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Abstract 

The massive multiple input multiple output mMIMO technology can improve the cellular system performance 

especially the cell edge users. Thanks to the large number of implemented antennas at both transmitters and receivers, the 

mMIMO technology is qualified to satisfy the requirements of the 5G networks and beyond. The Cell-Free network, wherein 

large spatially distributed antennas are implemented, can improve the performance of shadowed users and indoor ones. In 

this paper, there is a trial to improve the cell-Free mMIMO network performance by implementation of Intelligent Reflecting 

Surfaces IRSs. The Cell-Free mMIMO network based on IRSs is mathematically analyzed and simulated. The signals to 

interference plus noise ratio SINR as well as spectral efficiency SE are derived in closed form formula. It can be concluded 

that implementation of IRSs in Cell-Free mMIMO networks can increase the SE and EE performance for all cooperation 

levels. 

Key Words: mMIMO, Cell-Free networks, IRSs, MRC, SE, and EE. 

1. Introduction 

In the 5G networks and beyond, there are a lot of tools that can be applied. These tools can include but not limited to; small 

cells, multiple input multiple output MIMO, massive MIMO mMIMO, beam forming, and much more. The small size cells can allow 

cellular systems to reuse the same resources a lot of times. The resource reuse results in a high system capacity. In addition, it can 

allow low distance communication between a base station and user equipment. Furthermore, application of small size cells is a 

powerful tool towards high spectral efficiency SE and green communication systems [1-4]. 

The MIMO techniques can aid a communication system to carry out; beamforming, spatial multiplexing, and diversity gains. 

The mMIMO, wherein a large number of antennas are applied at a transmitter and a receiver, can provide more beamforming gain 

and other gains than MIMO systems. Thanks to the high number of implemented antennas at both a transmitter and a receiver, the 

mMIMO systems can provide more gains in comparable with the MIMO ones. In fact, a mobile cellular system can apply up to 64 

antennas at each base station whereas two antennas only can be applied at a mobile station [5-8]. The MIMO and mMIMO can 

provide large uplink and down link capacities. However, there are a lot of weak points such as; indoor service coverage, cell-edge 

users, shadowed users, dead zones users, and much more. The users, located at these zones, may have a very low performance. 

The Cell-Free mMIMO is a modified version of a mMIMO technology wherein the large number of antennas, which are 

implemented at a base station, is replaced with distributed APs through the coverage area. For more clarifications, the number of APs 

in a Cell-Free mMIMO is equal to the same number of antennas at a cellular mMIMO base station. The Cell-Free mMIMO 

architecture is displayed in Figure 1. There were a lot of researches that handled the mathematical analysis and simulation models for 

a Cell-Free mMIMO communication system [9]. Four levels of cooperation, among the APs, were considered. In addition, a lot of 

simulation models in Mathlab exist. As the Cell-Free mMIMO is a powerful tool towards the 5G networks and beyond, a lot of 

research works were devoted to this topic. 

The Cell-Free mMIMO system was mathematically analyzed and there were trials to improve the system performance during 

application of low resolution analog to digital converters [10]. The authors assumed that there were a lot of APs and users. They 

provided a novel spectral efficiency SE mathematical equation regarding the quantization noise. They enhanced the SE performance 

of a Cell-Free mMIMO system. Others tried to improve the uplink system performance by applications of zero-forcing ZF and 

conjugate beamforming CB [11]. Moreover, the authors provided a tight approximate rate for the ZF receiver. In addition, they 

considered the impacts of multi-antenna access point AP, estimation error, pilot contamination, and power control schemes. 

The operation of small cells and Cell-Free mMIMO is dominated by line of sight LOS propagation. However, the NLOS 

propagation may exist due to fading effects, mobility, and much more. In Ref. [12], the authors analyzed the Cell-Free mMIMO 

system assuming correlated fading channels. Moreover, they tried to minimize the downlink consumed power per each antenna in 

order to reduce the total consumed power in the system as whole. Since the green communication is a necessity towards the 5G 
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networks and beyond, it is necessary to have a power efficient Cell-Free mMIMO system. Therefore, a scalable and energy efficient 

IOT system, with massive connectivity, was designed in Ref. [13]. 

 

 

 

 

 

 

 

Figure 1: The Cell-Free mMIMO network [9]. 

One of the powerful techniques towards the 5G networks and beyond is application of the so called non-orthogonal multiple 

access NOMA technology. NOMA can describe the resource allocation among users in a cellular system. It can allow more resource 

reuse in power domain. As the resource reuse increases, the system capacity can increase. It is a great idea to have a Cell-Free 

mMIMO system based on NOMA [14]. The Cell-Free mMIMO, based on NOMA with conjugate beamformer preceding, was 

analyzed and simulated. The authors held a comparison between NOMA based Cell-Free mMIMO system and OMA one in order to 

clarify the NOMA advantages. Furthermore, they deduced a novel achievable closed-form SE expression that can characterize the 

effects of the channel estimation error, pilot contamination, imperfect successive interference cancellation “SIC” operation, and 

power optimization technique. 

The performance metrics of a Cell-Free mMIMO are; SE and EE. Therefore, these metrics should be optimized and 

improved. The authors of Ref. [15] introduced a novel and comprehensive optimization problem for SE and EE. Their analysis 

depended on power control mechanisms combined with AP selection. It was a great and a powerful tool to improve the Cell-Free 

mMIMO performance. The authors of Ref. [16] developed the work of Ref. [10] in order to introduce a mixed analog to digital 

converter ADC receiver architecture to a Cell-Free mMIMO system under Rician fading channels. The mixed ADC architecture 

permits some of receiver's antennas to be implemented with economical low resolution ADCs while the rests are equipped with high 

priced perfect ADCs. 

The Cell-Free mMIMO is still under research and a lot of challenges should be solved. The non-orthogonal multiple access 

NOMA is a powerful tool in Cell-Free mMIMO systems. In Ref. [17], the power domain NOMA techniques were investigated. As 

mentioned in the previous paragraphs, application of Cell-Free mMIMO with NOMA can provide a high SE and EE communication 

system. In Ref. [18], the authors carried out an overview and outlook on the architecture, modeling, design, and performance of 

massively distributed antenna systems DAS with non ideal optical fronthauls. Complex interactions between optical fronthauls and 

wireless access links require optimum designs across the optical and wireless domains by jointly exploiting their unique 

characteristics. 

The green communication systems can provide a high EE levels. In Ref. [19], the authors designed a power efficient Cell-

Free mMIMO network. Their analysis depended on downlink operation only. Subsequently, the SE was maximized in Ref. [20] when 

two-way half duplex decode and forward DF relaying system with multiple pairs of single antenna users are applied in a Cell-Free 

mMIMO system. The spatial diversity and coverage are improved. Others proposed adaptation between small cells and Cell-Free 

mMIMO in order to have a maximum SE performance [21]. Finally, there is a mathematical model for a Cell-Free mMIMO system. 

This model considered the impact of channel aging on the uplink performance of a Cell-Free mMIMO system with a minimum mean 

squared error MMSE receiver [22]. 

The Cell-Free mMIMO network was mathematically modeled and simulated [23]. The Cell-Free mMIMO network can 

operate by applying four levels of cooperation mechanisms. The simulation was carried out through application of different number 

of APs and different number of antennas per each AP. Moreover, the SE of different users as well as the sum of spectral efficiency, 

after applying interference cancellation mechanisms, was simulated. Furthermore, in the previously mentioned work, the SE and EE, 

based bit error rate BER, performance of a Cell-Free mMIMO system were mathematically analyzed in a closed form formula. 

Intelligent reflecting surfaces IRSs are competing techniques to relays. However, IRSs can aid in signal improvement to 

receivers without noise amplification. IRSs can enable a receiver to have gains from multiple reflections. These reflections can 

enhance each other. The IRSs can be used in order to focus energy in a direction. In addition, they may be used in order to cancel out 



signal “prevent” in a direction. In other word, IRSs can be applied as ubiquitous directive antennas. The best position to implement an 

IRs is to be at the transmitter or a receiver.  

In this paper, the IRSs are implemented in a Cell-Free mMIMO system in order to let each AP deliver their information 

signal to users with little power. The receiver can combine both received signal coming from original transmitters as well as that are 

reflected from IRSs. Therefore, the received power is enhanced. When the received signal is improved, the signal to noise ratio is 

enhanced. As a result, the SE will be improved. In other words, combination of the transmitter signals and their IRS reflected versions 

can let the original transmitter send with low power. In conclusion, it is predicted that the Cell-Free mMIMO systems, based on IRSs, 

have a high SE and EE performance especially when the MRC is applied. 

Our paper is organized as follows; Section 2 provides the mathematical analysis of the Cell-Free mMIMO network that is 

based on IRSs. Subsequently, the proposed system is simulated and performance comparisons are held in Section 3. Finally, 

conclusions are given in Section 4. 

2. IRSs Based Cell-Free mMIMO System 

Consider a cell-Free mMIMO network model that has L distributed APs. Each AP has N antennas. The APs are connected 

over a centralized controller “cloud-edge processor”. These APs can serve K users. Assume that hk,l describes the channel between l 

AP and the k user. The coefficients of the channel vectors are assumed to have Rayleigh distribution. The relays are randomly 

distributed inside the coverage area. 

The cell-Free mMIMO system is implemented assuming that the operation is in uplink. The UEs are transmitters whereas the 

APs are receivers. The APs can receive each data segment from UEs as well as relays. A relay can receive the UE signal and then, 

forward it to an AP. In fact, there are a lot of relaying strategies. However, this paper considers a traditional relay that follows decode 

and forward strategy. 

2.1. Pilot Transmission 

Assume that there are mutually orthogonal pilot signals which are; φ1, φ2, φ3, …, φτp. These pilots are used for channel 

estimation during data transmission period. Since the pilots are used for control processes only, the total pilot length should not 

exceed 20% of total frame time in order to save the data rate. 

The total available pilots can be divided into two group and they are; 

 Group 1 is a summation of pilots that are applied to estimate the channel between UEs and IRSs. 

 Group 2 is a summation of pilots that are applied to estimate the channel between UEs and APs. 

The total pilot length is τp. The total pilot length is divided into two equal parts. Each part has a length of τp /2. Due to the 

limited number of pilots, the number of users may be higher than the number of pilots. A lot of users can operate on a pilot which 

results in a pilot contamination. In the proposed work, the pilots are divided into two groups. This division results in increased pilot 

contamination [23]. When the UEs transmit their pilots, the received pilot at an IRS can be expressed as; 

      𝒁𝑙𝑆𝑅 = ∑ √𝑝𝑖  𝜷𝑆𝑅𝑖𝑙∅𝑡𝑖𝑇𝑘
𝑖=1 + 𝑵𝐿𝑆𝑅                                      0 ≤ 𝑡 ≤ 𝒯𝑝2                                                 (1) 

The pilots, that are applied to estimate the channel between a UE and an AP, can be mathematically expressed as; 

 𝒁𝑙𝑆𝐷 = ∑ √𝑝𝑖  𝜷𝑆𝐷𝑖𝑙∅𝑡𝑖𝑇𝑘
𝑖=1 + 𝑵𝐿𝑆𝐷                            𝒯𝑝2 + 1 ≤ 𝑡 ≤ 𝒯𝑝                                               (2) 

where pi is the transmit power of ith user, 𝛃SR is the channel vector between a UE and an IRS,  𝛃SD is the channel vector 

between a UE and an AP. The parameter of 𝐍LSR  and 𝐍LSD is the noise signals. To estimate the channel parameters, each AP should 

correlate the received pilot signals with a locally generated version of the pilot signal in order to determine the channel parameters. 

The received pilot signal at an IRS is that comes from UEs. This pilot can be applied in order to estimate the wireless 

channel between a UE and an IRS. The received pilot is correlated with a locally generated replica. This correlation can be 

mathematically expressed as follow; 



𝑍𝑡𝑘𝑙 = ∑ √𝑝𝑖√𝒯𝑝2 𝜷𝑆𝑅𝑖𝑙  ∅𝑡𝑖𝑇
𝑘

𝑖=1
 ∅𝑡𝑘∗ + 1√𝒯𝑝2  𝑵𝐿𝑆𝑅∅𝑡𝑘∗ = ∑ √𝑝𝑖𝒯𝑝2   𝜷𝑆𝑅𝑖𝑙𝑖∊𝑃𝑘 + 𝒏𝑡𝑘𝑙                                              (3) 

where 
𝒯𝑝2  is the time allowed for pilot transmission. By using the MMSE to estimate the channel parameter between a UE and 

an IRS, �̂�𝑆𝑅𝑘𝑙, can be given by; 

�̂�𝑆𝑅𝑘𝑙 = √𝑝𝑘𝒯𝑝 3 𝑹𝑘𝑙 𝛹𝑡𝑘𝑙−1 𝑧𝑡𝑘𝑙                                                                    (4)               

where; 𝛹𝑡𝑘𝑙 =  𝔼 {𝒛𝑡𝑘𝑙 𝒛𝑡𝑘𝑙𝐻 } = ∑ 𝒯𝑝3  𝑝𝑖𝑹𝑖𝑙 𝑖∊𝑃𝑘 + 𝑰𝑁                                                  (5)                  

Eq. 5 gives an expression for the correlation matrix of the received pilot signal at an IRS. 

The received pilot signal at an AP is that comes from UEs. This plot can be applied in order to estimate the wireless channel 

between a UE and an AP. The received pilot is correlated with a locally generated replica. This correlation can be mathematically 

expressed as follow; 

𝑍𝑡𝑘𝑙 = ∑ √𝑝𝑖√𝒯𝑝2 𝜷𝑆𝐷𝑖𝑙  ∅𝑡𝑖𝑇
𝑘

𝑖=1
 ∅𝑡𝑘∗ + 1√𝒯𝑝2  𝑵𝐿𝑆𝐷∅𝑡𝑘∗ = ∑ √𝑝𝑖𝒯𝑝2   𝜷𝑆𝐷𝑖𝑙𝑖∊𝑃𝑘 + 𝒏𝑡𝑘𝑙                                               (6) 

where 
𝒯𝑝2  is the time allowed for pilot transmission By using the MMSE to estimate the channel parameter between a UE and 

an AP, �̂�𝑆𝐷𝑘𝑙, can be given by; 

�̂�𝑆𝐷𝑘𝑙 = √𝑝𝑘𝒯𝑝 2 𝑹𝑘𝑙 𝛹𝑡𝑘𝑙−1 𝑧𝑡𝑘𝑙                                                                  (7)               

where; 𝛹𝑡𝑘𝑙 =  𝔼 {𝒛𝑡𝑘𝑙 𝒛𝑡𝑘𝑙𝐻 } = ∑ 𝒯𝑝3  𝑝𝑖𝑹𝑖𝑙 𝑖∊𝑃𝑘 + 𝑰𝑁                                                    (8)               

Eq. 8 gives an expression for the correlation matrix of the second received pilot signal at an AP. 

2.2. Data Transmission 

During the uplink data transmission, the total received complex base band signals at an AP “coming from both a UE and an 

IRS” can be mathematically modeled as; 𝑦 = ∑ 𝜷𝑆𝐷𝑖𝑙  𝑘𝑖=1 𝑠𝑖 + ∑ 𝜷𝑅𝐷𝑖𝑙  𝑘𝑖=1 𝑠𝑅 + 𝑛                                                                            (9)                

where y is the received signal, si is the transmitted signal from a UE, while sR is the IRS transmitted signal, n is the channel 

noise, and  𝛃RD is the channel vector between an IRS and an AP, 𝛃SD is the channel vector between a UE and an AP that can include 

the path loss as well as shadowing. 

2.2.1 Cooperation among the APs 

The basic concept depends on the idea of the Cell-Free mMIMO network based on IRSs. The coverage area is totally 

covered by distributed APs, in such a way that, user equipment can have a service from the nearest AP as well as the nearest IRS. 

Combination between AP signal and the IRS one can improve the received SNR. Moreover, it can let the system be a power efficient 

one. The cooperation among the several APs and relays can be carried out by four levels which are stated below. 

 



 Fully Centralized APs “Level 4” 

During this cooperation mechanism, both APs and IRSs can provide service for the users in downlink. On the other side, 

during uplink, the APs can receive the signals from UEs as well as IRSs. Therefore, the received signal is enhanced at each AP. 

Really each AP can forward pilots and data to a central controller where the processing can be carried out. The centralized controller 

can have processing capability more than an AP. The received signal, Y, can be expressed as discussed in Eq. 9. 

The signal to interference plus noise ratio, SINR, and the spectral efficiency, SE, and can be calculated by the following 

relations; 

𝑆𝐼𝑁𝑅𝑘(4) = 𝑝𝑘|𝑉𝑘𝐻 �̂�𝑆𝐷𝐾|2 + 𝑝𝑘|𝑉𝑘𝐻 �̂�𝑅𝐷|2∑ 𝑝𝑖|𝑉𝑘𝐻 𝛽𝑆𝐷𝑖|2 +𝑘𝑖=1,𝑖≠𝑘 𝑉𝑘𝐻( ∑ 𝑝𝑖  𝑪𝑖 + 𝝈𝟐𝑰𝑳𝑵 𝑘𝑖=1 ) 𝑉𝑘                                                          (10) 

𝑆𝐸𝐾(4) = 12 (  1 − 𝒯𝑝𝒯𝑐    )  𝔼 {  𝑙𝑜𝑔2( 1 + 𝛽𝑆𝐷 𝑆𝐼𝑁𝑅(4) + 𝛽𝑆𝑅𝛽𝑅𝐷 ×  𝑆𝐼𝑁𝑅(4))  }                                               (11)        

With the help of Ref. [23], the energy efficiency, EE, can be expressed as; 

Tc PP

SE
BWEE


                                                                                   (12) 

where BW is the bandwidth, PC is the power consumed in the circuits, and PT is the transmitted power. The transmission 

power, during the uplink is the mobile equipment power as well as relays. The EE may be calculated per unity BW value. 

 Level 3 

During this level of cooperation, APs can receive from UEs and IRSs. Each AP can detect pilots in order to perform channel 

estimation. Then, the estimated channel parameters associated with the received data signals are sent to a centralized controller. This 

controller can detect the data signal based on the given channel estimates. This level can largely simplify the complexity of 

computation at the central controller. The signal to interference plus noise ratio, SINR, and the SE can be expressed as; 

𝑆𝐼𝑁𝑅𝑘(3) = 𝑝𝑘|𝘢𝑘𝐻𝔼 {𝘨𝑘𝑘}|2|𝑠+𝑝𝑘|𝘢𝑘𝐻𝔼 {𝘨𝑘𝑘}|2|𝑅∑ 𝑝𝑖 𝔼 {|𝘢𝑘𝐻𝘨𝑘𝑖|2}𝑘𝑖=1 |𝑆+𝑅−𝑝𝑘|𝘢𝑘𝐻𝔼 {𝘨𝑘𝑘}|2|𝑆+𝑅+𝜎2𝘢𝑘𝐻𝙳𝑘𝘢𝑘                                              (13)               

𝑆𝐸𝐾(3) = 12 (  1 − 𝒯𝑝𝒯𝑐   ) 𝑙𝑜𝑔2( 1 + 𝜷𝑆𝐷𝑆𝐼𝑁𝑅𝑘(3) + 𝛽𝑆𝑅𝛽𝑅𝐷 ×  𝑆𝐼𝑁𝑅𝑘(3) )                                                 (14)                 

 Level 2 

During this level of cooperation, APs can receive from UEs and IRSs. The centralized controller can receive the estimated 

channel parameters and the received data. Then, it can detect the received data based on the average of the channel estimates. 

Averaging the channel estimates can simplify the computation complexity that is required at a centralized controller. The spectral 

efficiency, SE, and the signal to interference plus noise ratio, SINR, can be calculated by the following relations; 

𝑆𝐸𝐾(2) = 12 (  1 − 𝒯𝑝𝒯𝑐    ) 𝑙𝑜𝑔2( 1 + 𝜷𝑆𝐷𝑆𝐼𝑁𝑅𝑘(2) + 𝛽𝑆𝑅𝛽𝑅𝐷 × 𝑆𝐼𝑁𝑅𝑘(2))                                          (15) 
𝑆𝐼𝑁𝑅𝑘(2) = 𝑝𝑘|∑ 𝔼 {𝑉𝑘𝑙𝐻𝜷𝑆𝐷𝑙}𝑘𝑖=1 |2+𝑝𝑘|∑ 𝔼 {𝑉𝑘𝑙𝐻𝜷𝑅𝐷𝑙}𝑘𝑖=1 |2∑ 𝑝𝑖 𝔼 {|∑  𝐿𝑙=1 𝑉𝑘𝑙𝐻𝜷𝑆𝐷𝑖𝑙|2}𝑘𝑖=1 |𝑆+𝑅−𝑝𝑘|∑ 𝔼 {𝑉𝑘𝑙𝐻𝜷𝑆𝐷𝑘𝑙}𝑘𝑙=1 |2|𝑆+𝑅+𝜎2  ∑ 𝔼 {‖𝑉𝑘𝑙‖2}𝑘𝑙=1                          (16)              

The energy efficiency, EE, can be calculated by applying a unity BW value in Eq. 16.  

 Fully Distributed Level 1 

During this level of cooperation, APs can receive from UEs and IRSs. The APs can detect both pilot signal and data signal. 

The processing functions are carried out at the APs. Therefore, the centralized controller is free from pilot or data detection. The 

centralized controller, in this case, can provide cooperation among the APs only when it receives the detected pilots and estimated 

data for all users. The spectral efficiency, SE, and the signal to interference plus noise ratio, SINR, can be calculated by the following 

relations; 



𝑆𝐸𝐾(1) = 12 (  1 − 𝒯𝑝𝒯𝑐    ) 𝑚𝑎𝑥𝑙∊{1,..…,𝐿} 𝔼 {𝑙𝑜𝑔2( 1 + 𝜷𝑆𝐷𝑆𝐼𝑁𝑅𝑘(1) + 𝛽𝑆𝑅𝛽𝑅𝐷 × 𝑆𝐼𝑁𝑅𝑘(1) )  }                                  (17) 

𝑆𝐼𝑁𝑅𝑘𝑙(1) = 𝑝𝑘|𝑉𝑘𝑙𝐻�̂�𝑆𝐷𝐾𝑙 |2+𝑝𝑘|𝑉𝑘𝑙𝐻�̂�𝑅𝐷𝐾𝑙 |2∑ 𝑝𝑖|𝑉𝑘𝑙𝐻 𝜷𝑆𝐷𝑖𝑙|2+𝑘𝑖=1,𝑖≠𝑘 𝑉𝑘𝑙𝐻(  ∑ 𝑝𝑖 𝑪𝑖𝑙+𝝈𝟐𝑰𝑵𝑘𝑖=1 ) 𝑉𝑘𝑙                                                       (18)             

The EE can be calculated as in Eq. 12. 

3. Simulation Results 

In this section, the Cell-Free network based on IRSs is simulated. The simulation parameters are concluded in Table 1. The cell 

radius is 20 m. In addition, the IRSs are randomly distributed inside the coverage area. However, the best place of an IRS deployment 

is at the UE or at AP. The channel propagation and fading models are applied according to 3GPP standard [23]. The path loss models 

are given in Eq. 19 and Eq. 20. These models are applied in fore-mentioned work [23]. 𝛽𝑘𝑙[𝑑𝐵] = −30.5 − 36.7 𝑙𝑜𝑔10 (𝑑𝑘𝑙1𝑚) + 𝐹𝑘𝑙                                                                (19) 

𝔼 {𝐹𝑘𝑙 𝐹𝑖𝑗} = {422−𝛿𝑘𝑖/9𝑚           𝑙 = 𝑗0                            𝑙 ≠ 𝑗                                                                    (20) 

Figure 2 shows the SE performance of a cell-Free mMIMO system based on IRSs when the MRC is applied. It can be observed 

that the IRS deployment can enhance the SE performance of a cell-Free mMIMO network. The four levels of cooperation can have a 

better performance when the IRS exists. 

Figure 3 shows the EE performance of a cell-Free mMIMO system based on IRSs when the MRC is applied. It can be observed 

that the IRS deployment can enhance the EE performance of a cell-Free mMIMO network. The four levels of cooperation can have a 

better performance when the IRSs exist. 

From Figure 2 and Figure 3, it can be observed that the IRS deployment can enhance the SE and EE performance of a cell-Free 

mMIMO especially for low level users. The low level users may be users at cell edges, shadowed users, and others. Without IRSs, 

some users may have a zero SE and EE performance. Thanks to the IRS deployment, the users, inside a coverage area, can have a 

satisfied performance. 

 

Table 1. The simulation parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Value Parameter 

4 Number of cellular base stations 

100 Number of antennas per each base station 

1×1 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 

0.5 Antenna Spacing 

20 dBm UE Transmission power 

40 Number of UEs 

100 mWatt PT 

0.1 Watt PC 



 

 

 

 

 

 

 

 

 

 

(a) Without IRSs                                                                            (b) With IRSs 

Figure 2: The spectral efficiency performance of a Cell-Free mMIMO system based on IRSs. 

 

 

 

 

 

 

 

 

 

 

(a) Without IRSs                                                                            (b) With IRSs 

Figure 3: The energy efficiency performance of a Cell-Free mMIMO system based on IRSs. 

4. Conclusions 

The IRSs are deployed in a cell-Free mMIMO system in order to enhance the performance. Then, the cell-Free mMIMO 

network, based on IRSs, was mathematically analyzed and simulated. The SE and EE are mathematically analyzed in a closed form 

formula. It was observed that, the IRS deployment inside a cell-Free mMIMO system can enhance the SE and EE performance for all 

users even they are shadowed or cell-edge ones. 
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