009.

[64] M. Xiao and M. Skoglund, “M-user cooperative wireless communica-
tions based on nonbinary network codes,” in IEEE Information heory
Workshop on Networking and Information Theory 2009 (ITW 2009),
pp. 316 –320, June 12-10, 2009.

[65] P. Sadeghi, D. Traskov, and R. Koetter, “Adaptive network coding for
broadcast channels,” in 2009 Workshop on Network Coding, Theory,
and Applications, pp. 80–85, June 2009.

[66] J. Rebelatto, B. Uchoa-Filho, Y. Li, and B. Vucetic, “Adaptive dis-
tributed network-channel coding for cooperative multiple access chan-
nel,” in Communications (ICC), 2011 IEEE International Conference
on, pp. 1 –5, June 2011.

[67] J. Rebelatto, B. Uchoa-Filho, Y. Li, and B. Vucetic, “Adaptive dis-
tributed network-channel coding,” IEEE Transactions on Wireless Com-
munications, vol. 10, pp. 2818 –2822, Sep. 2011.

[68] I. Maric, A. Goldsmith, and M. Medard, “Multihop analog network
coding via amplify-and-forward: The high SNR regime,” IEEE Trans-
actions on Information Theory, vol. 58, pp. 793 –803, Feb. 2012.

[69] M. Xiao, J. Kliewer, and M. Skoglund, “Design of network codes for
multiple-user multiple-relay wireless networks,” IEEE Transactions on
Communications, vol. 60, pp. 3755 –3766, Dec. 2012.

[70] H. V. Nguyen, S. X. Ng, and L. Hanzo, “Irregular convolution and
unity-rate coded network-coding for cooperative multi-user commu-
nications,” IEEE Transactions on Wireless Communications, vol. 12,
no. 3, pp. 1231–1243, 2013.

[71] L. Li, L. Wang, and L. Hanzo, “Generalized adaptive network coding
aided successive relaying for noncoherent cooperation,” IEEE Trans-
actions on Communications,, vol. 61, pp. 1750–1763, May 2013.

[72] O. Rayel, J. Rebelatto, R. Souza, B. Uchoa-Filho, and Y. Li, “Energy
efficiency of network coded cooperative communications in nakagami-
m fading,” IEEE Signal Processing Letters, vol. 20, pp. 960–963, Oct
2013.

[73] G. Moritz, J. Rebelatto, R. Demo Souza, B. Uchoa-Filho, and Y. Li,
“Time-switching uplink network-coded cooperative communication
with downlink energy transfer,” IEEE Transactions on Signal Process-
ing, vol. 62, pp. 5009–5019, Oct 2014.

[74] Y. J. Chun, M. Hasna, and A. Ghrayeb, “Adaptive network coding for
spectrum sharing systems,” IEEE Transactions on Wireless Communi-
cations, vol. 14, pp. 639–654, Feb 2015.

[75] H. Chen, Y. Li, J. Luiz Rebelatto, B. Uchoa-Filho, and B. Vucetic,
“Harvest-then-cooperate: Wireless-powered cooperative communica-
tions,” IEEE Transactions on Signal Processing, vol. 63, pp. 1700–
1711, April 2015.

[76] W. Liang, H. V. Nguyen, S. X. Ng, and L. Hanzo, “Adaptive-TTCM-
aided near-instantaneously adaptive dynamic network coding for co-
operative cognitive radio networks,” IEEE Transactions on Vehicular
Technology, vol. 65, pp. 1314–1325, March 2016.

[77] R. Bordon, S. Montejo, S. Mafra, R. Souza, J. REBELATTO, and
E. Fernandez, “Energy efficient power allocation schemes for a two-
user network-coded cooperative cognitive radio network,” IEEE Trans-
actions on Signal Processing, vol. PP, no. 99, pp. 1–1, 2016.

[78] V. Samadi-Khaftari, M. Esmaeili, and T. A. Gulliver, “Construction
of MDS convolutional error-correcting network codes over cyclic
networks,” IEEE Transactions on Communications, vol. 65, pp. 2305–
2318, June 2017.

[79] J. K. Sundararajan, D. Shah, M. Mdard, and P. Sadeghi, “Feedback-
based online network coding,” IEEE Transactions on Information
Theory, vol. 63, pp. 6628–6649, Oct 2017.

[80] E. Biglieri and M. Elia, “Multidimensional modulation and coding
for band-limited digital channels,” IEEE Transactions on Information
Theory, vol. 34, pp. 803–809, July 1988.

[81] D. Slepian, “Permutation modulation,” IEEE Proceedings of the IEEE,
vol. 53, pp. 228–236, Mar. 1965.

[82] R. Ottoson, “Group codes for phase- and amplitude-modulated signals
on a Gaussian channel,” IEEE Transactions on Information Theory,
vol. 17, pp. 315–321, May 1971.

[83] H. Sari, “A generalization of multidimensional modulation,” in Proc.
IEEE International Conference on Communications ICC 95 Seattle,
Gateway to Globalization, vol. 2, pp. 683–687, June 18–22, 1995.

[84] G. Welti, J. Lee, G. J. Foschini, and M. J. Gans, “Digital transmission
with coherent four-dimensional modulation,” IEEE Transactions on
Information Theory, vol. 6, March 1998.

[85] L. Zetterberg and H. Brandstrom, “Codes for combined phase and
amplitude modulated signals in a four-dimensional space,” IEEE Trans-
actions on Communications, vol. 25, pp. 943–950, Sep. 1977.

[86] M. Visintin, E. Biglieri, and V. Castellani, “Four-dimensional signaling
for bandlimited channels,” IEEE Transactions on Communications,
vol. 42, pp. 403–409, Feb. 1994.

[87] D. Saha and T. G. Birdsall, “Quadrature-quadrature phase-shift keying,”
IEEE Transactions on Communications, vol. 37, pp. 437–448, May
1989.

[88] L.-F. Wei, “Trellis-coded modulation with multidimensional constella-
tions,” IEEE Transactions on Information Theory, vol. 33, pp. 483–501,
July 1987.

[89] D. Saha, “Channel coding with quadrature-quadrature phase shift-
keying (Q2PSK) signals,” IEEE Transactions on Communications,
vol. 38, pp. 409–417, Apr. 1990.

[90] F. Simoens, H. Wymeersch, and M. Moeneclaey, “Spatial mapping
for MIMO systems,” in Proc. IEEE Information Theory Workshop,
pp. 187–192, Oct. 24–29, 2004.

[91] F. Simoens, H. Wymeersch, H. Bruneel, and M. Moeneclaey,
“Multidimensional mapping for bit-interleaved coded modulation
with BPSK/QPSK signaling,” IEEE Communications Letters, vol. 9,
pp. 453–455, May 2005.

[92] W. Lee, J. Cho, C.-K. Sung, H. Song, and I. Lee, “Mapping opti-
mization for spacetime bit-interleaved coded modulation with iterative
decoding,” IEEE Transactions on Communications, vol. 55, pp. 650–
655, Apr. 2007.

[93] N. Gresset, L. Brunel, and J. J. Boutros, “Spacetime coding techniques
with bit-interleaved coded modulations for MIMO block-fading chan-
nels,” IEEE Transactions on Information Theory, vol. 54, pp. 2156–
2178, May 2008.

[94] C. Stierstorfer and R. F. H. Fischer, “Asymptotically optimal mappings
for BICM with M-QAM and M2-QAM,” Electronics Letters, vol. 45,
pp. 173–174, Jan. 2009.

[95] M. Teimouri, A. Hedayat, and M. Shiva, “Concatenated bit-interleaved
coded modulation and orthogonal space-time block codes over fading
channels,” IET Communications, vol. 3, pp. 1354–1362, Aug. 2009.

[96] J. H. Winters, J. Salz, and R. D. Gitlin, “The impact of antenna
diversity on the capacity of wireless communication systems,” IEEE
Transactions on Communications, vol. 42, pp. 1740–1751, Feb. 1994.

[97] V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes
for high data rate wireless communication: Performance criterion and
code construction,” IEEE Transactions on Information Theory, vol. 44,
pp. 744–765, Mar. 1998.

[98] S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,” IEEE Journal on Selected Areas in Communications,
vol. 16, pp. 1451–1458, Oct. 1998.



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2018.2814636, IEEE Access

26

[99] O. Alamri, B. L. Yeap, and L. Hanzo, “Turbo detection of channel-
coded space-time signals using sphere packing modulation,” in Proc.
VTC2004-Fall Vehicular Technology Conference 2004 IEEE 60th,
vol. 4, pp. 2498–2502, Sept. 26–29, 2004.

[100] N. S. V. Tarokh, A. Naguib and A. Calderbank, “Space-time codes for
high data rate wireless communications: Mismatch analysis,” in Proc
IEEE International Conference on Communications ’97, (Montreal,
Canada), pp. 309–313, 1997.

[101] A. F. Naguib, V. Tarokh, N. Seshadri, and A. R. Calderbank, “A space-
time coding modem for high-data-rate wireless communications,” IEEE
Journal on Selected Areas in Communications, vol. 16, pp. 1459–1478,
Oct. 1998.

[102] O. Alamri, S. X. Ng, F. Guo, and L. Hanzo, “A purely symbol-
based precoded and LDPC-coded iterative-detection assisted sphere-
packing modulated space-time coding scheme,” in Proc. IEEE Wireless
Communications and Networking Conference WCNC 2006, vol. 3,
pp. 1201–1206, Apr. 3–6, 2006.

[103] R. Tee, R. G. Maunder, and L. Hanzo, “EXIT-chart aided near-capacity
irregular bit-interleaved coded modulation design,” IEEE Transactions
on Wireless Communications, vol. 8, pp. 32–37, Jan. 2009.

[104] L. Kong, S. Ng, R. Tee, R. Maunder, and L. Hanzo, “Reduced-
complexity near-capacity downlink iteratively decoded generalized
multi-layer space-time coding using irregular convolutional codes,”
IEEE Transactions on Wireless Communications, vol. 9, pp. 684 –695,
February 2010.

[105] U. Afsheen, P. Martin, and P. Smith, “Space time state trellis codes for
MIMO systems using reconfigurable antennas,” IEEE Transactions on
Communications, vol. 63, pp. 3660–3670, Oct 2015.

[106] J. Yater, “Signal relay systems using large space arrays,” IEEE Trans-
actions on Communications, vol. 20, pp. 1108 – 1121, Dec. 1972.

[107] M. Hasna and M.-S. Alouini, “End-to-end performance of transmission
systems with relays over Rayleigh-fading channels,” IEEE Transactions
on Wireless Communications, vol. 2, pp. 1126 – 1131, Nov. 2003.

[108] L. Yang, M. Hasna, and M.-S. Alouini, “Average outage duration
of multihop communication systems with regenerative relays,” IEEE
Transactions on Wireless Communications, vol. 4, pp. 1366 – 1371,
July 2005.

[109] M. Gastpar and M. Vetterli, “On the capacity of large Gaussian relay
networks,” IEEE Transactions on Information Theory, vol. 51, pp. 765
– 779, Mar. 2005.

[110] Z. Zhang and T. Duman, “Capacity-approaching turbo coding and
iterative decoding for relay channels,” IEEE Transactions on Commu-
nications, vol. 53, pp. 1895 – 1905, Nov. 2005.

[111] A. Host-Madsen and J. Zhang, “Capacity bounds and power allocation
for wireless relay channels,” IEEE Transactions on Information Theory,
vol. 51, pp. 2020 –2040, June 2005.

[112] Z. Zhang, X. Chai, K. Long, A. Vasilakos, and L. Hanzo, “Full duplex
techniques for 5G networks: self-interference cancellation, protocol
design, and relay selection,” IEEE Communications Magazine, vol. 53,
pp. 128–137, May 2015.

[113] X. Chen, C. Zhong, C. Yuen, and H.-H. Chen, “Multi-antenna relay
aided wireless physical layer security,” IEEE Communications Maga-
zine, vol. 53, pp. 40–46, Dec 2015.

[114] A. Ghosh, V. Paranthaman, G. Mapp, O. Gemikonakli, and J. Loo,
“Enabling seamless V2I communications: toward developing coopera-
tive automotive applications in vanet systems,” IEEE Communications
Magazine, vol. 53, pp. 80–86, Dec 2015.

[115] J. Dias, J. Rodrigues, N. Kumar, and K. Saleem, “Cooperation strate-
gies for vehicular delay-tolerant networks,” IEEE Communications
Magazine, vol. 53, pp. 88–94, Dec 2015.

[116] K.-H. Liu and P. Lin, “Toward self-sustainable cooperative relays: state
of the art and the future,” IEEE Communications Magazine, vol. 53,
pp. 56–62, June 2015.

[117] J. Kang, R. Yu, S. Maharjan, Y. Zhang, X. Huang, S. Xie, H. Bogucka,
and S. Gjessing, “Toward secure energy harvesting cooperative net-
works,” IEEE Communications Magazine, vol. 53, pp. 114–121, August
2015.

[118] B. Singh, S. Hailu, K. Koufos, A. Dowhuszko, O. Tirkkonen, R. Jantti,
and R. Berry, “Coordination protocol for inter-operator spectrum shar-
ing in co-primary 5G small cell networks,” IEEE Communications
Magazine, vol. 53, pp. 34–40, July 2015.

[119] N. Zhang, H. Zhou, K. Zheng, N. Cheng, J. Mark, and X. Shen,
“Cooperative heterogeneous framework for spectrum harvesting in
cognitive cellular network,” IEEE Communications Magazine, vol. 53,
pp. 60–67, May 2015.

[120] L. Hobert, A. Festag, I. Llatser, L. Altomare, F. Visintainer, and
A. Kovacs, “Enhancements of V2X communication in support of

cooperative autonomous driving,” IEEE Communications Magazine,
vol. 53, pp. 64–70, Dec 2015.

[121] D. Hwang, J. Choi, B. Clerckx, and G. Kim, “Mimo precoder selec-
tions in decode-forward relay networks with finite feedback,” IEEE
Transactions on Communications, vol. 59, pp. 1785 –1790, July 2011.

[122] X. Xie, B. Rong, T. Zhang, and W. Lei, “Improving physical layer
multicast by cooperative communications in heterogeneous networks,”
IEEE Wireless Communications, vol. 18, pp. 58 –63, June 2011.

[123] H. Adam, E. Yanmaz, and C. Bettstetter, “Medium access with adaptive
relay selection in cooperative wireless networks,” IEEE Transactions
on Mobile Computing, vol. 13, no. 9, pp. 2042–2057, 2014.

[124] T. Korakis, M. Knox, E. Erkip, and S. Panwar, “Cooperative network
implementation using open-source platforms,” IEEE Communications
Magazine, vol. 47, pp. 134 –141, Feb. 2009.

[125] Z. Ding, K. Leung, D. Goeckel, and D. Towsley, “Opportunistic
relaying for secrecy communications: Cooperative jamming vs. relay
chatting,” IEEE Transactions on Wireless Communications, vol. 10,
pp. 1725 –1729, June 2011.

[126] L. Chen, R. Carrasco, and I. Wassell, “Opportunistic nonorthogonal
amplify-and-forward cooperative communications,” Electronics Letters,
vol. 47, pp. 626 –628, Dec. 2011.

[127] M. Yassaee and M. Aref, “Slepian Wolf coding over cooperative relay
networks,” IEEE Transactions on Information Theory, vol. 57, pp. 3462
–3482, June 2011.

[128] F. Tian, W. Zhang, W.-K. Ma, P. Ching, and H. Poor, “An effective
distributed space-time code for two-path successive relay network,”
IEEE Transactions on Communications, vol. 59, pp. 2254 –2263, Aug.
2011.

[129] W. Hui-Ming, L. Feng, and Y. Mengchen, “Joint cooperative beam-
forming, jamming, and power allocation to secure af relay systems,”
IEEE Transactions on Vehicular Technology, vol. 64, no. 10, pp. 4893–
4898, 2015.

[130] F. Wen-Hsien, C. Chien-Fu, and L. Hung-Sheng, “Joint resource alloca-
tion and relay selection via genetic algorithm in multi-user decode-and-
forward cooperative systems,” IET Networks, vol. 3, no. 2, pp. 65–73,
2014.

[131] Y. Chen, J. Zhang, and I. Marsic, “Link-layer-and-above diversity in
multihop wireless networks,” IEEE Communications Magazine, vol. 47,
pp. 118 –124, Feb. 2009.

[132] Y. Rong and Y. Xiang, “Multiuser multi-hop mimo relay systems with
correlated fading channels,” IEEE Transactions on Wireless Communi-
cations, vol. 10, pp. 2835 –2840, Sep. 2011.

[133] W. Chin, Y. Qian, and G. Giambene, “Advances in cooperative and
relay communications [guest editorial],” IEEE Communications Mag-
azine, vol. 47, pp. 100 –101, Feb. 2009.

[134] X. S. Shen, A. Hjrungnes, Q. Zhang, P. Kumar, and Z. Han, “Guest
editorial cooperative networking – challenges and applications (part I),”
IEEE Journal on Selected Areas in Communications, vol. 30, pp. 241
–244, Feb. 2012.

[135] X. S. Shen, A. Hjorungnes, Q. Zhang, P. Kumar, and Z. Han, “Guest
editorial cooperative networking – challenges and applications (Part
II),” IEEE Journal on Selected Areas in Communications, vol. 30,
pp. 1593 –1596, Oct. 2012.

[136] A. R. Heidarpour, G. K. Kurt, and M. Uysal, “Finite-snr diversity-
multiplexing tradeoff for network coded cooperative ofdma systems,”
IEEE Transactions on Wireless Communications, vol. 16, pp. 1385–
1396, March 2017.

[137] Q. Li, W. Shi, X. Ge, and Z. Niu, “Cooperative edge caching in
software-defined hyper-cellular networks,” IEEE Journal on Selected
Areas in Communications, vol. PP, no. 99, pp. 1–1, 2017.

[138] C. Jiang, L. Kuang, Z. Han, Y. Ren, and L. Hanzo, “Information cred-
ibility modeling in cooperative networks: Equilibrium and mechanism
design,” IEEE Journal on Selected Areas in Communications, vol. 35,
pp. 432–448, Feb 2017.

[139] S. Chieochan and E. Hossain, “Cooperative relaying in Wi-Fi networks
with network coding,” IEEE Wireless Communications, vol. 19, pp. 57
–65, April 2012.

[140] S. Sharma, Y. Shi, J. Liu, Y. Hou, S. Kompella, and S. Midkiff,
“Network coding in cooperative communications: Friend or foe?,”
IEEE Transactions on Mobile Computing, vol. 11, pp. 1073 –1085,
July 2012.

[141] L. Wei and W. Chen, “Compute-and-forward network coding design
over multi-source multi-relay channels,” IEEE Transactions on Wireless
Communications, vol. 11, pp. 3348 –3357, Sept. 2012.

[142] M. Peng, C. Yang, Z. Zhao, W. Wang, and H.-H. Chen, “Cooperative
network coding in relay-based IMT-advanced systems,” IEEE Commu-
nications Magazine, vol. 50, pp. 76 –84, April 2012.



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2018.2814636, IEEE Access

27

[143] R. Niati, A. Banihashemi, and T. Kunz, “Throughput and energy
optimization in wireless networks: Joint MAC scheduling and network
coding,” IEEE Transactions on Vehicular Technology, vol. 61, pp. 1372
–1382, Mar. 2012.

[144] Q. T. Vien, B. G. Stewart, H. X. Nguyen, and O. Gemikonakli,
“Distributed space-time-frequency block code for cognitive wireless
relay networks,” IET Communications, vol. 8, no. 5, pp. 754–766, 2014.

[145] N. Soon Xin, L. Yonghui, B. Vucetic, and L. Hanzo, “Distributed irreg-
ular codes relying on decode-and-forward relays as code components,”
IEEE Transactions on Vehicular Technology, vol. 64, no. 10, pp. 4579–
4588, 2015.

[146] H. Ali and M. Kousa, “Extended low-density parity-check codes for
feedback-based cooperative diversity schemes,” IET Communications,
vol. 8, no. 6, pp. 805–812, 2014.

[147] P. Ubaidulla and S. Aissa, “Optimal relay selection and power al-
location for cognitive two-way relaying networks,” IEEE Wireless
Communications Letters, vol. 1, pp. 225 –228, June 2012.

[148] H. Kim, S. Lim, H. Wang, and D. Hong, “Optimal power allocation
and outage analysis for cognitive full duplex relay systems,” IEEE
Transactions on Wireless Communications, vol. 11, pp. 3754 –3765,
Oct. 2012.

[149] H. Yu, W. Tang, and S. Li, “Joint optimal sensing time and power
allocation for amplify-and-forward cognitive relay networks,” IEEE
Communications Letters, vol. 16, pp. 1948 –1951, Dec. 2012.

[150] J. C. Park, I. Song, and Y. H. Kim, “Outage-optimal allocation of relay
power for analog network coding with three transmission phases,” IEEE
Communications Letters, vol. 16, pp. 838 –841, June 2012.

[151] L. Lingya, H. Cunqing, C. Cailian, and G. Xinping, “Power alloca-
tion for virtual mimo-based three-stage relaying in wireless ad hoc
networks,” IEEE Transactions on Wireless Communications, vol. 13,
no. 12, pp. 6528–6541, 2014.

[152] D. Wenhan, S. Yuan, and M. Z. Win, “Distributed power allocation for
cooperative wireless network localization,” IEEE Journal on Selected
Areas in Communications, vol. 33, no. 1, pp. 28–40, 2015.

[153] C. He, L. Yonghui, J. Luiz Rebelatto, B. F. Uchoa-Filho, and
B. Vucetic, “Harvest-then-cooperate: Wireless-powered cooperative
communications,” IEEE Transactions on Signal Processing, vol. 63,
no. 7, pp. 1700–1711, 2015.

[154] P. V. Mekikis, A. S. Lalos, A. Antonopoulos, L. Alonso, and C. Verik-
oukis, “Wireless energy harvesting in two-way network coded cooper-
ative communications: A stochastic approach for large scale networks,”
IEEE Communications Letters, vol. 18, no. 6, pp. 1011–1014, 2014.

[155] W. Tianqing and Y. Hong-Chuan, “RF energy harvesting with cooper-
ative beam selection for wireless sensors,” IEEE Wireless Communica-
tions Letters, vol. 3, no. 6, pp. 585–588, 2014.

[156] L. Yi, Z. Yan, Y. Rong, and X. Shengli, “Integrated energy and
spectrum harvesting for 5G wireless communications,” IEEE Network,
vol. 29, no. 3, pp. 75–81, 2015.

[157] J. M. Park, S.-L. Kim, and J. Choi, “Hierarchically modulated network
coding for asymmetric two-way relay systems,” IEEE Transactions on
Vehicular Technology, vol. 59, pp. 2179 –2184, June 2010.

[158] W. Guo and I. Wassell, “Capacity-outage-tradeoff (COT) for cooper-
ative networks,” IEEE Journal on Selected Areas in Communications,
vol. 30, pp. 1641 –1648, Oct. 2012.

[159] X. Gong, T. Chandrashekhar, J. Zhang, and H. Poor, “Opportunistic
cooperative networking: To relay or not to relay?,” IEEE Journal on
Selected Areas in Communications, vol. 30, pp. 307 –314, Feb. 2012.

[160] C. Ying, V. K. N. Lau, and E. Yeh, “Delay optimal buffered decode-
and-forward for two-hop networks with random link connectivity,”
IEEE Transactions on Information Theory, vol. 61, no. 1, pp. 404–
425, 2015.

[161] R. AliHemmati and S. ShahbazPanahi, “Sum-rate optimal network
beamforming and subcarrier power allocation for multi-carrier asyn-
chronous two-way relay networks,” IEEE Transactions on Signal
Processing, vol. 63, no. 15, pp. 4129–4143, 2015.

[162] M. K. Arti and M. R. Bhatnagar, “Two-way mobile satellite relaying: A
beamforming and combining based approach,” IEEE Communications
Letters, vol. 18, no. 7, pp. 1187–1190, 2014.

[163] C. Zhengchuan, F. Pingyi, and K. Ben Letaief, “SNR decomposition
for full-duplex Gaussian relay channel,” IEEE Transactions on Wireless
Communications, vol. 14, no. 2, pp. 841–853, 2015.

[164] C. Zhiyong and L. Hui, “Spectrum-efficient coded modulation design
for two-way relay channels,” IEEE Journal on Selected Areas in
Communications, vol. 32, no. 2, pp. 251–263, 2014.

[165] S. Sharma, Y. Shi, Y. Hou, H. Sherali, S. Kompella, and S. Midkiff,
“Joint flow routing and relay node assignment in cooperative multi-

hop networks,” IEEE Journal on Selected Areas in Communications,
vol. 30, pp. 254 –262, Feb. 2012.

[166] Y. Jiang, F. Lau, Z. Sattar, I.-H. Ho, and Q. F. Zhou, “Paired-relay-
selection schemes for two-way relaying with network coding,” IET
Communications, vol. 9, no. 6, pp. 888–896, 2015.

[167] Y. Zhao, Y. Li, X. Chen, and N. Ge, “Joint optimization of resource al-
location and relay selection for network coding aided device-to-device
communications,” IEEE Communications Letters, vol. 19, pp. 807–810,
May 2015.

[168] G. Vasconcelos, x, F. R. es, D. B. da Costa, M. Benjillali, T. A. Tsiftsis,
and G. K. Karagiannidis, “Cooperative spectrum sharing systems with
relay selection in the presence of multiple primary receivers,” IET
Communications, vol. 8, no. 4, pp. 546–553, 2014.

[169] T. Zhao, C. Gaojie, G. Yu, C. Zhi, and J. A. Chambers, “Buffer-aided
max-link relay selection in amplify-and-forward cooperative networks,”
IEEE Transactions on Vehicular Technology, vol. 64, no. 2, pp. 553–
565, 2015.

[170] S. Zhengguo, F. Jun, C. H. Liu, V. C. M. Leung, L. Xue, and
K. K. Leung, “Energy-efficient relay selection for cooperative relaying
in wireless multimedia networks,” IEEE Transactions on Vehicular
Technology, vol. 64, no. 3, pp. 1156–1170, 2015.

[171] R. Zhang, J. Shi, Y. Zhang, and J. Sun, “Secure cooperative data
storage and query processing in unattended tiered sensor networks,”
IEEE Journal on Selected Areas in Communications, vol. 30, pp. 433
–441, Feb. 2012.

[172] A. Le and A. Markopoulou, “Cooperative defense against pollution
attacks in network coding using spacemac,” IEEE Journal on Selected
Areas in Communications, vol. 30, pp. 442 –449, Feb. 2012.

[173] Q. Yan, M. Li, Z. Yang, W. Lou, and H. Zhai, “Throughput analysis
of cooperative mobile content distribution in vehicular network using
symbol level network coding,” IEEE Journal on Selected Areas in
Communications, vol. 30, pp. 484 –492, Feb. 2012.

[174] Z. Zhang and H. Jiang, “Distributed opportunistic channel access in
wireless relay networks,” IEEE Journal on Selected Areas in Commu-
nications, vol. 30, pp. 1675 –1683, Oct. 2012.

[175] S. Singh and M. Motani, “Cooperative multi-channel access for 802.11
mesh networks,” IEEE Journal on Selected Areas in Communications,
vol. 30, pp. 1684 –1693, Oct. 2012.

[176] K.-H. Liu and H.-H. Chen, “Performance analysis of threshold relaying
with random channel access over non-identically distributed Rayleigh-
fading channels,” IEEE Journal on Selected Areas in Communications,
vol. 30, pp. 1703 –1710, Oct. 2012.

[177] A. Antonopoulos, A. S. Lalos, M. D. Renzo, and C. Verikoukis, “Cross-
layer theoretical analysis of nc-aided cooperative arq protocols in
correlated shadowed environments,” IEEE Transactions on Vehicular
Technology, vol. 64, pp. 4074–4087, Sept 2015.

[178] L. You, S. C. Liew, and L. Lu, “Network-coded multiple access ii:
Toward real-time operation with improved performance,” IEEE Journal
on Selected Areas in Communications, vol. 33, pp. 264–280, Feb 2015.

[179] X. Li, J. Yang, A. Nayak, and I. Stojmenovic, “Localized geographic
routing to a mobile sink with guaranteed delivery in sensor networks,”
IEEE Journal on Selected Areas in Communications, vol. 30, pp. 1719
–1729, Oct. 2012.

[180] P. Zhang, C. Lin, Y. Jiang, P. Lee, and J. Lui, “ANOC: Anony-
mous network-coding-based communication with efficient coopera-
tion,” IEEE Journal on Selected Areas in Communications, vol. 30,
pp. 1738 –1745, Oct. 2012.

[181] F. Mansourkiaie and M. H. Ahmed, “Joint cooperative routing and
power allocation for collision minimization in wireless sensor networks
with multiple flows,” IEEE Wireless Communications Letters, vol. 4,
no. 1, pp. 6–9, 2015.

[182] D. Wang, M. Wu, H. Wang, X. Lai, and B. Lv, “Reclaiming the
efficiency of opportunistic routing in wireless multi-hop networks,”
China Communications, vol. 11, no. 8, pp. 145–156, 2014.

[183] Y. Yang, C. Zhao, S. Yao, W. Zhang, X. Ge, and G. Mao, “Delay
performance of network coding-based epidemic routing,” IEEE Trans-
actions on Vehicular Technology, vol. PP, no. 99, pp. 1–1, 2015.

[184] Y. Gu, H. Han, X. Li, and J. Guo, “Network coding-aware routing
protocol in wireless mesh networks,” Tsinghua Science and Technology,
vol. 20, pp. 40–49, Feb 2015.

[185] H. Al-Zubaidy, C. Huang, and J. Yan, “Dynamic packet scheduler
optimization in wireless relay networks,” IEEE Journal on Selected
Areas in Communications, vol. 30, pp. 1746 –1753, Oct. 2012.

[186] J. Jose, S. Vishwanath, and L. Ying, “Queue-architecture and stability
analysis in cooperative relay networks,” IEEE Journal on Selected
Areas in Communications, vol. 30, pp. 1754 –1761, Oct. 2012.



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2018.2814636, IEEE Access

28

[187] J. Yu, H. Roh, W. Lee, S. Pack, and D.-Z. Du, “Topology control
in cooperative wireless ad-hoc networks,” IEEE Journal on Selected
Areas in Communications, vol. 30, pp. 1771 –1779, Oct. 2012.

[188] Y. Liu, L. Ni, and C. Hu, “A generalized probabilistic topology control
for wireless sensor networks,” IEEE Journal on Selected Areas in
Communications, vol. 30, pp. 1780 –1788, Oct. 2012.

[189] G. Bingyi, F. R. Yu, J. Shengming, A. Xin, and V. C. M. Leung,
“Energy-efficient topology management with interference cancellation
in cooperative wireless ad hoc networks,” IEEE Transactions on
Network and Service Management, vol. 11, no. 3, pp. 405–416, 2014.

[190] K. Zhu, D. Niyato, and P. Wang, “Dynamic service selection and
bandwidth allocation in ieee 802.16m mobile relay networks,” IEEE
Journal on Selected Areas in Communications, vol. 30, pp. 1798 –
1805, Oct. 2012.

[191] M. Hajiaghayi, M. Dong, and B. Liang, “Jointly optimal channel
and power assignment for dual-hop multi-channel multi-user relaying,”
IEEE Journal on Selected Areas in Communications, vol. 30, pp. 1806
–1814, Oct. 2012.

[192] S. M. H. Andargoli and K. Mohamed-pour, “Cooperative resource
allocation algorithms in cellular orthogonal frequency-division mul-
tiple access systems for target signal-to-interference plus noise ratio
provision,” IET Communications, vol. 8, no. 9, pp. 1488–1498, 2014.

[193] Z. Haijun, J. Chunxiao, N. C. Beaulieu, C. Xiaoli, W. Xianbin, and
T. Q. S. Quek, “Resource allocation for cognitive small cell networks:
A cooperative bargaining game theoretic approach,” IEEE Transactions
on Wireless Communications, vol. 14, no. 6, pp. 3481–3493, 2015.

[194] J. Cloud, L. Zeger, and M. Medard, “MAC centered cooperation
– synergistic design of network coding, multi-packet reception, and
improved fairness to increase network throughput,” IEEE Journal on
Selected Areas in Communications, vol. 30, pp. 341 –349, Feb. 2012.

[195] W. Chao, W. Hui-Ming, and X. Xiang-Gen, “Hybrid opportunistic
relaying and jamming with power allocation for secure cooperative
networks,” IEEE Transactions on Wireless Communications, vol. 14,
no. 2, pp. 589–605, 2015.

[196] P. Chou and Y. Wu, “Network coding for the internet and wireless
networks,” IEEE Signal Processing Magazine, vol. 24, pp. 77 –85,
Sept. 2007.

[197] E. Soljanin, “Network multicast with network coding [lecture notes],”
IEEE Signal Processing Magazine, vol. 25, pp. 109 –112, Sep. 2008.

[198] Y. Chen and S. Kishore, “On the tradeoffs of implementing randomized
network coding in multicast networks,” IEEE Transactions on Commu-
nications, vol. 58, pp. 2107 –2115, July 2010.

[199] C. Fragouli and E. Soljanin, “Network coding fundamentals,” Founda-
tion and Trends in Networking, vol. 2, no. 1, pp. 1–133, 2007.

[200] Z. Zhang, “Theory and applications of network error correction cod-
ing,” Proceedings of the IEEE, vol. 99, pp. 406 –420, Mar. 2011.

[201] Y. R.W., C. N. Li S.-Y.R., and Z. Z., “Network coding theory,”
Network Coding Theory, Foundations and Trends in Communication
and Information Theory, vol. 2, no. 4 and 5, pp. 241–381, 2006.

[202] D. Traskov, M. Heindlmaier, M. Medard, and R. Koetter, “Scheduling
for network-coded multicast,” IEEE/ACM Transactions on Networking,
vol. 20, pp. 1479 –1488, Oct. 2012.

[203] R. W. Yeung, Information Theory and Network Coding. New York,
USA: Springer, 2010.

[204] N. Cai and R. Yeung, “Secure network coding,” in IEEE International
Symposium on Information Theory, 2002, p. 323, June-July 2002.

[205] N. Cai and R. Yeung, “Secure network coding on a wiretap network,”
IEEE Transactions on Information Theory, vol. 57, pp. 424 –435, Jan.
2011.

[206] S. El Rouayheb, E. Soljanin, and A. Sprintson, “Secure network coding
for wiretap networks of Type II,” IEEE Transactions on Information
Theory, vol. 58, pp. 1361 –1371, Mar. 2012.

[207] O. Kosut, L. Tong, and D. Tse, “Nonlinear network coding is necessary
to combat general Byzantine attacks,” in 47th Annual Allerton Confer-
ence on Communication, Control, and Computing, 2009, pp. 593–599,
Sept 2009.

[208] Q. Li, S. H. Ting, and C. K. Ho, “Nonlinear network code for high
throughput broadcasting with retransmissions,” in IEEE International
Symposium on Information Theory, 2009, pp. 2853–2857, June 2009.

[209] T. Chan, “On the optimality of group network codes,” in Proceedings.
International Symposium on Information Theory,ISIT 2005, pp. 1992–
1996, Sept 2005.

[210] W. Mao, M. Thill, and B. Hassibi, “On group network codes: Ingleton-
bound violations and independent sources,” in 2010 IEEE International
Symposium on Information Theory Proceedings, pp. 2388–2392, June
2010.

[211] P. Krishnan and B. Rajan, “A matroidal framework for network-error
correcting codes,” IEEE Transactions on Information Theory, vol. 61,
pp. 836–872, Feb 2015.

[212] B. Li and Y. Wu, “Network coding [scanning the issue],” Proceedings
of the IEEE, vol. 99, pp. 363 –365, Mar. 2011.

[213] S.-Y. Li, Q. Sun, and Z. Shao, “Linear network coding: Theory and
algorithms,” Proceedings of the IEEE, vol. 99, pp. 372 –387, Mar.
2011.

[214] R. Ahlswede, N. Cai, and R. Yeung, “Network information flow
theory,” in IEEE International Symposium on Information Theory,
1998, p. 186, Aug. 1998.

[215] R. Koetter and F. R. Kschischang, “Coding for errors and erasures
in random network coding,” in IEEE International Symposium on
Information Theory, 2007 (ISIT 2007)., pp. 791 –795, June 2007.

[216] R. Koetter and F. Kschischang, “Coding for errors and erasures in
random network coding,” IEEE Transactions on Information Theory,
vol. 54, pp. 3579 –3591, Aug. 2008.

[217] Z. Zhang, “Linear network error correction codes in packet networks,”
IEEE Transactions on Information Theory, vol. 54, pp. 209 –218, Jan.
2008.

[218] C. Wang, M. Xiao, and M. Skoglund, “Diversity-multiplexing tradeoff
analysis of coded multi-user relay networks,” IEEE Transactions on
Communications, vol. 59, pp. 1995 –2005, July 2011.

[219] J. Rebelatto, B. Uchoa Filho, Y. Li, and B. Vucetic, “Multi-user
cooperative diversity through network coding based on classical coding
theory,” IEEE Transactions on Signal Processing, vol. 60, pp. 916–926,
Feb. 2012.

[220] H. V. Nguyen, C. Xu, S. X. Ng, and L. Hanzo, “Non-coherent near-
capacity network coding for cooperative multi-user communications,”
IEEE Transactions on Communications, vol. 60, no. 10, pp. 3059–3070,
2012.

[221] H. V. Nguyen, Z. Barbar, S. X. Ng, M. Mazzotti, L. Iacobelli and
L. Hanzo, “Network coded MIMO aided cooperative communications
in the ambulance-and-emergency area,” in MoWNet’2014, September
2014.

[222] H. V. Nguyen, S. X. Ng, and L. Hanzo, “Performance bounds of net-
work coding aided cooperative multiuser systems,” Signal Processing
Letters, IEEE, vol. 18, no. 7, pp. 435–438, 2011.

[223] M. Xiao and M. Skoglund, “Design of network codes for multiple-user
multiple-relay wireless networks,” in IEEE International Symposium on
Information Theory, 2009. (ISIT 2009), pp. 2562 –2566, June 2009.

[224] J. L. Rebelatto, B. F. Uchoa-Filho, and D. Silva, “Full-diversity
network coding for two-user cooperative communications,” in 2011
IEEE Information Theory Workshop (ITW), pp. 543 –547, Oct. 2011.

[225] B. Li and D. Niu, “Random network coding in peer-to-peer networks:
From theory to practice,” Proceedings of the IEEE, vol. 99, pp. 513
–523, march 2011.

[226] M. Karzand, D. J. Leith, J. Cloud, and M. Mdard, “Design of FEC for
low delay in 5G,” IEEE Journal on Selected Areas in Communications,
vol. 35, pp. 1783–1793, Aug 2017.

[227] R. Kim, J. Jin, and B. Li, “Scattered random network coding for effi-
cient transmission in multihop wireless networks,” IEEE Transactions
on Vehicular Technology, vol. 60, pp. 2383 –2389, jun 2011.

[228] Hoffman, K. M. and Kunze, R., Linear Algebra, Second Edition.
Englewood Cliffs, NJ: Prentice Hall, 1971.

[229] K. Loa, C.-C. Wu, S.-T. Sheu, Y. Yuan, M. Chion, D. Huo, and
L. Xu, “IMT-advanced relay standards [wimax/lte update],” IEEE
Communications Magazine, vol. 48, pp. 40 –48, Aug. 2010.

[230] A. Ghosh, R. Ratasuk, B. Mondal, N. Mangalvedhe, and T. Thomas,
“LTE-advanced: next-generation wireless broadband technology [In-
vited Paper],” IEEE Wireless Communications, vol. 17, pp. 10 –22,
June 2010.



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2018.2814636, IEEE Access

29

Hung Viet Nguyen (S’09-M’14) received the
B.Eng. degree in Electronics & Telecommunica-
tions from Hanoi University of Science and Tech-
nology (HUST), Hanoi, Vietnam, in 1999 and his
M.Eng. in Telecommunications from Asian Insti-
tute of Technology (AIT), Bangkok, Thailand, in
2002. Since 1999 he has been a lecturer at the
Post & Telecommunications Institute of Technology
(PTIT), Vietnam. He worked for the OPTIMIX and
CONCERTO European as well as EPSRC funded
projects. He is currently a research fellow at 5G

Innovation Centre, University of Surrey, UK. His research interests include
cooperative communications, channel coding, network coding and quantum
communications.

Soon Xin Ng (S’99-M’03-SM’08) received the
B.Eng. degree (First class) in electronic engineering
and the Ph.D. degree in telecommunications from
the University of Southampton, Southampton, U.K.,
in 1999 and 2002, respectively. From 2003 to 2006,
he was a postdoctoral research fellow working on
collaborative European research projects known as
SCOUT, NEWCOM and PHOENIX. Since August
2006, he has been a member of academic staff in
the School of Electronics and Computer Science,
University of Southampton. He is involved in the

OPTIMIX and CONCERTO European projects as well as the IU-ATC and
UC4G projects. He is currently an Associate Professor in telecommunications
at the University of Southampton. His research interests include adaptive
coded modulation, coded modulation, channel coding, space-time coding, joint
source and channel coding, iterative detection, OFDM, MIMO, cooperative
communications, distributed coding, quantum error correction codes and joint
wireless-and-optical-fibre communications. He has published over 200 papers
and co-authored two John Wiley/IEEE Press books in this field. He is a
Senior Member of the IEEE, a Chartered Engineer and a Fellow of the Higher
Education Academy in the UK.

Wei Liang received her M.Sc. and Ph.D. degree in
wireless communication at University of Southamp-
ton, Southampton, U.K in 2010 and 2015, respec-
tively. She is a Research Fellow in Lancaster Uni-
versity now. Her research interests include adaptive
coded modulation, network coding, matching theory,
game theory, cooperative communication, cognitive
radio network and Non-orthogonal multiple access
scheme.

Pei Xiao (SM’11) is a professor of Wireless Com-
munications at the Institute for Communication Sys-
tems, home of 5G Innovation Centre (5GIC) at the
University of Surrey. He is the technical manager of
5GIC, leading the research team at on the new phys-
ical layer work area, and coordinating/supervising
research activities across all the work areas within
5GIC (www.surrey.ac.uk/5gic research). Prior to
this, he worked at Newcastle University and Queens
University Belfast. He also held positions at Nokia
Networks in Finland. He has published extensively

in the fields of communication theory and signal processing for wireless
communications.

Lajos Hanzo (M’91-SM’92-F’04) received his de-
gree in electronics in 1976 and his doctorate in
1983. In 2009 he was awarded the honorary doc-
torate “Doctor Honoris Causa” by the Technical
University of Budapest. During his 38-year career
in telecommunications he has held various research
and academic posts in Hungary, Germany and the
UK. Since 1986 he has been with the School of
Electronics and Computer Science, University of
Southampton, UK, where he holds the chair in
telecommunications. He has successfully supervised

about 100 PhD students, co-authored 20 John Wiley/IEEE Press books on
mobile radio communications totalling in excess of 10 000 pages, published
1400+ research entries at IEEE Xplore, acted both as TPC and General
Chair of IEEE conferences, presented keynote lectures and has been awarded
a number of distinctions. Currently he is directing a 100-strong academic
research team, working on a range of research projects in the field of
wireless multimedia communications sponsored by industry, the Engineering
and Physical Sciences Research Council (EPSRC) UK, the European Research
Councils Advanced Fellow Grant and the Royal Societys Wolfson Research
Merit Award. He is an enthusiastic supporter of industrial and academic liaison
and he offers a range of industrial courses. Lajos is a Fellow of the Royal
Academy of Engineering, of the Institution of Engineering and Technology,
and of the European Association for Signal Processing. He is also a Governor
of the IEEE VTS. During 2008–2012 he was the Editor-in-Chief of the
IEEE Press and a Chaired Professor also at Tsinghua University, Beijing.
He has 30 000+ citations. For further information on research in progress and
associated publications please refer to http://www.wireless.ecs.soton.ac.uk.


