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SCMA CODEBOOK DESIGN APPROACHES 
 

 

ABSTRACT 

In 4G systems, Orthogonal Frequency-Division Multiple Access (OFDMA) has been 

used conventionally for multiple access purposes. This technique has low spectral 

efficiency since it allocates the resources orthogonally to each user. As an alternative to 

this technique, Non-orthogonal Multiple Access (NOMA) has been proposed for new 

generation 5G systems as it allows different users to use the same resources and therefore, 

increases spectral efficiency. Sparse Code Multiple Access (SCMA) is a code-based 

NOMA technique and its performance depends on codebook design. In this thesis, four 

different approaches are proposed by examining the design of the conventional codebook, 

which is widely used in SCMA studies in the literature. In the first approach, the distances 

between the constellation set points have been increased while the total energy remains 

constant. In the second approach, the angle between the constellation set points on the 

sub-carriers in the codebook has been equally set. In the third approach, by applying the 

permutation method, it has been aimed to reduce the complexity in the codebook by 

multiplying the constellation set points on the first and second sub-carriers with the half-

angle formula. In the fourth approach, a new constellation set points with the energy 

remaining constant has been designed. Considering the four different design approaches, 

the conventional codebook has been modified. Simulation results have shown that 1-2dB 

gain can be achieved using different design approaches in the high signal-to-noise-ratio 

(SNR) region.  

 

Keywords: 5G, OFDMA, NOMA, SCMA, Codebook Design, SNR
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SCMA KOD KİTABI TASARIMI YAKLAŞIMLARI 
 

 

ÖZET 

4G sistemleri geleneksel olarak Dikgen Frekans-Bölmeli Çoklu Erişim (Orthogonal 

Frequency-Division Multiple Access, OFDMA) tekniğini kullanırlar. Bu yöntemde her 

kullanıcıya kendisine ait bir kaynak tahsis edildiğinden spektral verimliliği düşüktür. Bu 

duruma alternatif olarak geliştirilen ve yeni nesil 5G sistemler için düşünülen Dikgen-

olmayan Çoklu Erişim (Non-orthogonal Multiple Access, NOMA) tekniği, farklı 

kullanıcıların aynı kaynakları kullanmasına izin verir ve böylece spektral verimlilik 

artırılır. NOMA’nın kod tabanlı yaklaşımı olan Seyrek Kodlu Çoklu Erişim (Sparse Code 

Multiple Access, SCMA) tekniğinin performansı kod kitabı tasarımına bağlıdır. Bu tez 

çalışmasında, literatürdeki SCMA çalışmalarında yaygın bir şekilde kullanılan 

geleneksel  kod kitabının tasarımı incelenerek dört farklı yaklaşım önerilmiştir. Birinci 

yaklaşımda enerjsi sabit kalacak şekilde işaret kümesi noktaları arasındaki uzaklıklar 

artırılmıştır. İkinci yaklaşımda kod kitabındaki alt taşıyıcılarda bulunan işaret kümesi 

noktaları arasındaki açılar eşit olarak ayarlanmıştır. Üçüncü yaklaşımda permutasyon 

yöntemi uygulanarak, birinci ve ikinci alt taşıyıcıda bulunan işaret kümesi noktalarını 

yarım açı formülü ile çarparak kod kitabındaki karmaşıklığın azaltılması hedeflenmiştir. 

Dördüncü yaklaşımda ise enerjisi sabit kalacak şekilde yeni bir işaret kümesi noktaları  

tasarımı önerilmiştir. Özetle, dört farklı tasarım yaklaşımı kullanılarak yaygın olarak 

kullanılan kod kitabı modifiye edilmiştir. Benzetim çalışmaları göstermektedir ki yüksek 

işaret gürültü oranı (signal-to-noise-ratio, SNR) bölgesinde kullanılan yaklaşıma bağlı 

olarak 1-2dB’lik kazanç elde edilebilmektedir.   

 

Anahtar Sözcükler: 5G, OFDMA, NOMA, SCMA, Kod Kitabı Tasarımı, SNR 
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1.INTRODUCTION 

 

As a result of the rapid improvement of integrated circuit technology in the last two 

decades, it has caused great changes in all areas from communication systems we have 

used to all electronic devices (laptop, phone, tablet etc.). Depending on these 

developments, new generation different concepts (Internet of Things, Big Data Analysis, 

Artificial Intelligence, etc.) that we have not heard before have entered our lives. A large 

amount of data traffic is required to apply these concepts. To meet this data traffic 

effectively, there is a need for a radical change in the communication networks used. 

Wireless communication networks are among the most important parts of Information 

and Communication Technology (ICT), which provides infrastructure support to different 

industries [1]. The development of each generation from the first generation (1G) 

communication system to the fourth generation (4G) Long Term Evolulation (LTE) has 

taken about 10 years for each generation, and the fifth generation cellular systems are 

predicted to be in our lives in 2020s. LTE technology is the communication technology 

that transmits high speed wireless data, called the continuation of the 4G communication 

system. The LTE system has more advantages than 4G technology, such as latency, 

higher user data rates, improved system capacity and coverage, and low operating cost 

[2]. LTE communication technology can use 2G and 3G technologies as infrastructure. 

Previous generation mobile communication systems (2G, 3G, 4G) are monolithic as 

infrastructure, these communication systems are based on the transfer of information from 

human to human providing restricted number of services for instance SMS, voice service, 

mobile broad-band [3]. 5G systems, on the other hand, support enhanced mobile 

broadband (eMBB), massive machine type communications (mMTC) and ultra-reliable 

and low-latency communications (URLLC), cover a large number of service types, traffic 

and users, and have met the needs of industries such as automotive, manufacturing and 

entertainment [4]. The excessive growth of wireless technologies has caused the 5G 

industry to meet the needs of users for smart technologies in the future [5]. Especially in 

the automotive sector, studies on 5G technology in new generation vehicles (autonomous)
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 have come to the fore. The use of 5G technology is gaining importance day by day with 

IoT and deep learning methods in many use cases, from the vehicles communicating with 

each other to the security area. Millimeter-Wave (mmWave) communication is 

considered as a suitable approach for 5G vehicle communication systems, equipped with 

sensors that generate Gbps data for driving experience in future autonomous vehicles [6]. 

5G mmWave vehicular communication system involves a smart and stable solution.                                                 

          

With the fast development of technology in last years, 4G LTE networks which are used 

in the field of telecommunications, do not demand data transfer and communication 

capacity for the millions of users. To enhance the system performance, some technologies 

increasing capacity, such as massive multiple-input multiple output (MIMO), Orthogonal 

Frequency Division Multiplexing (OFDM), cooperative communications and millimeter 

wave communications etc., have been researched [7], [8], [9], [10]. With the new 

generation cellular communication technology of 5G, low latency, massive connectivity 

and better service quality are expected [11]. In this context, the benefits of 5G technology 

can be summarized  as follows: 

 Having 100 times more connected devices than current LTE networks today  [12] 

 1000 times more capacity 

 1/1000 power consumption per bit transmission 

 90% lower power consumption per mobile service  

 

The infrastructure of the devices used in the current 4G technology is not suitable for 

being used in the 5G technology. Therefore, components of communications such as base 

stations, satellites and frequency bands must have new infrastructure features in 

accordance with the 5G technology. 5G mobile communication system no longer meets 

the distribution structure of large base stations. Base stations are smaller in size and will 

transmit data at a higher speed. These base stations will interfere with each other. New 

satellite transmission technologies, spectrum usage technologies, receiver/modem and 

network structures are going to quickly mature and improve in future years [13]. The 

related frequency bands include the 6-100 GH  
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z frequency band and the low frequency band below 6GHz [14]. There are some points 

to consider when choosing frequency bands: 

 

 The frequency band must provide cellular network and corresponds to other 

available networks in same frequency bands to prevent the interference between 

the particular systems.  

 Frequency band should provide high speed transmission in a 5G network by a 

wide available continuous spectrum  

 Frequency band should have well spreading properties. 

 

In the current 4G, traditional wireless communication systems that employ “orthogonal 

resources” for multiple access are used. Orthogonal Frequency-Division Multiple Access 

(OFDMA) and Time Division Multiple Access (TDMA) are a pair of examples of 

Orthogonal Multiple Access (OMA) schemes [15]. This system is based on the use of 

different sources of multiple users independently of time or frequency. OFDMA method 

is widely utilized in 4G systems. The OMA technique does not adequately meet the 5G 

system requirements, but the Non-Orthogonal Multiple Access (NOMA) technique has 

all the necessary infrastructure for 5G communication technology as it contains features 

such as low latency, spectral efficiency, and high data rate. Thus, NOMA technique may 

meet 5G system requirements more appropriately [16]. It may not be possible to utilize 

orthogonal multiple access methods with increasing number of users [17], so NOMA may 

provide higher spectral efficiency. Unlike OMA, NOMA divides users into power or code 

domain, permitting multiple user to be served simultaneously in the same resource blocks. 

This NOMA principle is the basis of superposition coding (SC) at the transmitter side and 

the successive interference cancellation (SIC) at the receiver side [18]. 

 

NOMA methods are generally divided into 2 main categories. These are Power-Domain 

NOMA (PD-NOMA) and Code-Domain NOMA (CD-NOMA). Code-Domain NOMA 

includes many different methods in itself: Sparse-Code Multiple Access (SCMA), Low 

Density Spreading based CDMA (LDS-CDMA) and Low Density Spreading based 

Orhogonal Frequency-Division Multiplexing (LDS-OFDM). In LDS-CDMA, it helps to 



4 

 

restrict the interference effect on each chip found in basic CDMA systems by utilizing 

low density propagation sequences. LDS-OFDM can be considered as a formation of 

LDS-CDMA and OFDM, where the information symbols are first propagated to low 

density propagation sequences and the resulting chips are transmitted to a number of sub-

carriers [19]. There are many other techniques which are related to NOMA, one of them 

being Rate-Splitting Multiple Access (RSMA). In RSMA, the signals of different users 

in a group are superimposed and each user's signal spreads to the entire frequency/time 

source specified for the group [20]. 

 

 

1.1. Literature on NOMA  
 

 

In the literature, studies on LDS method have been conducted for 5G communication 

technologies. As a generalisation of LDS-OFDM, [21] suggests to achieve a better block 

error rate (BLER) performance in the overloaded OFDM systems. In addition to many 

researches in the fields of PD-NOMA and LDS, there are also various studies on Sparse 

Code Multiple Access (SCMA) technique [22], which is the code based approach of 

NOMA. Complexity in the structure of the receiver, uncertainties in the codebook design, 

theoretical analysis of achievable rate and overloading have still been investigated in 

studies in the field of SCMA. One main area of studies has focused on codebook design. 

Compared with conventional Low Density Signature Multiple Access (LDSMA) systems 

with inherent repetition code (also called spreading), the multi-dimensional codebooks 

play a substantial role in the performance of SCMA systems [23]. The difference between 

SCMA and LDS-CDMA is that bit streams sent from different users are assigned directly 

to sparse codewords located at the transmitter. Thanks to the Message Passing Algorithm 

(MPA), the codewords sent to the receiver are decoded [24]. The most important 

advantage of the SCMA method over LDS is that it allows users to transmit multi-

dimensional codewords (i.e. equivalent to transmitting data with multi-dimensional 

constellation points). In [25], Yu et al. offered a design method of SCMA codebooks 

based on star-quadrature amplitude modulation (star-QAM) signaling. In that study, 

OFDM systems also have to face different problems like high side lobes and large peak 

to average power ratio (PAPR) values, which lead to power inefficiency of multi-carrier 
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NOMA systems. The studies [26], [27], [28] have introduced the concepts, challenges, 

latest applications and future research trends of several promising NOMA techniques. In 

[29], the authors briefly have discussed the basic structure of the coordinated 

beamforming (CBF) NOMA technique and compared it to the conventional NOMA and 

OMA schemes. In [30], although FDMA/TDMA/CDMA application schemes effectively 

avoid the intra-beam interference and simplify the signal detection, a single orthogonal 

resource block can only serve one user and restricts further improvements on the spectrum 

efficiency (SE) and capacity for satellite networks. In [31] at the receiver side, 

propagation delay from the transmitter to the receiver is usually unknown. This delay 

must be estimated from the receiver signal in order to efficiently sample the output of the 

demodulator so it leads to time delay and complexity at the receiver. In [32], spectrum 

detection technique provides cognitive radio capabilities when implemented in the SCMA 

system in mmWave 5G technology. In [33], the SCMA method can significantly enhance 

the IoT performance compared to the conventional orthogonal frequency division 

multiple access system in terms of throughput, connectivity and task completion time on 

the condition that it is compatible with IoT processing capabilities to avoid undesired 

detection latency. In [34], based on the current channel acquisitions between users and 

the base station, three codebook assignment methods were proposed and SCMA was 

shown to have advantages compared to the conventional codebook assignment method. 

Furthermore, a method was proposed to maximize the minimum Euclidean distance by 

rotating the constellation points. In the current 5G research area, SCMA as one of the 

non-orthogonal multiple access methods, provides better link-level performance, energy 

efficiency and low complexity. In this thesis, it is aimed to address the issues in codebook 

design. For that reason, the conventional codebook structure of SCMA systems has been 

investigated and different approaches are proposed to design new codebooks so as to 

improve the performance of conventional codebooks [35]. 
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1.2. Thesis Contribution and Summary 
 

With the SCMA method, which is one of the most promising methods in the current 

NOMA research field, many new features such as higher data rate, more capacity and low 

latency would be the benefits. Although there are innovations brought by the SCMA 

method to our lives, there are some significant questions that need to be worked on in 

SCMA. Complexity of the receiver structure, performance improvement via the codebook 

design, theoretical analysis of achievable rates and overloading are still active research 

areas in the field of SCMA. In this thesis, the main focus is on SCMA codebook design, 

which is one of the most important issues in SCMA system design and directly affects 

the system performance. In each codebook, there are codewords, which are signal 

constellations with complex values that determine the gain of SCMA. 

 

In this thesis, four new different approaches are proposed for codebook design 

considering the structure of the conventional codebook [36] in the literature. In the first 

approach, the distance between the points in the constellation sets is increased while 

keeping the signal constellation energy constant. In the second approach, the angles 

between the constellation sets in the first sub-carrier and all sub-carrier were set equal. In 

the third approach, which is also called the permutation method, [37] is adapted for the 

conventional codebook. New constellation sets were obtained by multiplying the points 

in the constellation sets on the first and second sub-carriers by the half-angle formula. In 

the last approach, in the codebook, five different users' constellation sets are transmitted 

over a total of four sub-carriers. With this new approach, it is proposed to increase the 

number of signal constellation sets. A new constellation set has been designed with its 

energy remaining constant. Four different approaches are studied in AWGN and Rayleigh 

fading channel structures for SCMA systems. The most important contribution of these 

proposed approaches is that approximately 1-2 dB gain has been achieved in terms of 

BER compared to the conventional codebook. 

 

The rest of the thesis is organized as below. In Section 2, an overview of OMA and 

NOMA methods is presented. In Section 3, SCMA model is presented in detail including 
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the general structure and transmitter model of SCMA, decoding with MPA and 

summarizing the codebook design literature. In Section 4, proposed or adapted codebook 

design approaches are presented in detail. In Section 5, simulation results are presented 

and explained in detail. The final section concludes the thesis and presents possible future 

research areas to explore. 
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2. MULTIPLE ACCESS TECHNOLOGIES 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: The basic structure of multiple access technologies  [38] 

 

 

In this section, a general overview of multiple access technologies will be presented. In 

the last 20 years, with the rapid development of technology, wireless communication 

systems needed a radical change in order to have a transition from old to new generation 
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communication systems with different multiple access capabilities. In particular, for the 

existing 1G, 2G, 3G and 4G wireless communication systems, Time Division Multiple 

Access (TDMA), Frequency Division Multiple Access (FDMA), Code Division Multiple 

Access (CDMA) and orthogonal frequency division multiple access (OFDMA) are used 

as different types of multiple access technologies [39], [40], whereas in future wireless 

systems NOMA methods may be possibly employed. As shown in Fig. 1, multiple access 

technology consists of two main parts, Orthogonal Multiple Access (OMA) and Non-

Orthogonal Multiple Access (NOMA). 

 

2.1. OMA  
 

 

OMA technique is examined under three sub-titles, based on code, frequency and time 

due to the fact that resources are orthogonal for all users. In FDMA, radio frequency (RF) 

is divided into several small sub-channels. This method is used in analog and digital 

radios.  

 

 

 

 

  

 

 

 

 

 

Fig. 2: Representation of FDMA [41] 

 
             

According to TDMA method, RF channel is divided equally according to time instead of 

the frequency. Each slot is suitable for separate conservation structure.  
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 Fig. 3: Representation of TDMA [41] 

 

In Code Domain Muliple Access (CDMA), multiple users can share out the information 

in the same time-frequency block. Unlike FDMA, transmitted signal uses the same 

frequency slot. Unlike TDMA, signals are transmitted simultaneously.  

 

 

 

 

    

 

 

 

 

 

 

Fig. 4: Representation of CDMA [41] 

 

The OFDMA method is the method that allows multiple users to divide the existing 

bandwidth into many channels and assigns different users to these channels [41]. The 

most important advantage of this method compared to FDMA method is that the channels 

are placed more frequently to each other and the spectrum is used more efficiently. 
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Fig. 5: Representation of OFDMA [41] 

  

 

2.2. NOMA 

 

In the current 4G-LTE cellular networks OMA techniques are employed. 5G 

communication systems do not meet the system requirements because infrastructure of 

4G-LTE is not appropriate for the 5G technology. However, the new concept of NOMA 

technique has been proposed to promote multiple users over orthogonal time, frequency 

and code domain resources. 

 

NOMA techniques are basically split into two main parts. These are Power Domain 

NOMA (PD-NOMA) and Code Domain NOMA (CD-NOMA). The working principle of 

PD-NOMA is illustrated as in Fig. 6. 
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Fig. 6: Representation of the transmitter and receiver structure in the PD-NOMA system 

[42] 

 

 

In PD-NOMA, each sub-carrier can be assigned to more than one user at the same time, 

thanks to the superimposed coding (SC), and users benefiting from the successive 

interference cancellation (SIC) eliminatimg the signals of other users. Based on the PD-

NOMA approach, each user in the receiver eliminates the signals of users with worse 

channels and accepts the signals of users which are remaining as noise [42]. 

 

The code domain NOMA method has originated from classic CDMA systems, where 

multiple users share time and frequency resources simultaneously but adopt unique 

propagation sequences unique to each user [38]. Code Domain NOMA methods are 

divided into many schemes. These are namely LDS [43], SCMA [21], Multi User Shared 

Access (MUSA) [44] and Successive Interference Cancellation Amenable Multiple 

Access (SAMA) [45]. LDS approach is one of the methods obtained from Code Domain 

Multiple Access system. The concept of LDS-CDMA which implies that each transmitted 

symbol is over only a few restricted number of chips; i.e., a few non-zero elements on the 

sparse spreading sequences, is as shown in Fig. 7. 

 

 

 

Transmitter side Receiver side 
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Fig. 7: Explanation of LDS-CDMA: 6 users getting 150% overloading rate using only 4 

chips for transmission [38] 

 

The LDS method, which can promote massive connectivity with non-orthogonal low 

density signatures, is considered as a multiple access method to be utilized in future 5G 

systems [46]. 

 

The SCMA technique [21] is one of the NOMA methods derived from the basic LDS-

CDMA schemes based on code field multiplexing. SCMA has similar features with the 

LDS-CDMA method from the point of factor graphic representation and analyzing the 

message passing algorithm at the receiver. Main difference from the basic LDS-CDMA 

is as shown in Fig. 8. The spreading operation and bit to constellation mapping are 

fundamentally combined in SCMA, so, the original bit information is directly mapped to 

sparse codeword which consists of a few non-zero items, where each user has a codebook 

containing its own information. 
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Fig. 8: SCMA encoding and multiplexing [38] 

   

 

MUSA is an alternative NOMA scheme which is based on code domain multiplexing for 

an improved CDMA scheme. In MUSA, the user's information is spread utilizing a 

special spread sequence, and due to this spread, overlap occurs and is transmitted from 

the channel to the receiver. At the receiver side, it is aimed to successfully demodulate 

the overlapping data of each user by using the SIC receiver [47]. The basic concept of 

MUSA method is shown below in Fig. 9. 

 

 

 

    

 

 

 

 

 

 

 

 

 

Fig. 9: Basic concept of Multi User Shared Access (MUSA) [47] 
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3.SPARSE CODE MULTIPLE ACCESS 

 

In this section, firstly general structure of the SCMA will be presented followed by the 

general model and the transmitter structure. Then, SCMA decoding with MPA will be 

discussed. The section will be concluded with SCMA Codebook Design Literature. 

 

 

3.1.  General Model and Transmitter Structure 
 

 

There are many studies about SCMA systems in the literature. Detailed studies are carried 

out considering many different aspects from the system requirements to system 

performance. The SCMA system was first proposed in the literature [21] as a new 

multiple access technique in NOMA by authors named H. Nikopour and H. Baligh under 

the name “sparse code multiple access”. Basically, the scheme of the proposed SCMA 

method is shown in Fig. 10. 

 

 

 

 

                                             (𝑏1, . . , 𝑏𝑘)    

                (𝑥1, . . , 𝑥𝑘) 

 

 

 

Fig. 10: Basic concept of SCMA system [21] 

 

According to this scheme, the encoded bits in the SCMA system are first transmitted to 

the FEC Encoder. The purpose of the FEC Encoder is to check whether there are any fault 

conditions in the coded bits. Coded bits called 𝑏𝑘  are sent to Spreading Encoder after 

FEC Encoder. Here, these bits are assigned directly to sparse codewords. The codewords, 

called 𝑥𝑘𝑗 form codebook for each user. 

 

Codebook design is one of the most important aspects that affect the SCMA performance. 

Using the codewords in the codebook, the information bits contained for different users 

FEC Encoder Spreading 

Encoder 

SCMA 

Codeword 
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are encoded into these codewords and sent to the receiver. There is a factor graph matrix 

that shows which users are sending their information bits over which sub-carriers. The 

factor graph matrix is a matrix with 𝐅, (𝐾 rows and 𝐽 columns), and in other words, 

determines the sub-carrier relationship with users. In the literature, the most frequently 

used matrix is given in (1) for 𝐽 = 6   and 𝐾 = 4. 

 

                                         𝐅 = [

1 1 1
1 0 0

0 0 0
1 1 0

0 1 0
0 0 1

1 0 1
0 1 1

]                                               (1) 

      

 

In the SCMA system, in this model, where each codebook consists of 𝑀 codewords in 

length 𝐾, 𝐽 represents the number of users. 𝐾 also shows the number of sub-carriers. 𝐽 >

𝐾 condition indicates an overloading condition. Overloading factor is shown as 𝜆. For 

non-orthogonal  condition 𝜆 > 1, the number of resources is less than the number of users 

so, multiple layers collide over the resource. This also means that 𝐽 codewords are sent 

via the 𝐾 sub-carriers.  An uplink SCMA system model wih  𝐽 = 6 and 𝐾 = 4  is shown 

below as in Fig. 11.  

 

 

 

                                                                                                

 

𝑎̂1 

 

  

 

 

 

 

 

Fig. 11: SCMA Uplink System Model [48] 
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An SCMA encoder can be expressed as [49] 

 

  𝑓 ∶  𝔹 log2 𝑀 →  𝜒 ,   x = 𝑓(𝑏)       (2) 

 

 

where 𝜒 is a complex number set with set number |𝜒| = 𝑀  and  χ ⊂ ℂ𝐾   , and 𝑀 denotes 

the number of constellation points for each user on a sub-carrier. " log2(𝑀) "  value of 

set 𝔹 specified in function 𝑓 shows that there are binary combinations for each set 

element. 

The vector 𝐛 indicates the set of binary numbers, 𝐱 is a sparse vector with a K-dimensional 

complex codeword from 𝜒 and the number of non-zero elements in each codeword is 

denoted by 𝑁. Fig. 12 indicates a typical SCMA encoder with 𝑁 = 2 , 𝐾 = 𝑀 = 4.  

 

 

 

 

 

 

 

    

   

 

 

 

Fig. 12: SCMA Encoder Structure [36] 

   

 

The encoded data bits of user 𝑗 are assigned to a multidimensional codeword 𝒄𝒋 in the 

codebook selected for user 𝑗. The SCMA codebook involves M codewords, each 

codeword involves K physical resources with N non-physical elements. 
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The signal of the user reaching the k-th sub-carrier at the receiver side can be shown as 

follows: 

 

𝑦𝑘 = ∑ 𝒉𝑘𝑗𝒙𝑘𝑗
𝐽
𝑗=1 +  𝒏𝑘                                       (3) 

  

Here, 𝒙𝑘𝑗   is the codeword of 𝐱𝑗 indicating the element k for the j-th user, 𝐡𝑘𝑗 is the 

channel coefficient gain of the j-th user in the k-th sub-carrier and 𝒏𝑘 is the complex-

valued noise term. The signal in the receiver can be expressed as a vector representation 

for all sub-carriers as follows: 

                                 

       𝐲 = ∑ diag (𝐡𝑗)𝐱𝑗
𝐽
𝑗=1 +  𝐧                                                     (4) 

  

𝐱𝑗 = [𝑥1𝑗 , 𝑥2𝑗 , ⋯ , 𝑥𝐾𝑗]
𝑇
is the SCMA codeword of the j-th user, 𝐡𝑗 = [ℎ1𝑗 , ℎ2𝑗 , ⋯ , ℎ𝐾𝑗]

𝑻
 

is the channel gain for the j-th user, and n indicates the Gaussian noise. 

 

At the receiver, there are fewer user signals in each sub-carrier than the total number of 

users, therefore, multiple user detection techniques based on a reasonably complex 

Message Passing Algorithm (MPA) can be implemented.  

 

 

 
3.2. SCMA Decoding with MPA  
 

 

At the receiver, data from different users are coded into the SCMA codebook via sub-

carriers after passing through the channel. The detection of the transmitted data is quite 

complex. MPA technique should be applied to solve this complexity at the receiver. In 

other words, it is aimed to successfully detect the information sent from the transmitter 

with low complexity. MPA [50], is a repetitive and optimal detection algorithm on the 

basis of bidirectional factor graph that models the receiver structure as shown below in 

Fig. 13. 
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      𝑋1                𝑋2              𝑋3              𝑋4               𝑋5               𝑋6    
  

 

      Users 

        

                                               
  Sub-carriers 

 𝑦1                     𝑦2                      𝑦3                    𝑦4   

                         
 

Fig. 13: Representation of MPA factor graph with 6 users and 4 sub-carriers [50] 

 

MPA factor graph has two different types of nodes which are named as function nodes 

(FNs) and variable nodes (VNs). FNs symbolize the number of 𝐾 sub-carriers. VNs 

symbolize the number of 𝐽 users. The working principle of MPA is an iterative process. 

Message information is constantly updated due to variations between function nodes and 

variable nodes. After obtaining the probability estimate of codeword at each layer, the 

Log-Likelihood-Ratio (LLR) for each coded bit is calculated. There are three steps for 

the MPA decoder. The first step is the initial calculation of the conditional probability. 

For each FN, 𝑓𝑛 function is calculated firstly as shown in (5), that is the set of all possible 

residual signals. ℎ𝑛,𝑘 represents the  known channel and 𝐶𝑘,𝑛(𝑚𝑘) represents the 

codeword.                              

 

fn(𝑦𝑛, 𝑚1, 𝑚2, 𝑚3, N0,n, Hn) =
−1

N0,n
‖𝑦𝑛 − (ℎ𝑛,1𝐶1,𝑛(𝑚1) + ℎ𝑛.2𝐶2,𝑛(𝑚2) +

ℎ𝑛,3𝐶3,𝑛(𝑚3))‖
2
                     (5) 

 

              𝚽n = exp(𝑓𝑛(𝑦𝑛, 𝑚1, 𝑚2, 𝑚3, 𝑁0,𝑛, 𝐻𝑛))                                                         (6) 

 

 

𝚽n function is the conditional probability for given codeword combination. Exponential 

operation (6) is applied to 𝑓𝑛   function for Gaussian noise condition since the storage area 

𝑉𝑁 11 

𝐹𝑁 1 𝐹𝑁 4 𝐹𝑁 3 𝐹𝑁 2 
 
 
 

𝑉𝑁 21 𝑉𝑁 5 𝑉𝑁 3 𝑉𝑁 4
4 

𝑉𝑁 6 
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will be the same. A prior probability is assigned to each codeword for preparing the 

iterations where the probabilities are assumed to be equal as    

                

                  𝐼𝑣1 →𝑔
𝑖𝑛𝑖𝑡 (𝑚1) = 𝐼𝑣2 →𝑔

𝑖𝑛𝑖𝑡 (𝑚2) = 𝐼𝑣3 →𝑔
𝑖𝑛𝑖𝑡 (𝑚3) = 

1

𝑀
 .           (7) 

 

The second step of SCMA decoding process is the iterative message passing along edges.  

This step consist of two parts which are namely as an FN update and a VN update. These 

updates are shown with equations (8) and (9). The messages pass from the function nodes 

to their connected variable nodes and from variable nodes to their connected function 

nodes, iteratively [36]. 

                   

                 𝐼𝑔→𝑣1 (𝑚1) = Σ𝑚2=1
𝑀 ∑ 𝚽n(( 𝐼𝑣2→𝑔 (

𝑀
𝑚2=1 𝑚2) 𝐼𝑣3→𝑔 (𝑚3))         (8) 

 

                 

     𝐼𝑣→𝑔1 
(𝑚) = 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒 (𝑎𝑝𝑣(𝑚)𝐼𝑔2→𝑣(𝑚))                                                (9) 

 

The algorithm needs to iterate adequately. After N iterations, it is a collection of 

information from all other neighboring FN nodes and a prior probability at v in the VN 

nodes for 𝑀 codebooks and  

 

  

    𝑄𝑣(𝑚) = 𝑎𝑝𝑣(𝑚) 𝐼𝑔1→𝑣(𝑚)𝐼𝑔2→𝑣(𝑚) .         (10) 

 

After obtaining the probability estimate of the codeword at each layer, for each coded 

bit, the Log-Likelihood-Rate (LLR) in equation (11) is calculated. 

 

 𝐿𝐿𝑅𝑋 = log   
𝑃(𝑏𝑥=0)

𝑃(𝑏𝑥=1)
 

 

𝐿𝐿𝑅𝑥 = log
∑ 𝑄v(m)m∶bm,x=0 

∑ 𝑄v(m)m∶bm,x=1 
  = log( ∑ 𝑄𝑣(m))m∶bm,x=0 −  log( ∑ 𝑄𝑣(m))m∶bm,x=1      (11) 
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3.3. SCMA Codebook Design Literature 
 

 

There are several methods on SCMA codebook design in the literature. In [51], the 

constellation point design was conducted to maximize the speed limit of a multi-input-

multi-output system. In [52], codebook design was made by changing the energy diversity 

parametrically in Quadrature Amplitude Modulation (QAM) constellation points. In  [53], 

the performance results of two different codebooks obtained with the phase-amplitude 

approach are presented. The common feature of these studies is to show how much 

performance gain will be obtained by changing the parameters of the proposed method. 

Another study offers a new design method for the multidimensional mother constellation 

in the SCMA codebook using circular QAM, which can work efficiently and at the same 

time decrease the complexity of MPA [54]. The main principle in the design of lattice 

constellations is that the main constellations that constitute this lattice type have a good 

Euclidean distance. By applying different constellation operators such as phase 

transformations to these constellations, codebooks of different sizes are formed for 

different constellations [55]. In [56], the authors designed various codebooks of different 

sizes for different performance needs, such as connections, capacity and coverage 

requested by different users, and designed SCMA mapping on the basis of an irregular 

SCMA structure that can make short delays and large connections simultaneously in the 

same system. Factors related to the design rules of lattice constellations for a new SCMA 

codebook design method have been proposed in [23], and SCMA has indicated to perform 

better than LDS because of the shaping gain from multi-dimensional codebooks. In 

another study, there are two important aspects for the codebook design. The first step is 

to design the mother constellation. In the second step, user-specific operations such as 

complex conjugation and phase rotation should be applied on the mother constellation, 

which is designed to create the final codebooks [57]. In [58], a new method is proposed 

for the SCMA codebook design for downlink SCMA systems using gold angle 

modulation. Golden Amplitude Modulation (GAM) method is a method that can offer 

PAPR performance and improved mutual information (MI) on square QAM design. In 

studies [59], [25],  [60],  [61],  [62], even though many of the present codebook design 

methods for downlink systems ensure good-performing codebooks, they suffer a 

significant loss in performance in uplink systems. In the literature, there are limited 
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number of studies for uplink SCMA systems related to the design of SCMA codebooks. 

In [63], the authors suggest joint design of multi-user codebooks through uplink Rayleigh 

fading channels for uplink SCMA systems. Nevertheless, it is limited to small size and/or 

low dimension codebook for designing SCMA codebooks. 
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4.SCMA CODEBOOK DESIGN 

 

In this chapter, after initially explaining the conventional codebook, we will present four 

different design approaches under the methods proposed in Chapter 4.2.  

 

 

4.1. Conventional Codebook  

 

  
The design of the constellation points in the codebook plays an important role in the 

performance of an SCMA system.     In the literature, the codebook designed in accordance 

with the factor graph matrix given in (1) for 𝐽 = 6  and 𝐾 = 4 is given in [54]. 

Accordingly, each user sends 2-bit information by selecting one of 𝑀 = 4 constellation 

points on 𝑑𝑣 = 2  different sub-carriers. Therefore, 𝑑𝑓 = 3 , i.e. three different users' 

signals are transmitted on each sub-carrier. Considering the conventional codebook 

design, the constellation points transmitted on the first sub-carrier are shown in Fig. 14.  
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Fig. 14: Constellation points on the first sub-carrier of codebook  

 

 

 

 

To further describe the SCMA codeword representation given in (11), let us redefine the 

point set with complex values as 𝑐𝑘,𝑗,𝑚. Here 𝑘 ∈ {1, 2, … , 𝐾} denotes the sub-carrier 

index, 𝑗 ∈ {1, 2, … , 𝑑𝑓}  indicates the user index, and 𝑚 ∈ {1, 2, … , 𝑀} indicates the 

message information. In Fig. 14, where 𝑘 = 1, the constellation points are presented for  

𝑑𝑓 = 3 and 𝑀 = 4. 
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4.2. Proposed Approaches  
 

 

In this thesis, it is aimed to achieve a better system performance compared to the 

conventional codebook usage by maximizing the distance between the points in the 

constellation sets in the conventional, i.e., commonly used codebook. Four different 

approaches have been proposed or adapted in this study.  

 

1st Design Method: In the first approach, the main purpose is to increase the constellation 

set points on the first sub-carrier and a better performance is expected compared to the 

conventional codebook. Maximizing the minimum Euclidean distance between points in 

the studies conducted in the literature [49], this approach supports our study. Firstly the 

Euclidean distances between the constellation sets in the conventional codebook are 

calculated, the distance between the closest points of the constellation sets is gradually 

increased and new constellation sets are created from these points, provided that their 

energy remains constant. This approach is presented in Algorithm 1. Here 𝜀𝑘,𝑗, represents 

the energy of j-th user’s constellation sets on the k-th sub-carrier, ‖ . ‖ operator stands for 

the Euclidean norm, dk,j,m are the distance values of other constellation points relative to 

the m-th constellation points, (𝑑𝑘,𝑗,𝑚)
min

 is the smallest Euclidean distance. Our 

approach is different from [49] in a way that increasing the smallest distance by ∆, new 

constellation points are defined, and provided that the energy remains constant, the points 

with the greatest Euclidean distance are brought close to each other. 

 

Algorithm 1: Approach to increase the distance between the constellation points 

 

1:  for ck,j = [ck,j,1, ck,j,2, ⋯ , ck,j,M] do 

2:         Calculate  𝜀𝑘,𝑗 = ‖𝒄𝑘,𝑗‖
𝟐
 

3:  for 𝑘 = 1: 𝐾;       𝑗 = 1: df ;      𝑚 = 1: 𝑀  

4:            dk,j,m  =  ‖ck,j,m − ck,j,m' ‖; 𝑚 ≠ 𝑚’  

5:    end 

6:    for (𝑑𝑘,𝑗,𝑚)
min

;  𝑗 = 1: df  

7:           (𝑑𝑘,𝑗,𝑚)
min

← (𝑑𝑘,𝑗,𝑚)
min

+  ∆   

8:             𝑐𝑘,𝑗,𝑚     ← (𝑐𝑘,𝑗,𝑚)
𝑛𝑒𝑤

      

      9:             Check 𝜀𝑘,𝑗  = (𝜀𝑘,𝑗)
𝑛𝑒𝑤
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     10:    end   

     11:    end 

 

 

2nd Design Method: In this approach, there are three different constellation sets in each 

sub-carrier in the codebook. It is suggested that the angles between each constellation set 

in the sub-carrier should be equal to 60°. The reason for choosing the equal angle 

adjustment is that, as it is known, four points in each set of constellation are linearly 

symmetrical in the coordinate plane and located in two different regions.  

 

Therefore, since the constellation points on different sub-carriers are positioned at 

different angles among themselves, the angles between user constellation points are 

adjusted to be equal to 𝜋 𝑑𝑓⁄  and the constellation points are generated. In the case where 

the narrow angle between two constellation point is indicated by 𝜃𝑘,𝑗, the approach to 

obtain new constellation points is given in Algorithm 2. Here, the 𝑥 and 𝑦 variables 

indicate the coordinates of each point in the j-th constellation set, which is linear, and 

each constellation point is rotated clockwise with the angle  (𝜋/𝑑𝑓 − 𝜃𝑘,𝑗). The energies 

of newly formed constellation sets do not change. 

 

Algorithm 2: Obtaining constellation set with phase-amplitude rotation  

 

   1:    for ck,j = [ck,j,1, ck,j,2, ⋯ , ck,j,M] do 

   2:          Calculate angles 𝜃𝑘,𝑗;     𝑗 = 1: df  

   3:     for  𝑗 = 1: df   

   4:       (𝒄𝑘,𝑗)
𝑛𝑒𝑤

= (𝑥 cos(𝜋/𝑑𝑓 − 𝜃𝑘,𝑗) − 𝑦 sin(𝜋/𝑑𝑓 − 𝜃𝑘,𝑗), 𝑥 sin(𝜋/𝑑𝑓 − 𝜃𝑘,𝑗) +

𝑦 cos(𝜋/𝑑𝑓 − 𝜃𝑘,𝑗)) 

   5:             𝑐𝑘,𝑗,𝑚     ← (𝑐𝑘,𝑗,𝑚)
𝑛𝑒𝑤

      

   6:    end   

   7:    end 
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3rd Design Approach:. With this method, called the permutation method, it is aimed to 

reduce complexity in the codebook by using the 𝑒𝑖90 half-angle formula of the complex 

numbered constellation set points on the sub-carriers. This method is given in [37] and is 

adapted to the conventional codebook that we have considered, and the system 

performance is explored. In the conventional codebook, the information bits of six 

different users are sent over four different sub-carriers. When these transmitted bits are 

examined, it is observed that the information transmitted over the first sub-carrier and the 

fourth sub-carrier are the same. The same condition is valid for the information sent over 

the second sub-carrier and the third sub-carrier. The difference between the sub-carrier 

pairs is that the same information belonging to different users is sent over these sub-

carriers to provide diversity. For example, the information of the first, second and third 

users is carried over the first sub-carrier, and the third, fifth and the sixth user information 

is transmit over the fourth sub-carrier. By transmitting information belonging to different 

users through different sub-carriers, constellation sets in the codebook are generated. 

Therefore, by applying this half angle formula on first and second sub-carriers, a new 

constellation set points were created for the third and fourth sub-carriers. A new 

constellation set points for the third and fourth sub-carriers are shown below as follows. 

 

 𝐾3 =  𝐾2𝑒𝑖𝜃      
 

𝐾4 =  𝐾1𝑒𝑖𝜃  

 

When points consisting of complex numbers in the (𝑥 +  𝑖𝑦) format are sent via the 

codebook, it causes complexity in the detection of the signal at the receiver side with 

noise. This condition affects negatively the performance of codebook. Here, the 

permutation approach algorithm obtained by multiplying the complex numbered points 

found in different sub-carriers by cos 90 + 𝑖 sin 90 = (cos 90 + 𝑖 sin 90)1 = 𝑒𝑖90 half-

angle formula is presented in Algorithm 3. 
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Algorithm 3: Obtaining constellation set with the permutation method   
   

   1:    for ck,j = [ck,j,1, ck,j,2, ⋯ , ck,j,M] do 

   2:       𝑘 = 3: 𝐾  and 𝑘1 =  1: 𝐾 − 2 

   3:               check  c𝑘,j,m =  c𝑘1,j,m    

   4:     for        (𝒄𝑘,𝑗)
𝑛𝑒𝑤

 

   5:       (𝒄𝑘,𝑗)
𝑛𝑒𝑤

= ( c𝑘1,𝑗). (cos
𝜋

2
+ 𝑖𝑠𝑖𝑛

𝜋

2
) 

   6:             𝑐𝑘,𝑗     ← (𝑐𝑘,𝑗)
𝑛𝑒𝑤

      

   7:      check 𝜀𝑘,𝑗 = (𝜀𝑘,𝑗)
𝑛𝑒𝑤

 

   8:    end 

   9:    end 

 

 

4th Design Method: A total of five different information data is sent over four sub-carriers 

in the conventional codebook. The purpose of this approach is to increase the number of 

information data in the constellation sets belonging to the users and to provide diversity. 

The energy of the new designed constellation set is created to be equal to the energy of 

the other constellation sets. When each sub-carrier in the codebook is examined, it is seen 

that data set [0.7851, -0.2243, 0.2243, -0.7851] is used by different users in all four sub-

carriers. In the proposed method, it was calculated by considering the principle of 

increasing the minimum Euclidean distance between the other constellation sets while 

essentially creating the points in the new constellation set. In Fig. 15, the new 

constellation set is shown by calculating these distances. 
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Fig. 15: Distance between constellation points on first sub-carrier 

                

[0.4873 + 0.6156i, -0.1392-0.1759i, 0.1392 + 0.1759i, -0.4873-0.6156i] information is 

sent over the yellow sub-carrier in Fig. 15. In the new proposed method, how the points 

in this constellation set are obtained is determined by the distance between points in other 

constellation sets. New constellation design method is presented in Algorithm 4.  

 

Algorithm 4: New constellation design method 
 

 

   1:    for ck,j = [ck,j,1, ck,j,2, ⋯ , ck,j,M] do 

   2:      check 𝜀𝑘,𝑗,𝑚 =   𝜀𝑘,𝑗,m' 

   3:     then 

   4:     find new conselllation points 

   5:     for 𝑘 = 3: K  and 𝑚 =  1: 𝑀 

   6:       dk,j,m  =  ‖ck,j,m − ck,j,m' ‖;  𝑚 ≠ 𝑚’        

   7:       𝑐𝑘,𝑗,𝑚     ← (𝑐𝑘,𝑗,𝑚)
𝑛𝑒𝑤

      

   8:      check 𝜀𝑘,𝑗 = (𝜀𝑘,𝑗)
𝑛𝑒𝑤

 

   9:     end 

   10:   end 
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5. SIMULATION RESULTS 

 

In this section, we will initially present the simulation setup followed by the computation 

time and performances of the proposed approaches that increase the distance between the 

constellation points, use phase-amplitude rotation, perform permutation method and 

consider the new constellation design method. 

 

 

5.1.Simulation Setup 
 

In this section, bit-error-rate (BER) of SCMA systems at different signal-noise-ratio 

(SNR) values have been obtained by using the conventional codebook and the codebooks 

obtained from four algorithms proposed in this thesis. System parameters are determined 

as 𝐽 = 6, 𝐾 = 𝑀 = 4,  𝑑𝑓 = 3 and 𝑑𝑉 = 2 . When the transmitted signals pass through 

the Additive White Gaussian Noise (AWGN) or Rayleigh fading channels, the user data 

are detected with the MPA approach. 

 

 

5.2. Computation Time 

 

 

 

Fig. 16: Computation time of 4 different design methods 
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Initially, the complexity of the 4 different design methods that we have proposed has been 

examined in terms of computation time. While calculating the computation time of the 

algorithms, only the computation time of signal constellations has been calculated 

independent of BER and SNR values. Computation time graph of 4 different methods can 

be seen in Fig. 16. Based on the results obtained, the second method is the method with 

the highest computation time with more than 3 seconds. The reason for this is that it 

adjusts the angles between the half-angle formulas used in the algorithm and constellation 

sets to be equal to 60°. Since the half angle formulas are used, it directly affects the 

computation time. In the first method, the complexity increases when the angle is 

gradually increased between the constellation points in the algorithm and the noise factor 

is added. The computation time of the fourth method is slightly more than the third 

method. Since the number of the data sets to be transmitted is increased in total, the 

computation time has become higher compared to third method. In the third method, the 

new constellation set for the third and fourth sub-carriers was obtained by multiplying the 

existing constellation points on the first and second sub-carriers by a half angle of 

cos 90° + 𝑖 sin 90° = 𝑒𝑖90°
. The computation time of the third method has the least value 

compared to the other 3 methods. Consequently, according to the computation time graph 

in Fig. 16, the order of computation time from high to low is Method-2, Method-1, 

Method-4 and Method-3. 

 

 
5.3. Performance Results 
 

Next, performance results are examined. In Fig. 17, comparative BER performances are 

presented when the distance between the constellation sets points obtained by Algorithm 

1 is changed, when the constellation sets’ energies remain constant. It can be observed 

that better and worse BER performances are obtained, respectively, by increasing and 

decreasing the distance of the constellation sets only in the first sub-carrier compared to 

the conventional codebook. As the smallest Euclidean distance values of the constellation 

sets were increased, approximately 1dB gain was achieved. When the performances are 

examined considering the Rayleigh fading channel structure, better results are observed 
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for the AWGN channel when the distance between the constellation points in the first 

sub-carrier is increased. The BER performances are poorer in a Rayleigh fading channel 

compared to an AWGN channel as expected. While the channel is more stable in direct 

line of sight (AWGN) environments, the channel behaves more unstable in Rayleigh 

fading since there is no direct line of sight. The signals that are not in direct line of sight 

come delayed and weakened due to scattering when reaching the receiver. Therefore, it 

is expected that similar BER performances could be reached in a Rayleigh fading channel 

compared to AWGN channel at higher SNR values. After 20dB, such observations could 

be made in Fig. 17.   

 

 

 
 

Fig. 17: BER performance when the distance between the points of the constellation sets 

is changed (Algorithm-1). 

 

 

In Fig. 18, comparative BER performance results related to increasing the angles between 

the constellation points obtained with Algorithm 2 have been presented. When the number 

of users in a sub-carrier was  𝑑𝑓 =  3, the angles between the constellation sets were set 

to 60°. When only the angles of the constellation sets in the first sub-carrier were changed, 

the gain was not achieved compared to the conventional codebook use. When the 
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algorithm is applied for all sub-carriers, approximately 1dB gain is obtained in the high 

SNR region in an AWGN channel. In Rayleigh fading channel structure, the curve 

between the points on the first sub-carrier with 60° shows similar performance as in 

AWGN. The curve, which is 60° between the points in the all sub-carriers, performs 

worse than AWGN. However, the BER values obtained were close for the first sub-carrier 

and the conventional codebook cases at the high SNR value. Also, after 20dB, all sub-

carriers case is expected to have a cross over and perform better than the conventional 

case for the Rayleigh fading channel.   

 

 

 

 

 
 

Fig. 18: BER performance when the angle between the constellation sets is changed by 

rotation (Algorithm-2)   

 

In this thesis, third and fourth methods also target to improve the system performance of 

the conventional codebook by appropriate modification. With these proposed methods, 

which are the permutation and new constellation design methods, it has been aimed to 

determine the performance gain in the high SNR region by determining the point of 

constellation sets that dominate the BER performance. In Fig. 19, the BER performance 
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of conventional codebook has been presented in AWGN and Rayleigh fading channel and 

has been compared with the new methods given in Algorithm 3 and Algorithm 4. It shows 

approximately the same BER value in three curves up to 12dB in AWGN. The other two 

methods have shown better performance after 12dB compared to the conventional 

codebook with a gain of about 1.5dB. The new constellation design method, which 

provides better convergence after 18dB compared to the permutation method, has shown 

the best BER performance among all. In the Rayleigh fading channel, all curves up to 

12dB have close BER values. After 12dB, the new constellation design method,  provides 

better convergence and outperforms the conventional codebook. The permutation 

method, on the other hand, performs slightly worse than the conventional codebook. 

 

 
 

Fig. 19: Comparative BER performance between the permutation and new constellation 

design method (Algorithm-3 and Algorithm-4) 

 

 

As a final study, comparative BER performances of the four proposed dessign methods, 

which outperform the conventional codebook, have been presented. According to the 

performance outcomes, all four algorithms have been compared to assess which one 
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performs better. The best curves obtained from each algorithm have been presented in 

Fig. 20. It has approximately the same BER value in all curves up to 12dB. After 14dB, 

first sub-carrier far from origin curve diverges and performs poorly for the AWGN 

channel. The other three curves converge and have close BER values up to 18dB. 

However, at 20dB, the new constellation design method shows better BER performance 

by making better convergence than the other curves. In the Rayleigh fading channel, all 

curves up to 12dB have close BER values. After 14dB, first sub-carrier far from origin 

and new constellation design method curves show better BER performance than the 60° 

between the points on all sub-carriers and the permutation method curves. As a result, the 

new constellation design method (Algorithm-4) curve has achieved approximately 1.5dB 

gain compared to first sub-carrier far from the origin curve (Algorithm-1). Curves in the 

permutation method (Algorithm-3) and the 60° between the points on all sub-carriers 

(Algorithm-2) could not perform the desired performances as in the AWGN channel. 

After 20dB, for these curves, a performance output that is comparable with each other is 

foreseen as in AWGN. 

 

 
 

Fig. 20: Comparative BER performances for all four design approaches 

 



36 

 

6. CONCLUSION AND FUTURE RESEARCH 

In this section, conclusion from this thesis will be presented followed by possible future 

research areas for extension. 

 

6.1 Conclusion 
 

 

In this study, the conventional SCMA codebook, which is widely used in the literature, 

has been studied to increase the distances between the constellation set points and to 

improve SCMA system performance. The codebook is used with four different 

approaches for increasing the distances between the related constellation set points, the 

phase-amplitude rotation, the permutation method and the new constellation design 

method. The BER performance of the SCMA system has been studied in AWGN and  

Rayleigh fading channels for the conventional and the proposed codebooks.  

 

In the first design method, the distance between the points of the constellation sets has 

been increased by a certain value while the energy remains constant. The performances  

of resulting codebooks are compared to the conventional codebook. According to the 

performance evaluation, by increasing the distance between  constellation set points with 

each other, a better performance has been obtained than the conventional codebook.  

 

In the second design method, the angles of constellation points have been considered. 

There are three different constellation sets in each sub-carrier in the conventional 

codebook. The angles between these constellation sets are different from each other. In 

the second approach, the angles between the constellation sets on the first sub-carrier and 

all sub-carriers were adjusted to 60° equally and their performances were observed. In 

terms of performance , when the angle between the constellation sets in the first sub-

carrier is 60°, a gain of approximately 1dB was achieved.  

 

In the third and fourth approaches, two new methods, namely permutation and new 

constellation design methods, have been proposed. Permutation method [37] has been 

adapted to the conventional codebook that we have considered and the system 
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performance is explored. In the new constellation design method, it is aimed to increase 

the number of information data in the constellation sets belonging to the users and to 

provide diversity. According to the performance results, 2dB gain was achieved in the 

new constellation design method compared to the conventional codebook. Similarly, for 

the permutation method, approximately 2dB of gain was achieved compared to the 

conventional codebook. Considering all four proposed methods, the new constellation 

design showed the best performance for both AWGN and Rayleigh fading channels. 

 

 

 

6.2. Future Research 

 

 

In the future studies, the performance gain of the SCMA system is targeted to increase 

with new algorithms. With the new methods to be proposed, it is aimed to maximize the 

gain in both AWGN and Rayleigh fading channels as much as possible. Using the deep 

learning method, a new codebook design can be made by training the constellation sets 

in different codebooks in the literature. This new codebook, which will be independent 

from the conventional codebook, is aimed to achieve better results in terms of 

performance. When information belonging to different users is transmitted over sub-

carriers, MPA algorithm is used in the receiver to determine which user belongs to this 

information. Users' information is influenced by noise before reaching the receiver. A 

new multi-step MPA algorithm may be proposed that can sort the users' signal to noise 

ratio (SNR) to determine the detection order and iterations at each step. In addition, the 

factor graph can be redesigned to perform uplink user detection before processing the 

entire MPA. Thus, it is envisaged to reduce the complexity in MPA by reducing the noise, 

so it is aimed to detect the information of the users at a high success rate at the receiver 

side. 
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