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. Compared to orthogonal multiple access (OMA) techniques, NOMA is superior in terms of spectral efficiency and is thus appropriate for 5G and Beyond. In this chapter, we provide an overview of NOMA principles and applications.Specifically, the chapter study and analysis the performance of two-way cooperative NOMA networks.

Introduction

Every generation of cellular networks comes with new standards, techniques and features, differentiating it from the previous one. In line with that, the next generation cellular systems, the fifth generation (5G) and beyond, are expected to support various advanced services including multimedia applications, Internet-of-Things (IoT)-based applications, and vehicle-to-everything (V2X) [START_REF] Boccuzzi | Introduction to Cellular Mobile Communications[END_REF]. These innovative use cases are leading the gigantic growth of mobile traffic, which is in turn introducing radio spectrum scarcity as one of the most critical challenges that 5G and Beyond should deal with. In this chapter, we explore the concept of non-orthogonal multiple access (NOMA) method for the upcoming 5G networks. All of the current cellular networks implement orthogonal multiple access (OMA) techniques such as time division multiple access (TDMA), frequency division multiple access (FDMA) or code division multiple access (CDMA) together. However, none of these techniques can meet the high demands of future radio access systems. The characteristics of the OMA schemes can be summarized as follows. In TDMA, the information for each user is sent in non-overlapping time slots [START_REF] Tse | Multiuser Capacity and Opportunistic Communication, Fundamentals of Wireless Communication[END_REF], so that TDMA-based networks require accurate timing synchronization, which can be challenging, particularly in the uplink. In FDMA implementations, such as orthogonal frequency division multiple access (OFDMA), information for each user is assigned to a subset of subcarriers [START_REF] Tse | Multiuser Capacity and Opportunistic Communication, Fundamentals of Wireless Communication[END_REF]. CDMA utilizes codes in order to separate the users over the same channel [START_REF] Tse | Multiuser Capacity and Opportunistic Communication, Fundamentals of Wireless Communication[END_REF]. NOMA is fundamentally different than these multiple access schemes which provide orthogonal access to the users either in time, frequency, code or space. In NOMA, each user operates in the same band and at the same time where they are distinguished by their power levels. NOMA uses superposition coding at the transmitter such that the successive interference cancellation (SIC) receiver can separate the users both in the uplink and in the downlink channels. NOMA was proposed as a candidate radio access technology for 5G cellular systems [START_REF] Saito | System Level Performance Evaluation of Downlink Non-Orthogonal Multiple Access (NOMA)[END_REF][START_REF] Saito | Non-Orthogonal Multiple Access (NOMA) for Future Radio Access[END_REF]. Practical implementation of NOMA in cellular networks requires high computational power to implement real-time power allocation and successive interference cancellation algorithms. By 2020, the time that 5G networks are targeted to be deployed, the computational capacity of both handsets and access points is expected to high enough to run NOMA algorithms. In this chapter, we present the fundamentals and capacity limits of NOMA as a future radio access technology. The imperfectness in the SIC receiver and its impact on the overall capacity is also presented. We further contribute to the literature by demonstrating the improved energy and spectral efficiencies with NOMA over-conventional OFDMA.

NOMA (non-orthogonal multiple access)

Le concept de NOMA (non-orthogonal multiple access) a été récemment proposé comme une solution émergente pour garantir une performance importante et une meilleure efficacité spectrale. Contrairement à la technique OMA(orthogonal multiple access), où les utilisateurs sont servis dans un spectre exclusivement attribué, NOMA permet de prendre en charge un nombre arbitraire d'utilisateurs en utilisant le même spectre, le même temps et les mêmes ressources de fréquence via un seul canal sans fil. Les systèmes NOMA offrent des performances plus importantes par rapport aux systèmes OMA. Afin d'obtenir une meilleure performance, NOMA est utilisé dans les communications coopératives en considérant différents protocoles coopératifs tels que Amplify-and-forward (AF), Decodeand-forward (DF) et Hybrid AF-DF. L'efficacité spectrale des réseaux NOMA coopératifs pourrait être encore améliorée lorsque NOMA est associé à la transmission bidirectionnelle.

Power-Domain Downlink NOMA

Figure 1 presents a simple NOMA system consisting of a single BS and two users, each equipped with a single antenna. Suppose that x 1 and x 2 are the signals to be transmitted from the BS to users 1 and 2, respectively. The BS transmits the superposition coded signal as

S = √ P 1 x 1 + √ P 2 x 2 (1) 
where P i , i = 1, 2, is the transmit power for user i and the message signal x i , i = 1, 2, is of unit power, i.e., E |x i | 2 = 1, with E {.} = 1 as the expectation operator. The total transmit power of users 1 and 2 can then be written as

y i = h i s + n i (2)
, where h i is the channel gain between the BS and user i and n i represents the Gaussian noise plus interferences with power spectral density N f,i For a multicell scenario, the inter-cell interference is also included in n i To separate different users' signals, SIC is used at the receivers. The optimal decoding order of SIC is in the decreasing order of the strengths of the users' channels, determined by |h i | 2 /N f,i With this order, each user can substantially eliminate interferences from the signals of other users whose decoding orders appear after that user. Therefore, user 1 (with the maximum channel strength |h i | 2 /N f,i ) , alternatively called the strong user, can cancel the interference from user 2 (with the least channel strength |h i | 2 /N f,i ) , referred to as the weak user. It is worth noting that the BS periodically performs the SIC ordering based on the channel state information (CSI) feedback received from users, and the users get the updated information on the SIC ordering from the BS. Without loss of generality, it can be stated that a user with a weaker channel strength (i.e., weak user) is allocated higher power compared to a user with a stronger channel strength (strong user) to increase its signal-to-interference-plus-noise ratio (SINR). For the 2-user NOMA with |h 1 | 2 /N f,1 > |h 2 | 2 /N f,2 (and hence P 1 < P 2 ), only user 1 performs SIC. It first decodes x 2 , the signal of user 2, and subtracts it from the received signal y 1 , after which it decodes its own signal. User 2 treats x 1 , the signal of user 1, as noise and thus directly decodes its own signal from y 2 without SIC. If SIC is perfect, the achievable data rate of the NOMA user i, R N OM A i for a transmission BW of 1 Hz can thus be written as

R N OM A 1 = log 2 (1 + P 1 |h 1 | 2 /N f,1 ) (3) 
R N OM A 2 = log 2 (1 + P 2 |h 2 | 2 /(P 1 |h 2 | 2 N f,2 )) (4) 
The achievable sum capacity is

R N OM A = R N OM A 1 + R N OM A

2

. Equations ( 3) and ( 4) suggest that the BS can control the data rate of each user by tuning the power allocation coefficients α 1 and α 2 , with α 1 = P 1/P and α 2 = P 2/P . To get a comparative understanding of the data rate performances of NOMA and OMA, we consider the 2-user FDMA scheme sketched in Figure 2, where the 1 Hz transmission BW is divided for the two users --user 1 uses W Hz while user 2 uses the remaining 1 W Hz of the BW and the power allocation ratio ( α 1 : α 2 = P 1 : P 2 ) remains the same as for the NOMA scheme. Then, the achievable data rate of the OMA user i, R OM A i can be written as 

R OM A 1 = W log 2 (1 + P 1 |h 1 | 2 /W N f,1 ) (5) 
R OM A 2 = (1 -W ) log 2 (1 + P 2 |h 2 | 2 /(1 -W )N f,2 ) (6) 
The achievable sum capacity is

R OM A = R OM A 1 + R OM A 2 
Equations ( 5) and ( 6) suggest that no OMA user suffers from the interference from the signal of the other user, unlike NOMA as indicated by (4). In Figure 3, we present the data rate regions of both downlink NOMA and OMA by plotting the data rate of a user with respect to the data rate of the other user at different power allocation ratios with h 1 = 10 and h 2 = 1 . As noticed, the rate region of NOMA is much wider compared to OMA. For example, if we expect the data rate of user 2 to be 1 bit/Hz, the achievable rate of user 1 for NOMA is approximately 9 bits/Hz, which is much higher than that for OMA with equal BW sharing. This is because the data rate of NOMA user 1 is bandwidth-limited rather than power-limited. Although a small transmission power is allocated to user 1 compared to user 2, its high channel gain ( i.e., |h 1 | 2 /N f,1 ) and the use of SIC allows the user to take advantage of the utilization of the full BW. It is possible to increase the rate of OMA user 2 if a significant fraction of BW is assigned to this user. However, it causes a severe reduction in the data rate of OMA user 1. Moreover, as presented in Figure 4, we notice that NOMA significantly outperforms OMA in terms of the sum capacity irrespective of the BW allocation ratio. Note that we considered asymmetric channel condition (different channel gains for users 1 and 2) to perform the above comparisons on the data rate regions. We can find that OMA and NOMA provide identical data rate regions in a symmetric channel environment--multiplexing in power domain does not become advantageous as the signals of both users undergo the same interference and noise [START_REF] Higuchi | Non-Orthogonal Multiple Access (NOMA) with Successive Interference Cancellation[END_REF]. Therefore, compared to OMA, NOMA in cellular downlink provides higher sum capacity and performs a better tradeoff between system efficiency and user fairness when the channel conditions are different among users. It is demonstrated that other forms of OMA techniques including TDMA and orthogonal frequency-division multiple access (OFDMA) are also significantly outperformed by NOMA in terms of throughput under different settings [START_REF] Dai | A Survey of Non-Orthogonal Multiple Access for 5G[END_REF]. As a generalization of the 2-user case, for a K -user downlink NOMA with

|h 1 | 2 /N f,k > |h 2 | 2 /N f,k > |h 3 | 2 /N f,k ... > |h k | 2 /N f,k ...|h k | 2 /N f,k
(and hence P 1 < P 2 < ... < P kk < ...P k ) and 1 Hz BW, the data rate of user 1 remains the same as of (3), while the data rate of any other user k is represented as

R N OM A k = log 2 (1+P k |h k | 2 / k-1 j=1 P j |h k | 2 +N f,k ) (7)
Although theoretically there is no limitation on the number of NOMA users, from a practical viewpoint, NOMA in downlink is applied to a small number of users (typically two or three) in a cluster; for a large number of users, there is a degradation in the bit error rate due to error propagation primarily originated from imperfect SIC. Also, as the number of users in a cluster increases, end user devices require more computing power and higher energy, which might not be feasible in practice, especially for resource-constrained devices. Also, it is worth noting that power-domain NOMA in downlink has been standardized in the 3rd Generation Partnership Project (3GPP) LTE Release 13, referred to as multiuser superposition transmission (MUST) [START_REF]Study on Downlink Multiuser Superposition Transmission for LTE[END_REF]. 

Power-Domain Uplink NOMA

√ P i h i x i + n (8
) where P i is the transmit power for user i, with E |x i | 2 = 1 , and n represents the Gaussian noise plus interferences with power spectral density N f . In general, the BS broadcasts a downlink reference signal based on which each user performs channel estimation. Thus, they can regulate their transmit power to either P 1 or P 2 , depending upon their channel gains. User 1 is again marked as the strong user experiencing a higher channel gain compared to user 2, the weak user. Upon receiving the superposed signal, the BS performs SIC to separate the users' signals. The BS first decodes the signal of user 1 by treating the signal of user 2 as noise [START_REF] Tabassum | Uplink Vs. Downlink NOMA in Cellular Networks: Challenges and Research Directions[END_REF], then subtracts the decoded signal of user 1x 1 from the received signal (y). From the remaining, the signal of user 2 x1 is then decoded. Therefore, in uplink NOMA, user 1 experiences interference from user 2, whereas user 2 receives no interference from user 1 since user 1's signal is removed prior to decoding user 2's signal. In contrast, user 2 in downlink NOMA experiences interference from user 1, whereas user 1 does not suffer interférences from user 1 since user 2's signal is removed prior to decoding user 1's signal. If SIC is perfect, the achievable data rate of the NOMA user i, R N OM A i for a transmission BW of 1 Hz is expressed as

R N OM A 1 = log 2 (1 + P 1 |h 1 | 2 /(P 2 |h 2 | 2 + N f )) (9) R N OM A 2 = log 2 (1 + P 2 |h 2 | 2 /N f ) (10) 
The achievable sum capacity is

R N OM A = R N OM A 1 + R N OM A 2
. One can easily understand that the same equations ( 5) and ( 6) can also be utilized to calculate the achievable data rates of the uplink OMA users 1 and 2 after replacing N f,i with N f . Like downlink NOMA, uplink NOMA can also be shown to be superior in terms of achievable data rate and sum capacity by comparing ( 9) and [START_REF] Higuchi | Non-Orthogonal Multiple Access (NOMA) with Successive Interference Cancellation[END_REF] with their OMA counterparts [START_REF] Higuchi | Non-Orthogonal Multiple Access (NOMA) with Successive Interference Cancellation[END_REF]. As a generalization of the 2-user case, for a K -user uplink NOMA with

|h 1 | 2 /N f > |h 2 | 2 /N f > |h 3 | 2 /N f ... > |h k | 2 /N f ...|h k | 2 /
N f (and hence P 1 < P 2 < ... < P kk < ...P k ) and 1 Hz BW, the data rate of user k, k = 1, 2, ... , K 1, and K can be written as

R N OM A k = log 2 (1 + P k |h k | 2 / k j=k+1 P j |h j | 2 + N f ) (11) R N OM A k = log 2 (1 + P k |h k | 2 /N f ) (12) 
Unlike downlink NOMA, uplink NOMA can accommodate a relatively larger number of users because BS can usually be equipped with required computing power and energy. Moreover, BS can apply more computing-intensive decoding schemes to reduce the impact of interferences. Therefore, uplink NOMA is preferable to downlink NOMA for massive machine type communications [START_REF] Smr Islam | NOMA in 5G Systems: Exciting Possibilities for Enhancing Spectral Efficiency[END_REF].

Code-Domain NOMA

In contrast to power-domain NOMA, the code-domain NOMA achieves multiplexing in the code domain. The notion of the latter is motivated by the classic CDMA systems, in which several users share the same time-frequency resources, while utilizing unique user-specific spreading sequences. However, compared to CDMA, the unique feature of the code-domain NOMA is that the spreading sequences are limited to sparse sequences (alternatively called low-density sequences) or non-orthogonal low cross-correlation sequences. The most basic form of code-domain NOMA is the low-density spreading-CDMA (LDS-CDMA) [START_REF] Hoshyar | Novel Low-Density Signature for Synchronous CDMA Systems over AWGN Channel[END_REF]. To understand how LDS-CDMA works, we start with a brief discussion on the working principle of a classical CDMA system. In a CDMA system, a user-specific high-rate pseudo-noise spreading sequence is first generated. The sequence is then divided into a number of chips. Next, the low-rate symbol of the user is spread over each chip before transmission. At the same time, other users in the system also transmit their symbols by using their respective spreading sequences. At the receiving side, the signals received during all the chips need to be combined to separate the different signals by despreading the signals using the same spreading sequences as transmission. Here, the elements of the spreading sequences are generally non-zero, i.e., the spreading sequences are not sparse. Therefore, the signals received from all the active users are overlaid on top of each other at each chip, and each user will experience inter-user interference imposed by all the other users. The CDMA system described above is called non-orthogonal type, where the spreading sequences are non-orthogonal. On the other hand, orthogonal CDMA systems use orthogonal spreading sequences and it is straightforward to remove the interferences. Therefore, a simple correlation receiver is sufficient to detect the signal of a user. However, an orthogonal CDMA system can support only as many users as the number of chips. In contrast, the non-orthogonal CDMA system has many more codes than the number of chips in a sequence, but since the codes are nonorthogonal, they suffer from inter-user interferences. Hence, the receiving side in an non-orthogonal CDMA system requires more complex multi-user detection (MUD)s. On that, the idea of LDS-CDMA emerges, which uses sparse spreading sequences (i.e., the number of non-zero elements in the spreading sequence is much lower than the number of chips) instead of the classic "fully-populated" spreading sequences to support more users than orthogonal counterpart with reduced interference. Since all symbols are modulated onto sparse spreading sequences before transmission, each user will only spread its data over a small number of chips resulting in a less number of superposed signals (and hence, reduced amount of effective density spreading sequences enables LDS-CDMA to offer improved system performances by using low-density spreading sequences, when compared to conventional CDMA. Another family of code-domain NOMA is LDS-OFDM, which can be thought of as an amalgamation of LDS-CDMA and orthogonal frequencydivision multiplexing (OFDM) [START_REF] Hoshyar | LDS-OFDM an Efficient Multiple Access Technique[END_REF]; the original data streams are first multiplied with the low-density spreading sequences and then transmitted over different subcarriers. The operation of LDS-CDMA thus becomes analogous to multicarrier (MC) CDMA (MC-CDMA), keeping all the benefits of OFDM-based MC transmissions in terms of its inter symbol interference avoidance, together with MUD-mediated LDS-CDMA operating at a lower complexity. Sparse code multiple access (SCMA) [START_REF] Nikopour | Sparse Code Multiple Access[END_REF] is a recent code-domain NOMA technique based on LDS-CDMA. In contrast to LDS-CDMA, the procedure of bit to quadrature amplitude modulation symbol mapping and spreading are combined together and input data streams are directly mapped into a multidimensional codeword of an SCMA codebook set. Compared to LDS-CDMA, SCMA provides a lowcomplexity reception technique and offers better performances. The reader is referred to [START_REF] Mohammadkarimi | Signature-Based Non-orthogonal Massive Multiple Access for Future Wireless Networks: Uplink Massive Connectivity for Machine-Type Communications[END_REF] for a comprehensive discussion of the code-domain NOMA techniques, which highlights both transmitter schemes and multi-user detectors at Larger Smaller the receiver, emphasizing their advantages and drawbacks.

OMA (orthogonal multiple access)

In conventional OMA schemes, multiple users are allocated with radio resources which are orthogonal in time, frequency, or code domain. Ideally, no interference exists among multiple users due to the orthogonal resource allocation in OMA, so simple single-user detection can be used to separate different users' signals. Theo-retically, it is known that OMA cannot always achieve the sumrate capacity of multiuser wireless systems [START_REF] Tse | Fundamentals of Wireless Communication[END_REF]. Apart from that, in conventional OMA schemes, the maximum number of supported users is limited by the total amount and the scheduling granularity of orthogonal resources. 

Advantages of NOMA

Recently, NOMA has been investigated to deal with the problems of OMA as mentioned above. Basically, NOMA allows controllable interferences by nonorthogonal resource allocation with the tolerable increase in receiver complexity. Compared to OMA, the main advantages of NOMA include the following.

Improved spectral efficiency:According to the multi-user capacity analysis in the pioneering work [START_REF] Tse | Fundamentals of Wireless Communication[END_REF], Fig. 1 shows the channel capacity comparison of OMA and NOMA, where two users in the additive white Gaussian noise (AWGN) channel are considered as an example without loss of generality. Figure 1a shows that the uplink NOMA is able to achieve the capacity bound, while OMA schemes are in general sub-optimal except at point C. However, at this opti-mal point, the user throughput fairness is quite poor when the difference of the received powers of the two users is significant, as the rate of the weak user is much lower than that of the strong user. In the downlink, Fig. 1b shows that the boundary of rate pairs of NOMA is outside of the OMA rate region in general. In multi-path fading channels with intersymbol interference (ISI), although OMA could achieve the sum capacity in the downlink, NOMA is optimal while OMA is strictly suboptimal if channel state information (CSI) is only known at the mobile receiver [START_REF] Tse | Fundamentals of Wireless Communication[END_REF]. Massive connectivity: The non-orthogonal resource allocation in NOMA indicates that the number of supported users or devices is not strictly limited by the amount of available resources and their scheduling granularity. Therefore, NOMA can accommodate significantly more users than OMA by using nonorthogonal resource allocation; for example, MUSA can still achieve reasonably good performance when the overloading is 300 percent [START_REF] Yuan | Multi-User Shared Access for 5G[END_REF]. Low transmission latency and signaling cost: In conventional OMA with grant-based transmission, a user has to send a scheduling request to the base station (BS) at first. Then, based on the received request, the BS performs scheduling for the uplink transmission and sends a grant over the downlink channel. This procedure results in large latency and high signaling cost, which becomes worse or even unacceptable in the scenario of massive connectivity anticipated for 5G. In contrast, such dynamic scheduling is not required in some uplink schemes of NOMA, rendering a grant-free uplink transmission that can drastically reduce the transmission latency and signaling overhead. Due to the potential advantages above, NOMA has been actively investigated as a promising technology for 5G. In the next section, existing dominant NOMA schemes are discussed and compared in detail.

NOMA Schemes

In the most general sense, NOMA schemes can be thought of as falling to two broad categories: that involving multiplexing in the power domain and that involving multiplexing in the code domain [START_REF] Dai | Non-orthogonal multiple access for 5G: Solutions, Challenges, Opportunities, and Future Research Trends[END_REF].

NOMA via Power Domain Multiplexing

Power Domain Multiplexing, in general, indicates multiplexing enabled by a difference in power. In Power domain multiplexing, power levels are allocated according to the SNR conditions of different users to obtain the maximum gain in system performance. Three scenarios of power domain multiplexing are discussed next. NOMA with an SIC receiver This is the same as downlink non-orthogonal multi-user superposition in the power domain. Thus this technology is more appropriately named Multi User Superposition Transmission (MUST) by the 3GPP. In downlink, the basic scheme operates by adding the transmit signals to different users that occupy the same time and frequency slots with different weights. The power content of the transmit signals are partitioned such that the sum rate of all multiplexed users and the throughput fairness among individual users are balanced. The receiver at the user end uses Successive Interference Cancellation (SIC) to filter out the unwanted interference and retain the message signal. By the nature of this receiver, the multiplexing scheme exploits the SINR difference between the users and hence increases system capacity. This scenario is shown in Fig. 2 (a). NOMA in Massive MIMO systems The basic NOMA can be extended by using them in conjunction with Massive MIMO systems. The power allocation to the antennae is based on distance and direction of the user. As a result, we will have beams with possible slight overlaps directed towards different users. The inter beam interference that results is suppressed by spatial filtering, and the inter user interference can be removed using intra-beam SIC. Such a system can improve the spectral efficiency by using the large number of available antennas. This scenario is shown in Fig. 2 

(b).

Network NOMA When NOMA is used in small-cell systems, the low SNR users of different cells Figure 7: NOMA power domain multiplexing schemes [START_REF] Dai | Non-orthogonal multiple access for 5G: Solutions, Challenges, Opportunities, and Future Research Trends[END_REF] can be near each other, each in their respective cell edge. Such users experience increased interference from neighboring cells, as a result of the large portion of power allotted to low SNR users in NOMA. Thus, this leads to a degraded performance in multicell NOMA. This scenario is shown in Fig. 2 (c).

NOMA via Code Domain Multiplexing

Code domain multiplexing schemes are similar to CDMA schemes, except that orthogonality of codes is not required. Low Density Spreading CDMA In conventional CDMA systems, spreading sequences consist of many nonzero elements. Thus, if the spreading codes are not orthogonal, a user will see interference from many other users in a single chip. Orthogonal system of codes have a fixed number of users that it supports. LDS-CDMA uses sparse spreading sequences (Low density) where number of non zero elements in the spreading sequence is much lesser than the sequence length. Thus, each chip will have a reduced amount of cross sequence interference.

Sparse Code Multiple Access

Sparse Code Multiple Access directly maps different incoming data streams to be transmitted to different sparse code-words. Each user has a predefined codebook, and the zeros of that codebook will be in the same positions. Codewords of N users are multiplexed over K ȃ N orthogonal resources.

NOMA Classification

Superposition coding can be done in different ways based on how the bits of component constellations are combined. The individual constellations often have gray mapping, which has a better performance as compared to non-gray mapped constellations. However, the composite constellation may or may not have Gray mapping, based on how the superposition takes place. NOMA can be classified to two based on the constellation of the superposition coded symbol [START_REF] Luo | Signal Processing for 5G: Algorithms and Implementations[END_REF].

Direct Superposition without Gray Mapping

Consider two messages coded using QPSK scheme. To transmit them as per the NOMA scheme, we need to allocate them different fractions of the total power. The message to the near-UE should have less power, while that to the far-UE should have more power. Supoose we allocate a 4:1 power ratio. Direct superposition of the two messages fails to produce a Gray mapped constellation. The situation is shown in Fig. 3. We find that the first component constellation contributes to the two most significant bits while the second component constellation contributes to the two least significant bits. The resulting constellation does not follow Gray mapping, i.e, adjacent constellation points may differ by more than one bit position. Such a non-Gray mapped constellation tends to rely more heavily on an advanced receiver. Symbol level interference cancellation provides an inferior performance for such a system. Advanced techniques such as code-word level interference cancellation is required so that performance reaches acceptable levels. 

Superposition with Gray Mapping

If we flip the modulated symbols before combining them, we will obtain a Gray labelled constellation. The process is illustrated in Fig. 4. The constellation of Figure 9: Process of obtaining a Gray labelled constellation [START_REF] Luo | Signal Processing for 5G: Algorithms and Implementations[END_REF] such a system is shown in Fig. 5. The power ratio used is 4:1, the same as the earlier case. The component constellation of the low powered user will now depend on the message symbol of the high powered user. For example, the symbol '10' of the high powered user will be linked with the sub-constellation in the top-left quadrant of the four possible arrangements of QPSK shown. A gray labelled mapping ensures robust performance even when SIC is imple-Figure 10: NOMA with a Gray labelled constellation [START_REF] Luo | Signal Processing for 5G: Algorithms and Implementations[END_REF] mented at the symbol level. In fact, symbol level SIC with gray mapping and codeword level SIC without Gray mapping have almost identical performance, as shown in Fig. 6. 

Applications

Visible Light Communication: Similar performance gains as seen in the RF case can be expected if NOMA is implemented in VLC. As the channel generally does not change most of the time, the decoding becomes simpler.

MIMO-NOMA:

The combination of MU-MIMO which allows multiple beams and NOMA with in a single beam can lead to a greater capacity of the system.

Internet of Things:

The scenario in IoT is massive connectivity. Ex-ploitation of Non-Orthogonal resources as a means to enhance connectivity is subject to research. SoDeMA: Software Defined Multiple Access is an active research area where the best multiple access scheme is chosen based on the conditions of the system. For example, if we only have a small number of users and they do not have a large variance in SNR, OMA would be preferrable to NOMA. Similarly, different scenarios call for different multiple access schemes.

BASIC RELAYING PROTOCOLS

In cooperative communications, the transmitting user not only broadcast their own message but they also relay information, on behalf of each other, to the destination. The strategy, by which the information is relayed to the destination, is known as protocol. Various protocols have been introduced so far. Here, we describe some of the basic relaying protocols.

Amplify and Forward

This is the simplest protocol. Here, the information received by a user from original transmitter is amplified and then forwarded to the destination. Based on the principle of amplifying repeaters [START_REF] Schein | The Gaussian parallel relay network[END_REF], amplify-and-forward protocol was formally introduced by Lane man et al. [START_REF] Laneman | An efficient protocol for realizing cooperative diversity in wireless networks[END_REF].

Decode and Forward

In this relaying protocol the partner users decodes the message received from original transmitter, re-encodes and then forwards it to the destination. Thomas M. Cover and Abbas A. El Gamal are considered as its pioneer [START_REF] Menghwar | Cooperative versus noncooperative communications[END_REF] and later the idea was further explored by many authors with the name of Decode-and-Forward [START_REF] Laneman | Cooperative diversity in wireless networks: Algorithms and architectures[END_REF], [START_REF] Laneman | Cooperative diversity in wireless networks: efficient protocols and outage behaviour[END_REF], [START_REF] Menghwar | Cooperative versus noncooperative communications[END_REF].

Compress and Forward

In this relaying protocol, the message is decoded from the transmitter and the partner user forwards a compressed version of it to the destination, so as to get the diversity benefits [START_REF] Gamal | Capacity theorems for the relay channel[END_REF].

COOPERATIVE RELAYING TECHNIQUES

In this section, we will discuss Different Cooperative Protocols or Transmissions Techniques used in Cooperative Communication. Cooperative communications protocols can be generally categorized into fixed relaying schemes and adaptive relaying schemes. In this section, we describe both of these schemes along with both single relay and multi relay scenario.

Cooperation Protocols

A cooperation strategy is modelled into two orthogonal phases, to avoid interference between the two phases, either in TDMA or FDMA. In phase 1, source broadcast information to its destination, and the information is also received by the relay (due to broadcast) at the same time as shown in figure 5 below. In phase 2, the relay forwards or retransmits the information to the destination as shown in figure 6 below.

Fig- 7 below depicts a general relay channel, where the source transmits with power P1 and the relay transmits with power P2. Here, we will consider the special case when both source and relay transmit with equal power P. Optimal power allocation is a vast topic so can be consider for future work . In phase 1, source forwards its information to both the destination and the relay. The received signals Y sd at the destination and Y sr at the relay, can be written as

Y sd = √ P h sd x + n sd (1') Y sr = √ P h sr x + n sr ( 2 
') where P is the transmitted power at source, x is the transmitted information symbol, and n sd and n sr are additive noise. In (1') and (2'), h sd and h sr are the channel fades between the source and destination and the relay, respectively, and are modelled as Rayleigh flat fading channels. Rayleigh flat fading channel can be mathematically modelled as complex Gaussian random variable. It is given as z = x + jy, where real and imaginary parts are zero mean independent and identically distributed (i.i.d) Gaussian random variables. The noise terms n sd and n sr are modelled as zero-mean complex Gaussian random variables with variance No. In phase 2, relay forwards source's signal to the destination, and this can be modelled as

Y rd = h rd q(Y sr ) + n rd ( 3 
') where the function q (•) depends upon processing which is implemented at the relay node [START_REF] Rayliu | Cooperative Communications and Networking[END_REF].

Fixed Cooperation Strategies

In fixed relaying, channel resources are divided between source and relay in a fixed (deterministic) manner. The processing at relay differs according to the employed protocols. The most common techniques are the fixed AF relaying protocol and the fixed relaying DF protocol [START_REF] Laneman | Cooperative diversity in wireless networks: efficient protocols and outage behaviour[END_REF][27].

Fixed Amplify Forward (Single Relay)

In a fixed AF relaying protocol, or AF protocol, the relay scales the received version and transmits its amplified version to the destination. The amplify-andforward scheme is presented in Fig- 15. The amplify-and-forward relay channel Figure 15: Amplify and Forward System Model [START_REF]Performance Analysis of Decode-and-Forward with Cooperative Diversity and Alamouti Cooperative Space-Time Coding in Clustered Multihop Wireless Networks[END_REF] can be modelled as follows. The signal transmitted from the source x to both the relay and destination can be given as

Y sr = √ P h sr x + n sr and Y sd = √ P h sd x + n sd ( 4 
') where h sr and h sd are channel fades between the source and the relay and destination, respectively. The terms n sr and n sd denote the additive white Gaussian noise with zero-mean and variance N 0 . Here, the relay amplifies the source signal and forwards it to the destination, to equalize the effect of the channel fades between the source and the relay. The relay scales the received signal by a factor that is inversely proportional to the received power, which is denoted by

β = √ P / P |h sr | + N o (5')
The signal transmitted from relay is therefore, given by βY sr and has power P equal to the power of the signal transmitted from the source. In phase 2, the relay amplifies the received signal from source and forwards it to the destination. The received signal, in phase 2, at the destination, according to (4') is given as

Y rd = √ P h rd Y sr / P |h sr | + N o + n rd (6') Here h rd
is the channel coefficient from relay to the destination and n sd is an additive noise.

Fixed Amplify Forward (Multi Relay)

An amplify-and-forward protocol does not suffer from any error propagation problem because the relay does not need to perform any hard-decision operation on the received signal. First we discuss the multi-node amplify-and-forward protocol and then analyze its two relaying strategies. In the first phase, each relay forwards the source's signal to the destination, while in the second phase each relay forwards a combined signal from source and previous relays. Fig- 16 shows the multi-node Amplify and Forward system model. an incorrect signal is forwarded to the destination, then decoding at the destination is meaningless. It is clear that the diversity achieved for such a scheme is only one, because performance of the system is limited by the worst link from the source-relay and source-destination. Although fixed DF relaying has the advantage of reducing the effects of additive noise at the relay over AF relaying, it forwards erroneously detected signals to the destination, causing error propagation that can diminish the performance of the system. Mutual information between the source and destination is limited by the mutual information of the weakest link between the source-relay and the combined channel from the source-destination and relay-destination. The received signal at the destination in Phase 2 can be given as Y rd = √ β 2 h rd x + n rd (7') With the help of channel coefficients h sd (between source and destination) and h rd (between relay and destination), the destination detects the transmitted symbols by jointly combining the received signal Y sd from the source in eq. (1') and Y rd from the relay in eq. (7').

Fixed Decode and Forward (Multi Relay)

Here, we consider a N-relay (2 Relay For Simulation Purpose) wireless network, where information is to be transmitted from a source to a destination. Due to the broadcast nature of the wireless channel, relays overhear the transmitted information and thus cooperate with the source to send its data. The wireless link between any two nodes is modelled as a Rayleigh fading channel with AWGN.

The channel fades for different links are assumed to be statistically independent because the relays are usually spatially separated. The additive noise at receiving terminals is modelled as zero-mean, complex Gaussian random variables with variance N o . The relays are assumed to transmit over orthogonal channels, thus there is no inter-relay interference.

In DF protocol cooperation strategy, each relay can combine the signal received from the source along with the signals transmitted by previous relays, decode it and then retransmit it to the receiver after re-encoding it again. A general cooperation scenario, denoted as C(m) (1 m N 1), is implemented in which each relay combines the signals received from m previous relays along with that received from the source.

The multi relay decode and forward scenario is shown in Fig- 11, in which each relay combines the signals received from previous relays along with that received from the source. In all considered cooperation scenarios, destination coherently combines the signals received from the source and relays. Now, we are presenting the system model for a general cooperative scheme C(m) for any 1 m N 1, where each relay decodes the information after combining the signals received from the source and previous m relays. We consider 2 relays for simulation purpose. In General Multi Node cooperation protocol has (N+1) phases Figure 18: Illustration of Multi relay cooperation [START_REF] Rayliu | Cooperative Communications and Networking[END_REF] as stated in AF section but three in our case. In phase 1, source transmits information to both destination and the i th (1st) relay, which can be modelled as, Y sd = √ P 0 h sd x + n sd (8')

Y s,ri = √ P 0 h sri x + n sri 1 i N (9') where P 0 is the power transmitted at the source, x is the transmitted symbol, h sd and h sri are the fading coefficients between source and destination, and i th relay, respectively. The terms n sd and n sri denote the AWGN channel noise. In phase 2, the 1st relay decodes the signal it receives from source, re-encode send it to other relay the destination. Second relay combines the received signals from the 1st relay and source as follow Y r2 = √ P 0 h * s,rd Y s,rd + √ P i h * r1,r2 Y r1,r2 (10') 
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 5 Figure 5 presents an uplink NOMA scheme, where users 1 and 2 simultaneously transmit their signals x 1 and x 2 to the BS. The received signal at the BS is given by y = 2 i=1
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 6 Figure 6: Channel capacity comparison of OMA and NOMA in an AWGN channel: a) uplink AWGN channel; b) downlink AWGN channel.
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Table 1 :

 1 Difference between NOMA and OMA

	Specifications	NOMA	OMA
	Full Form	Non-Orthogonal	Orthogonal Multiple
		Multiple Access	Access
	Receiver complexity	High	Low
	Energy consumption	More	Less
	Number of	Lower	Higher
	users/cluster		
	Number of user	Less	More
	pairs		
	System throughput		
	(Assumption: User		
	fairness is		
	guaranteed)		

5

  Difference between NOMA and OMA Both NOMA and OMA are multiple access techniques which utilize power domain/code domain and time/frequency domain respectively. The TDMA and OFDMA are examples of OMA techniques. Following table 1 summarizes difference between NOMA and OMA.

CONCLUSIONS

Non Orthogonal Multiple Access in the power domain is a promising research area that can cater to most of the performance requirements of 5G communications. It can increase the throughput, spectrum efficiency, connection density and the overall capacity of the system. It also provides a support for mobility and has a lower latency due to frequent scheduling. We have found that NOMA schemes provide superior performance as compared to OMA schemes at the cost of an increased receiver complexity. From the discussion in this chapters, it can be concluded that NOMA will play an important role in shaping the 5G wireless networks and beyond.