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Network coding is a coding approach which can be utilized to enhance network capacity in comparison with conventional route procedure in a computer communication network [1–3]. Traditionally, routing is used in a classical communication network, e.g., internet, for information packets delivery, in which the received packets by the intermediate (relay) nodes between the source nodes and the destination nodes are simply stored and forwarded. Network coding protocols, however, allow the relay nodes to combine the received packets from different nodes for information delivery. It is shown in [1] that the maximum network throughput provided by the max-flow min-cut flow bound can be achieved by using network coding for the multicast case.

Network coding is proposed in [1] to solve the problem of defining admissible coding rate region, in which by using blocks code, the decoding error probability can be arbitrarily small. It reveals that, in general, multicasting information by store-and-forward is not an optimal solution. Rather, by combining and coding the received information at a relay node using network coding, bandwidth efficiency can be improved. In [1], directed graphs with error-free edges are used to represent the networks. Wired networks where links are usually lossless, e.g., an Internet backbone, can be described by this model. In [4, 5], linear network coding schemes are investigated which show that the network coding schemes can improve the network capacity. These works form the basis of network coding theory.

On the other hand, the network coding techniques applied in other network scenarios, such as, networks with transmission errors and undirected networks, are also being investigated. In a lossy network, information transmission errors cannot be avoided due to factors such as channel fading, interference, or mobility of devices. In this case, reliable transmission techniques, such as channel coding and network coding, are needed to protect the propagation errors. In [2, 3, 6], network error correction coding techniques are developed to solve the problem. For an error correction network code, if all error patterns less than or equal to the maximum number t of errors can be corrected, then we call that code having t error correction capability. Further works on error correction network codes can be found in [7, 8] for performance bounds, coding and decoding methods [9–11].

It's worth noting that the aforementioned study focuses on network coding in directed networks. In [12], the network coding approach is applied to undirected networks for the first time, demonstrating the capability to improve network throughput. The bounds on throughput are further investigated in [14–16] as a result of this work.

Although network coding was originally proposed for use at the network layer, its numerous advantages have prompted academics to consider using it at other protocol layers. The electromagnetic (EM) waves transmitted by different source nodes can be combined directly at a relay node over the air. As a result, rather than treating one EM wave while regarding others as interference, multiple EM waves can be mixed to generate an output signal [17]. Such a coding scheme is known as the physical layer netowrk coding (PNC) scheme. Performance in terms of throughput, dependability, and latency of the PNC system have been studied in [17–19]. The advantages of PNC are proven by evaluating and comparing system performance in terms of the bit error rate and throughput of various transmission systems in [20] for a two-way relay network.

Other issues with network coding in terms of the size, the number of nodes for encoding and computing complexity have been studied in e.g., [13, 21, 22], etc. In addition to developing a theory of network coding, the application is expanded from multicast to other performance and other traffic configurations [23, 24].


1.1 PHYSICAL LAYER LATTICE NETWORK CODING AND SOFT INFORMATION DELIVERY


1.1.1 LATTICE CODING

Lattice codes have been used comprehensively to enhance spectrum efficiency in network coding schemes [25–28]. The lattice code pattern enables simultaneous transmissions from multiple sources to a relay with multi-user interference, resulting in high spectrum efficiency. [25] proposes a compute-and-forward strategy for achieving significantly higher rates by leveraging user interference.

Instead of treating the interference as noise, the relays use lattice codes to decode the linear combinations of transmitted signals into integer combinations of codewords. Based on the PNC [28] schemes, [27] develops a general algebraic framework called lattice network coding. The compute-and-forward strategy is reinterpreted in a generalized construction in the lattice network coding scheme, resulting in a type of linear network coding over modules. In this book, nested codes are reconstructed using lattices to achieve high spectrum efficiency. In Chapter 4, we investigate a multi-way relay channel (MWRC) [29–31], in which all users exchange information via a relay node. For the MWRC model, we develop nested convolutional lattice codes (NCLC) over a finite field enabling multiple interpretations for each user in two time slots.

Although the proposed NCLC improves spectrum efficiency, the decoding complexity grows exponentially as lattice dimensions increase. To reduce the coding and decoding complexity, non-binary low-density generator matrix (LDGM) codes are used in Chapter 5 to construct the lattice network codes. It has been shown that the complexity can be significantly reduced.



1.1.2 PNC SOFT INFORMATION AND DELIVERY

To improve the capacity of multiple access relay channels, network coding has been employed in cooperative relay networks [33, 34], and protocols aimed at these networks are known as PNC protocols [35, 36]. In PNC protocols, intermediate nodes directly combine analog signals from various source nodes [20, 36].

In PNC, the amplify-and-forward (AF) [37] and decode-and-forward (DF) [38] relay protocols have been extensively studied. The AF protocol amplifies the incoming signal and forwards it to the sink node, causing noise amplification at the relay; the DF protocol, on the other hand, first decodes the received signal, and then forwards the re-encoded signal to the sink node. It has the disadvantage of propagating erroneous decisions to the destination.

As a result, a new relaying technique known as soft information forwarding (SIF) was proposed to improve error performance by passing intermediate soft decisions at the relay [39–42]. Log-likelihood ratio (LLR) [39], soft symbol [40], or soft mutual information [41, 42] are examples of soft information.

These SIF protocols are, however, examined in single-way or two-way relay channels that do not apply directly to multi-source general relay channels, when multiple source nodes communicate with the sink node by relay. In wireless networks, such as wireless sensor networks, multiple access relay channels (MARC) are frequent and basic building pieces. Wireless network coding has been used in the MARC to improve network performance [43, 44]. Furthermore, it is usual in WSN for two source nodes in the MARC to have correlated information [45, 46].

With NC at the relay, redundant information will be contained in the network coded symbols of the correlated sources which can be compressed before transmitting the information to the destination. However, only unrelated sources are taken into account by present SIF protocols. Then it becomes a worthy research problem to effectively reduce redundancies in network coded signals at relay nodes.

The relay node produces the soft symbols in the soft-symbol based SIF protocol [40], also known as estimate-and-forward (EF), by calculating the minimal mean squared errors (MMSE) estimations of the received symbols at the relay. The EF protocol is shown to be able to maximize the signal-to-noise (SNR) at the destination, thus achieving better error performance than the AF and DF protocols.

Mutual information forwarding (MIF) [41, 42, 47, 48] is another recent soft information relaying protocol in which relay nodes forward symbol-wise mutual information (SMI) to the sink node. Results in [47] show that the MIF protocol outperforms the EF protocol in terms of error performance.

Relay protocol research has expanded to include increasingly complex wireless networks, such as those with two-way relay channels. This model has recently received a lot of attention because of its potential application in future wireless cooperation systems [41, 49–52].

Over fading two-way relay channels, all of these SIF protocols have been shown to outperform both AF and DF procedures.
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