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Abstract: Data rates that users can sustain in both uplink and downlink can be increased 

because of multiple input multiple output (MIMO) technology. MIMO is therefore a new 

technology for 5G networks and beyond. Because of the large number of existing an-

tennas, users are empowered by large data rates inside massive MIMO (mMIMO). A 

modified form of mMIMO known as cell-free mMIMO distributes the current antennas 

through the cell. In addition, a central controller that can integrate signals from many 

access points APs using a cooperation mechanism takes the position of the base station. 

By applying the maximal ratio combining (MRC), the cell-Free networks were analyzed 

and simulated. The implemented APs cooperated at four different levels. This manu-

script is concerned with relay implementation inside cell-Free networks. The required 

analysis is carried out as well as simulation which is carried out with Matlab program. It 

can be observed that the proposed system performance is very good when the MRC is 

used. 

Keywords: Cell-Free networks, Relays, Maximal Ratio Combining, Spectral efficiency, 

and Energy efficiency. 

 

1. Introduction 

There are many tools that can be used in 5G networks and beyond. These tools include beam shaping, tiny 

cells, massive MIMO, multiple input multiple output (MIMO), and many others. Cellular systems may be able 

to utilize the same resources frequently due to the small size of the cells. The system has a high capacity as a 

result of resource reuse. Additionally, it may enable short-range communication between user equipment and 

a base station. Additionally, the use of small size cells is a potent instrument for developing green communica-

tion systems and high spectral efficiency SE [1-4]. 

The application of MIMO techniques can enhance beamforming, spatial multiplexing, and diversity in a com-

munication system. Since more antennas are employed at the transmitter and receiver, mMIMO systems are 

able to achieve greater gains in beamforming and other areas than MIMO systems. Because of large number of 

antennas, the mMIMO has satisfying performance. Two antennas only can be implemented at user equipment 

however, the large number of antennas at mMIMO systems [5-8]. MIMO as well as mMIMO can provide high 

uplink and downlink capacity. The system has various flaws, including poor interior service coverage, shad-

owed users, dead zone users, cell edge users, and many more. Users, who are located in these locations, could 

not function well at all. 
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A modified version of mMIMO known as "Cell-Free mMIMO" replaces the many antennas installed at base 

stations with several APs. The simulation models and mathematical analysis for a cell-free network was the 

subject of numerous investigations [9]. The four levels of AP collaboration were taken into account. In Matlab, 

there are also a tonne of simulation models accessible. The research in cell-Free networks is various. 

The Cell-Free network was theoretically examined in order to improve system performance when employing 

low resolution analog to digital (A/D) converters [10]. Authors made the assumption that there were several 

UEs as well as APs. They derived formulas for the relationship between quantization noise and spectral effi-

ciency SE. They raised the SE of a Cell-Free mMIMO system. Others have made an effort to improve the per-

formance of the uplink system by using conjugate beamforming (CB) and zero-forcing (ZF) [11]. For the ZF 

receiver, the authors also provided an accurate approximation rate. APs with numerous antennas, estimation 

inaccuracy, pilot contamination, and power management techniques were also taken into consideration. 

Line of vision Cell-Free mMIMO and tiny cells are both governed by line of sight (LOS) propagation. NLOS 

propagation, however, may be influenced by fading effects, mobility, and other variables. The same system 

was evaluated by the authors of [12] on the presumption of correlated fading channels. To reduce the overall 

system's total power consumption, they also made an effort to reduce the amount of downlink power used by 

each antenna. Since green communication is necessary for 5G networks and beyond, a green cell-Free network 

is designed for an internet of thing (IOT) application [13]. 

Non-orthogonal multiple access (NOMA) can increase the SE in cellular systems. In a cellular system, NOMA 

describes how users are allocated resources. The power sector could be able to reuse resources more. Combi-

nation between NOMA and cell-Free networks exists in [14]. OMA and NOMA are compared when they are 

applied inside cell-Free networks. The performance metrics for a cell-free mMIMO are; SE and energy effi-

ciency (EE). As a result, these indications need to be improved upon and modified. In [15], a brand-new and 

comprehensive SE and EE optimization problem was introduced. They used approaches for AP selection and 

power control in their analysis. It was an excellent and powerful method for improving Cell-Free mMIMO 

performance. [16] expanded on the work of [10] for integration a mixed analog to digital (ADC) receiver able to 

operate in cell-Free networks under Rician fading channels. NOMA challenge still exists. In [17], authors ap-

plied NOMA in cell-Free networks to improve SE as well as EE. Inside cell-Free networks, optical back hauls 

were examined [18]. 

Green communication systems may provide extremely high EE levels. A low-power, cell-free mMIMO net-

work was developed by the authors of [19]. For their analysis, they only used downlink operation. When a 

Cell-Free mMIMO system with several pairs of single antenna users used a two-way half-duplex decode and 

forward (DF) relaying system, the SE was then maximized in [20]. Both the geographical variation and cover-

age have increased. Others recommended adapting between cells to attain the best throughput [21]. The chan-

nel aging effects in cell-Free networks was a challenge [22]. 

In [23], authors analyzed the cell-Free networks and they simulated it. They assumed four cooperation levels. 

During the simulation, various numbers of APs and various numbers of antennas for each AP were utilized. In 

addition, the combined SEs and the SE of different users were simulated after usage of interference cancella-

tion procedures. Additionally, a closed form formula was employed to mathematically analyses how well a 

Cell-Free network performed in terms of SE as well as EE-based bit error rate in the work previously men-

tioned bit error rate (BER). 
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Relays are low-powered base stations that can only cover small areas. They might be viewed as APs. Relays 

help communication systems use less electricity, making them more ecologically friendly. They can be utilized 

in cooperative communication when LOS communication is not available. Additionally, they can help cellular 

systems adequately cover users who are indoors, in the shade, or who frequently find themselves in dead 

zones. In this manuscript Cell-Free mMIMO system, relays are used to allow each AP to provide users a 

low-power information signal. Because the receiver may combine the signals it gets from original transmitters 

and relays, the obtained signal to noise ration SNR is improved. 

In general, the cooperative communication can raise the performance of communication systems. In [24-25], 

authors studied the interference impact on cooperative systems based on intelligent reflecting surfaces. They 

tried to improve the channel characteristics by applying space time block codes (STBC). The applied interfer-

ence models were clarified in [26]. SE will be enhanced. In other words, low-power transmission from the 

original emitter can be achieved by combining the original transmitter signals and their relayed copies. This 

combination results in a green communication system. In brief, authors enhanced the cell-Free performance by 

relays depending on MRC. 

The format of our paper is as follows: A mathematical model of cell-Free network, including relays, is provid-

ed in Section 2. Following a simulation of the system, performance comparisons as well as conclusions are 

given in Section 3 and Section 4, respectively. 

2. Relay Based Cell-Free mMIMO System 

Look at a cell-Free mMIMO network that uses L-distributed APs. Figure 1 displays the architecture of a 

cell-Free network. Each AP has N antennas. The APs are connected via a centralized controller called a 

"cloud-edge processor". These APs can support K users. Assume that h k,l describes the channel between the l 

AP and the k user. It is believed that the channel vector coefficients have a Rayleigh distribution. 

The uplink operation only is considered. Data segments can be sent to the APs by both UEs and relays. Before 

being delivered to an AP, the UE signal may first be received by a relay. There are actually numerous relaying 

tactics. However, our manuscript applies decode and forward category. 

 

 

 

 

 

 

 

Figure 1: The architecture of a Cell-Free network [9]. 

2.1. Pilot Transmission 

Assume that, pilot signals are mutually orthogonal, such as 1, 2, 3,..., p. For channel estimate during the data 

transmission phase, these pilots are used. The overall length of the pilots, which are solely utilized for control 

activities, shouldn't be more than 20% of the total time. 
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There are three groups of pilots accessible in all, and they are; 

 The pilots used for estimating UEs to relays’ channel are combined into Group 1. 

 Group 2 consists of the sum of the pilots used to calculate relays to APs channels. 

 Group 3 is the total pilots for channels between UEs and APs. 

The total pilot length is τp. Three equal segments make up the entire pilot's length. The length of each compo-

nent is τp / 3. The number of users may exceed the number of pilots because there aren't as many pilots as there 

are users. A pilot can be used by a large number of people, which can contaminate the pilot. The pilots in the 

proposed work are split into three groups. Increased pilot contamination comes from this division [23]. The 

received pilot at a relay from when the UEs send their pilots can be represented as; 

           ∑√           
 

 

   

                                 
  

 
                                                           

Where ZLSR refers to the received pilot signal at a relay coming from UE. K is the number of existing users. pi is 

transmitted power, βSRiL is the channel parameter, Φti is the pilot signal at the transmitter, and NLSR is the noise 

signal. 

Mathematically expressed, the pilots, used to estimate the channel between a relay and an AP, are as follows: 
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Where ZLRD refers to the received pilot signal at a destination AP coming from relay. K is the number of exist-

ing users. βRDiL is the channel parameter between relay and destination, Φti is the pilot signal at the relay, and 

NLRD is the noise signal in the channel between the relay and destination. 

Mathematically, the pilots that are used to estimate the channel between a UE and an AP are stated as; 

      ∑√           
 

 

   

                            
   

 
                                                          

where pi is the transmit power of ith user,     between a UE and a Relay, is the channel vector,      is the 

channel vector between a Relay and an AP,      is the channel vector between a UE and an AP. The parame-

ter of                      is the signal noise. The relay and each AP should compare the received pilot sig-

nals with a locally produced version of the pilot signal to estimate the channel characteristics. 

The channel parameters that exist between each UE and a relay should be ascertained by correlating the re-

ceived UE pilot signal with its duplicate. The following are some mathematical ways to express this correla-

tion; 
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Where τp refers to total pilot signal length and 
  

 
 is for this trial transmission's allotted period. The channel 

parameter is estimated using the minimum mean square error (MMSE) between a UE and a relay,  ̂    , can be 

given by; 

 ̂     √
     

 
        

                                                                                                                                                                       

where; 
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 }  ∑

  

 
           

                                                                                                                               

Eq. 6 gives an expression for the correlation matrix of the received signal at relays. 

At an AP, relays transmit the first pilot signal that is ever received. You can use this figure to determine the 

wireless channel between an AP and a relay. The received pilot is compared to a replica that was created 

nearby. The following mathematical expression of this association is possible: 
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where 
  

 
 is duration of the pilot transmission window. By estimating the channel parameter between a relay 

and the MMSE and an AP,  ̂    , can be given by; 

 ̂     √
     

 
        

                                                                                                                                                                         

Where; 

         {         
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Eq. 9 presents an expression for the initial pilot signal's correlation matrix at an AP. 

At an AP, UEs transmit the second pilot signal that is received. To determine the wireless channel between a 

UE and an AP, this map might be used. The received pilot is compared to a replica that was created nearby. 

The following mathematical expression of this association is possible: 
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where 
  

 
 is duration of the pilot transmission By estimating the channel parameter with the MMSE between a 

UE and an AP,  ̂    , can be given by; 
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where; 
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Eq. 12 presents an expression for the second pilot signal's correlation matrix at an AP. 

2.2. Data Transmission 

Mathematically, the received signal at an AP can come from each UE as well as relays as follows; 

  ∑       
 
      ∑       

 
                                                                                                                                                                          

where received signal is given by y, SR and Si refer to relay signal as well as source one, and n is channel noise. 

while UE is the transmitted signal from a UE. n is the channel noise, and      is the channel vector between a 

relay and an AP,     is the route loss and shadowing that may be present in the channel vector from a UE to 

an AP. 

2.2.1 Cooperation among the APs 

The fundamental idea is predicated on the notion of a cell-Free network, based on relays. Distributed APs 

completely cover the coverage area, allowing user equipment to get services from both the nearest AP and the 

closest relay. The received SNR can be increased by combining the AP signal with the relay signal. Addition-

ally, it can make the system more energy-efficient. There are four levels that can be used to coordinate the var-

ious APs and relays. These levels are listed below; 

 Fully Centralized APs “Level 4” 

Both APs and relays are able to provide users with downlink service under this cooperative mechanism. In the 

uplink, APs pick up signals coming from both relays as well as UEs. Each AP improves the signal that is re-

ceived. Actually, each AP has the ability to send data and pilots to a central controller for processing. In com-

parison to an AP, the centralized controller has greater processing power. The mentioned formula in Eq. 13 can 

be used to express the received waveform. 

The following relationships can be used to compute the signal to interference plus noise ratio (SINR), SE & EE; 
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∑   |  
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 ( ∑             
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The SINR refers to the signal to noise plus interference ratio. From the previous equation, it can be calculated 

as the summation of the signal coming from the source as well as the signal coming from the relays divided by 

the summation of interference and noise. 

   
    

 

 
(    

  

  
   )    {      (                  (   ،   )          )  }                                      

The SE refers to the spectral efficiency. Where (…) refers to the time period devoted to the data transmission. 

Moreover, βSD refers to the channel parameter between the source and destination and βSR refers to the channel 

parameter between the source and relay wheras βRD refers to the channel parameter between the relay and 

destination. 
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The EE can be evaluated by; 

Tc PP

SE
BWEE


                               (16) 

PC stands for power used in circuits, BW for bandwidth, and PT for transmitted power. 

 Level 3 

When cooperation is at this level, APs can receive from relays and UEs. Each AP has a pilot detection capabil-

ity for channel estimation. Then, a centralized controller receives the estimated channel characteristics related 

to the received data signals. The SINR, SE can be written as; 
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 Level 2 

When cooperation is at this level, APs can receive from relays and UEs. The controller can detect the average of 

channel estimates as well as data. The SE and SINR are as follow; 
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 Fully Distributed Level 1 

When cooperation is at this level, APs can receive from relays and UEs. The central controller is for cooper-

aytion among APs which are able to detect pilots as well as data. The SE and SINR can be given by; 
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3. Results Discussion 

This section simulates Cell-Free networks, which is built on relays. Table 1 summarises the simulation param-

eters. The cell has a 20 m diameter. Additionally, the relays are strewn about the coverage area at random. On 

the other hand, the ideal location for a relay deployment is halfway between a transmitter and a receiver. Ac-

cording to 3GPP standard [23], the channel propagation and fading models are used. Eqs. 23 and 24 contain 

the path loss models. In the aforementioned work [23], these models are utilized. 

   [  ]                 (
   

  
)                            (23) 
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Figure 2 (a) displays the SE performance of a cell-Free mMIMO system before the relay deployment. On the 

other side, the relay deployment impact is investigated in Figure 2 (b). The two figures are displayed assuming 

that the MRC is applied. In conclusions, a cell-Free mMIMO network's SE performance can be improved by 

relay deployment. When there are relays, the four levels of cooperation can function more effectively. 

Figure 3 (a) displays the EE performance of a cell-Free mMIMO system before the relay deployment. On 

the other hand, the relay deployment impact is investigated in Figure 3 (b). The two figures are displayed 

assuming that the MRC is applied. In conclusions, a cell-Free mMIMO network's EE performance can be im-

proved by relay deployment. When there are relays, the four levels of cooperation can function more effec-

tively. 

Figures (2 & 3) show that, particularly for low level users, the relay existence can improve SE as well as EE of 

Cell-Free networks. Users at cell edges, shadowy users, and others could be considered low level users. Some 

users might perform with zero SE and EE without relays. The relay existence allows all users to perform well. 

Table 1. The simulation Parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Value Parameter 

4 Base stations’ Number 

100 Antenna count for each base station 

1km ×1 km Area 

Rayleigh Fading Fading 

4 dB Standard Deviation 

Shadowing 0.5 m Correlation Distance among 

UEs 9 m Decorrelation distance 

9 dB Noise Figure 

20 MHz Bandwidth 

0.5λ 

 

Spacing between Antennas 

20 dBm Uplink power 

40 

 

 

 

 

 

UEs’ Number 

100 mWatt PT 

0.1 Watt PC 
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(a) Without relays “related work”                               (b) With relays “proposed work” 

Figure 2: The SE performance of the proposed system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Without relays “related work”                                (b) With relays “proposed work” 

Figure 3: The EE performance of the proposed system. 

4. Conclusions 

This manuscript handled the implementation of the relays inside a cell-Free mMIMO system in order to in-

crease the SE as well as EE performance. The cell-Free mMIMO system, based on relays, was mathematically 

analyzed and simulated. The simulation was carried out and the simulation results were given. From the sim-

ulation results, it can be observed that the relays’ deployment can greatly increase the cell-Free mMIMO sys-

tem performance. The future work of the issue can extend to include the implantation of modern digital signal 

processing (DSP) algorithms especially in the cooperation among the APs. It is predicted that these algorithms 

can increase the SE as well as EE performance. 
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