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ABSTRACT 

The fifth generation (5G) cellular network has been commercialized recently to 

fulfill the new demands such as very high data exchange rate, extra low latency 

and high reliability. Many new technologies have been introduced and exploited 

since the early of the 2010s. Among these emerging technologies, full-duplex 

relaying cognitive radio networks, device-to-device communications and cell-free 

massive multiple-input and multiple-output have been considered as promising 

technologies/systems for 5G and beyond. This work provides a comprehensive 

study on the concepts, advantages and challenges of the above-mentioned 

technologies. In addition, we also introduce four new research directions which 

are challenges of 5G and beyond. 

Keywords: Cell-free massive MIMO, full-duplex relaying cognitive radio 

networks, device-to-device communications 

 

1. Introduction 

Since the last two decades, we have witnessed an impressive and unpredictable growth 

of wireless cellular networks. In 1982, a mobile communication system was first 

introduced, and it was considered as a luxuriously fashionable service. This version, 
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namely first generation (1G), was based on analogue technology, and was only able to 

provide voice service. In the 1990s, the second generation of cellular networks, namely 

2G, was launched. Owning to the advantages of digital technique, 2G could support 

both voice and text services. Then, 2G quickly became popular and appeared in daily 

lives, and the demand for accessing the internet was growing. This was the motivation 

of the third generation's emergence in 2001 (during the developing of 3G, two enhanced 

versions of 2G also were introduced [1]). 3G opened a new horizon for data 

transmission with package switching technology. After that an updated version of 3G, 

namely high-speed downlink packet access, which was able to support a download data 

rate up to 14 Mbit/s, was introduced. In 2012, 4G was standardized. Long Term 

Evolution Advanced, a version of 4G, can provide download and upload data rate up to 

1 Gbit/s and 500 Mbit/s, respectively. After appearing several years, 4G systems 

became unable to fulfill the high demand on capacity, reliability and low latency, 

particularly in the emergence of many new applications and related technologies such as 

Internet-of-things, autonomous driving and video streaming. Thus, the fifth generation 

(5G) mobile networks, which is expected to appear in 2020, have been under intensive 

research and development [2],[3]. 

Since 2012, many infrastructure vendors (such as Ericsson, Huawei and Samsung) and 

governments have considered to establish a definition and features for 5G. Although 

there are various versions of 5G's vision, the key points are summarized as follows [2]:       

 High data rates:  10 Gbps in the real networks. 

 Low latency: less than 5 milliseconds round strip delay. 

 Increasing bandwidth: bandwidth per unit area is expected to increase 1000 times. 

 Massive connectivity. 

 Ultra-high reliability. 

 Availability: 100% coverage. 

 Energy efficiency: reducing 90% of network energy consumption. 

 Low power: prolong-life of battery up to ten years.  

Advantages and challenges 

Based on the 5G's vision, many studies have been done and many solutions related to 

the radio access network have been proposed, such as cell-free (CF) massive multiple-

input multiple-output (MIMO), cognitive radio network (CRNs), full-duplex relaying 

system (FDR), device-to-device (D2D) communication and energy harvesting 

communication (EHC). These emerging techniques are considered as key components 

of 5G and beyond architecture. Table 1 shows a summary of some key advantages and 
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challenges of these technologies [4]-[11]. It shows that interference is still a key 

challenge for the future wireless communication systems. 

 CF massive MIMO: Deploying unpaired wise orthogonal pilot signals causes 

pilot contamination effect which significantly reduces the system performance 

even when the number of access points is large. In addition, multi-user 

interference is also a challenge. 

 D2D communications: For underlay in-band D2D communications, D2D users 

and cellular users simultaneously operate in the same spectrum, leading to 

interference between their communications.      

 FDR: It is difficult to perfectly cancel self-interference in the real network. 

Self-interference still exists. 

 CRNs: Secondary users share spectrum with primary users leading to increase 

spectrum efficiency along with causing interference. 

TABLE 1. Key features of the emerging techniques 

No Techs Advantages Challenges 

1 CRNs High spectral efficiency. 
Interference between primary and Secondary 

networks, spectrum sensing mechanisms. 

2 D2D 
High spectral efficiency, low 

latency. 
Interference, D2D user discovery. 

3 FDR High coverage, data rate Self-interference. 

4 
CF massive 

MIMO 

Uniformly high spectral efficiency 

and energy efficiency. 

Pilot contamination, backhaul links 

requirements. 

 

Relevant studies 

In the literature, CRNs, FDR, D2D and CF massive MIMO have been intensively 

studied. 

 The authors in [4] and [5] gave a brief overview on CRNs, then discussed the 

technologies that dealt with four main challenges of CRNs i.e. spectrum 

sensing, spectrum decision, spectrum sharing and spectrum mobility. 

Particularly, the architecture and applications of CRNs in detail were presented 

in [5], making CRNs close to the reality. 

 FDR, a novel design for precoder and decoder, was introduced in [12] to 

overcome self-interference at a FD relay. The results showed that by applying 

the proposed precoder/decoder, the system performance in terms of achievable 

rate and bit error rate was enhanced significantly in comparison with half-
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duplex relays and conventional FD relays. Another work, [13], also focused on 

interference reduction method using a simple adaptive feedback canceller for 

amplify-and-forward relays based on second-order statistics. 

 Along with many works concentrating on improving spectrum efficiency, 

fairness and reliability of a D2D system, there are other works to address 

technical challenges such as resource allocation, D2D users discovery and 

interference (underlay in-band D2D) [8]. 

 CF massive MIMO has attracted a great attention recently [9]-[11], [14], [15]. 

CF is considered as a next research direction after massive MIMO [11]. 

From the aforementioned discussion, an overview of these technologies in terms of the 

concepts, advantages and disadvantages is discussed in the paper. The paper is divided 

into five sections. The introduction is presented in the first section, the conclusion is in 

Section 5. The main discussions are presented in three technical sections including CF 

massive MIMO, FDRs in CRNs and D2D communications. 

For each technical section, the content consists of introduction, relative works, 

advantages and disadvantages of the corresponding technique. 

 

2. Cell-free massive MIMO 

To increase the network connectivity and improve the spectral efficiency, cells are 

divided into smaller cells. However, splitting cells creates a new issue that is inter-cell 

interference. This negative effect becomes more severe when the cell radius is small. 

Consequently, the capacity is limited. In addition to that, inter-cell interference also 

makes cell edge users' performance become worse (see Fig. 1).  

 

Figure 1. The spectral efficiency in small cell systems [16]. 



Toan Xuan Doan, Thanh Quoc Trinh – Volume 2 – Issue 4-2020, p. 348-362. 

 352 

To overcome this restriction, a co-processing each signal at multiple base stations (BSs) 

technique has been considered. The principle of this technique is to turn inter-cell 

interference to be a desired signal through using neighbor BSs to co-serve a user or 

many users [16]. Such system has been introduced under different names, such as 

coordinated multipoint with joint transmission (COMP-JT) [17] and distributed wireless 

communication system [18]. Although many theoretical works proved that this 

approach could provide great advantages, it has not been applied in practice up to now. 

Recently, a new concept called CF massive MIMO has been proposed in [9]. This 

concept originates from massive MIMO, but massive antennas are spread out over a 

wide area instead of being located in a compact area. It has attracted a great attention 

and many studies have been performed. The work in [11] proposed the expressions for 

achievable uplink and downlink rate. More interestingly, the authors compared between 

CF system and small cell in terms of performance of downlink/uplink network 

throughput. The results showed that CF system provided better throughput performance 

than small cell did (see Fig. 2). In addition to that, the cell-edge users in CF system also 

do not suffer poor spectral efficiency, (see Fig. 3). Furthermore, some other works 

focused on other aspects of CF system, such as proposing a pilot assignment protocol 

for CF system [11] or dealing with limited back-haul in CF system [15]. 

2.1. Cell-free massive MIMO system model 

 

Figure 2. The cumulative distribution of per-user downlink net throughput [11]. 

As discussed in the previous part, CF massive MIMO system  is the distributed massive 

MIMO system, where massive antennas spread over a large area, named as access point 

(AP), serving a much smaller number of users in the same time-frequency resources. A 

central processing unit (CPU) connecting to all APs via a back-haul links is deployed 
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for processing most of important tasks, including decoding uplink data, coding 

downlink data, and power control (see Fig. 4). 

 

 

Figure 3. The spectral efficiency at the cell edges in CF massive MIMO [16]. 

Similar to conventional massive MIMO, time division duplex (TDD) protocol is applied 

in CF. In the first phase, namely pilot uplink training, the users send pilot signal to APs, 

and APs estimate the channels state information (CSI). This estimated information is 

useful for decoding and beamforming. In the second phase, namely downlink payload 

transmission, APs send data to the users. In the third phase, namely downlink pilot 

training, APs broadcast a pilot signal to users in order to help the users obtain the CSI. 

Interestingly, when the number of APs is sufficiently large, the channel from APs to 

user k becomes hardening. In other words, the channel approximates to its expectation 

value [11]. Thus, the third phase does not require in this case [11]. The last phase, 

named uplink data transmission, users send data to APs. The received data at APs is 

pre-processed before being forwarded them to CPU to detect the desired information. 

Generally, the equations of uplink and downlink data are given as follows: 

 

Figure 4. CF massive MIMO system model. 
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Downlink transmission: The received signal at user k is a sum of signals from all APs 

and it is given by 

dl AP dl

' ' ,'k m mk mk mk k km k
r g z q w

 
   ρ η

A U
 

where A  and U  are the set of APs and users, respectively,  AP

mρ  is the transmit power of 

m
th

 AP, dl

mkη  is the power control coefficient, mkg  is the channel coefficient between m
th

 

AP and user k, 'mkz is the beamforming component, 'kq is the symbol needed to send to 

user k, ,kw is the AWGN. 

Uplink transmission:  The received signal of user k at CPU is expressed as 

ul u ul

' ,'k m mk mk k km k m
r g w

  
   ρ η δ

A U A
 

where u

mρ  is the transmit power of user k, ul

mkη  is the weight coefficient of APm, 'kδ  is 

the transmit symbol of user k'. 

2.2. Discussion on CSI Exchange in Cell-free massive MIMO  

Conjugate beamforming is suggested so that APs can perform beamforming locally. In 

addition, power control coefficient depends on large-scale fading which changes slowly. 

Thus, it does not need to exchange instantaneous CSI between CPU and APs [11]. 

2.3. Challenges in Cell-free massive MIMO 

CF massive MIMO inherits advantages from conventional massive MIMO and from co-

processing each signal at multiple APs/BSs technique. It also owns challenges of these 

systems, including requirement of sufficiently accurate CSI, time synchronization and 

high quality of back-haul link connecting APs to CPU [11]. 

 

3. Full-duplex relaying cognitive radio networks 

CRNs, which was first introduced by J. Mitola [19], is a solution for improving the 

spectral efficiency [4], [5], [20]. The key principle of this concept is a secondary user 

(SU) (unlicensed user) shares the spectrum of a primary user (PU) (licensed user) (see 

Fig. 5). In other words, SU is allowed to access the licensed spectrum without causing 

harmful influence on the PU communication. To efficiently manage spectral resource, 

many approaches have been proposed, such as underlay, overlay and interweave 

policies [21].  
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Figure 5. CRNs system with underlay paradigm 

3.1. Interweave paradigm 

The motivation behind this scheme is that there exists some temporary spectrum un-

utilized, called as spectrum holes so that by utilization these holes the spectral efficiency 

is enhanced. Because the availability of spectrum holes changes over time, the SUs need 

to have some protocols to detect and access to the spectrum holes [22], [23].   

3.2. Underlay paradigm 

To ensure the PU still meets its quality of service (QoS), the SUs have to know the CSI 

of the link to primary receivers, to control the transmit power so that the peak 

interference caused by the SU on PUs drops below a given threshold (interference 

constraint) [21]. Due to the limitation in transmit power, underlay scheme suits for short 

range transmission at the secondary networks, the authors of [24] proved that SU might 

obtain very high rate with low transmit power. 

3.3. Overlay paradigm 

This policy also allows SUs and PUs to transmit signal simultaneously at the same 

spectrum. As SUs can transmit signal with any power, it is needed to have some 

techniques to partly or completely cancel interference. Thus, SUs need to obtain more 

information about PUs, such as CSI, codebooks and message of primary transmitters [21]. 

Relaying system is introduced in order to extend the coverage of a cellular network 

without increasing transmit power at  transmitters. Particularly, this system can help 

cell-edge users improve their performance, which is one of the challenges in cellular 

networks [25]-[27]. The operation principle of relays is to receive signal from a 

transmitter and then forward the received signal to desired destination.  

Relays operate under two modes including half-duplex (HD) and full-duplex (FD). For 

HD, relays receive signal and forward the received signal in two different phases/time-

plots (or in the same time-slot but different frequencies). For FD, relays transmit and 

receive signal at the same time and frequency, i.e. when the relay forwards signal, 
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which was received in the previous phase, to the destination, it also receives signal from 

the transmitter (as Fig. 6 and Fig. 7). As a consequence, FD can offer a better spectrum 

efficiency at the price of experiencing self-interference (SI) at the relay, i.e. the signal in 

the receiving side is interfered by transmitted signal in the transmission side. For that, 

an interference cancellation approach is needed for FD [12], [13], [28]. With a 

sufficiently efficient SI cancellation, the data rate can be double [7]. 

 

 

 

 

 

 
 

Figure 6. HD relaying system             Figure 7. FD relaying system 

Fig. 6 demonstrates a HD relaying system, where a transmit signal x(t) is transmitted to relay in 

phase 01, and then the relay forwards x(t) to a receiver in phase 02. Fig. 7 demonstrates a FD 

relaying system, where relay transmits the signal x(t-1), which is received in the previous phase, to 

the receiver. At the same time, relay also receives signal x(t) from the transmitter. Due to 

operating in FD mode, the receiving side of the relay is interfered by the transmitting side. 

At the relay, after receiving signal, the relay forwards it to destination based on two 

common protocols: amplify-and-forward (AF) and decode-and-forward (DF). The 

advantages of AF protocol is that this process is simpler than DF. However, interference 

and noise of the transmitter-relay hop are also amplified, which results in decreasing 

SINR value at the destination.   

The instantaneous end-to-end SNRs of a two-hop AF relaying system, denoted by 2

AF

e eg  

and of a two-hop DF relaying system, 2

DF

e eg  are given by [29], [30], 

2 ,
1

AF sr rd
e e

sr rd


 

g g
g

g g
 2 min{ }DF

e e sr rdg g ,g , 

where srg and rdg  are the instantaneous SNRs of the first hop from source (transmitter) 

to relay and the second hop from relay to destination, respectively. 

Interestingly, a new concept of relay station has been proposed in 3GPP standard [31] 

which consists of two kinds of relay: moving relay nodes [32], [33] and relay-users [34]. 

This concept provides great potential for 5G because it deals with the high implement 

cost of fixed relay. 
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Full-duplex relaying communication in CRNs is introduced with the aim of inheriting 

the advantages of CNs and FD system having been intensively and widely studied in the 

literature [6], [12], [36]. Fig. 8 demonstrates the case of a FD relaying system in CRNs, 

where the secondary network is a FD relaying system, operating under underlay 

scheme. Due to the transmit power constraint of ST, in many cases the secondary 

receiver (SR) can not directly receive signal from the secondary transmitter (ST), so that 

a relay node is required. To enhance data rate and spectral efficiency, FD relay (FD-R) 

is considered instead of HD relay. Certainly, FD-R has to perform a self-interference 

suppression scheme to overcome the self-interference phenomenon at the relay.  

Notably, the spectrum allocation of D2D communication is mostly managed by BS, 

whereas CRNs is fully autonomous by SUs. Thus, SUs are able to detect the usable 

spectrum, select the best one, and adjust parameters such as pre-coding and  transmit power. 

 

Figure 8. FDR in CRN system (ST: Secondary transmitter, FD-R : Ful-duplex relay, 

SR: Secondary receiver) 

 

4. Device-to-Device Communications 

Along with massive MIMO and CRNs, D2D communication has emerged as a 

promising solution for improving spectral efficiency of cellular networks (CelNs) [37]. 

It also provides a solution for decreasing overload of data traffic over CelNs and 

reducing transmission delay by directly communicating among devices [37]. Based on 

the kind of spectrum, D2D can be classified into two groups including in-band and out-

band D2D communication [8]. 

4.1. Out-band D2D communications 

For out-band D2D communication, D2D devices (DUs) use unlicensed spectrum, such 

as Wi-fi, Bluetooth and ZigBee, for transmitting and receiving data. The benefit of this 

type is no interference between D2D and CelN.   
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In terms of spectrum access policies, a device can occupy an unlicensed spectrum under the 

management of CelNs, called controlled out-band communication, or without any 

involvement of CelNs, called autonomous out-band communication [8]. For the former, the 

D2D communication performance can be controlled to improve the reliability and to ensure 

QoS. In contrast, autonomous out-band communication independently operates from CelN, 

which means that less overhead of CelNs, but the QoS cannot be controlled [38].    

4.2. In-band D2D communications  

Different from out-band, DUs share spectrum with cellular users (CelUs) in two modes: 

underlay mode (UMod) and overlay mode (OMod) [8]. The advantage of this paradigm 

is that CelNs are able to manage performance of D2D communications. 

For OMod, the radio and time resources are allocated to DUs and CelUs such that there 

is no interference caused by D2D communication on CelNs and vice versa. As a result, 

interference management is not needed for this case, but the spectrum efficiency is not 

optimal and CelUs cannot exploit the full capacity of CelNs that can provide [8].  

For UMod, both DUs and CelUs can use the same frequency and the same time slot for 

their transmissions, resulting in existing interference among them. Thus, the system 

needs to implement an additional scheme to partly or totally cancel the interference, 

making the system more complicated. With a sufficiently good interference 

management, the spectrum efficiency of this mode is improved significantly [38]. 

TABLE 2. Some key features of in-band and out-band D2D communications 

Advantages In-band Out-band 

underlay overlay control auto 

Enable to control the performance of DUs Y Y Y N 

Improve spectral efficiency Y Y N N 

CelNs’ spectral efficiency is optimal Y N NA NA 

Enable DUs and simultaneously operate on the same 

spectrum of CelNs 
Y N NA NA 

 

Along with EE, reducing energy consumption and prolonging battery life are also two 

important aspects in 5G visions [2]. Among many solutions, wireless power transfer 

(WPT) and energy harvesting (EH) have drawn great attention from the research 

community. The main concept of EH is to harvest and convert unused energy to useful 

energy to charge batteries. For natural energies such as solar and wind, they are free but 

strongly depend on weather and unable to exactly predict, meanwhile wireless 

communication systems require high reliability. For that reason, radio frequency (RF) 
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signals, which are independent of natural conditions, become a potential resource 

[39],[40]. For WPT, energy is wirelessly transmitted to an intended receiver and it is 

usually fully controlled by transmitters. 

Although EH and WPT have been considered as a promising technique, there still are 

some challenges that need to be solved to make it practical. For example, the amount of 

harvested energy is very small. Thus, the application of EH and WPT, recently, has 

been considered in D2D communications due to low-power devices and short 

transmission. 

 

Figure 9. An example of EH based D2D communication system. 

 

5. Conclusions 

Throughout the paper, we have presented a comprehensive study on the emerging 

techniques for 5G including FDR in CRNs, D2D communications and CF massive 

MIMO. Some potential directions could be developed from the paper are listed as 

follows: 

 Due to the randomness of location of users in CF massive MIMO, deploying 

stochastic geometry theory to model the system is an potential topic.  

 Resource allocation for multigroup multicast CF massive MIMO to reduce the 

inter-user interference.  

 In the near future, the need of directly communicating between devices is 

predicted to increase. Thus, considering D2D system in CF massive MIMO is 

also a promising direction. 

 The development of low power devices makes energy harvesting become 

more practical. However, EHC in CF massive MIMO has not been studied in 

the literature. 
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