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Abstract

:

An intelligent reflecting surface (IRS) is an array that consists of a large number of passive reflecting elements. Such a device possesses the potential to extend the coverage of transmission in future communication networks by overcoming the effects of non line-of-sight propagation. Accordingly, to present the case for utilizing IRS panels in future wireless networks, in this paper, we analyze a multi-user downlink network aided by IRS. In particular, by using a realistic 5G channel model, we compare the performance of the IRS-aided network with a decode and forward (DF) relay-aided scenario and a network without IRS or relay. Our analysis revealed the following: (i) At best, communication aided by a DF relay with perfect channel state information (CSI) could match the performance of the IRS-aided network with imperfect CSI when the channel estimation error was high and the number of users was large. (ii) IRS-aided communication outright outperformed the DF relay case when the transmit power was high or the number of users in the network was low. (iii) Increasing the number of elements in an IRS translated to greater quality of service for the users. (iv) IRS-aided communication showed better energy efficiency compared with the other two scenarios for higher quality of service requirements.
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1. Introduction


The rapid surge in global mobile data traffic has accentuated the deployment of 5G communications in several parts of the world. Based on a recent prediction of the International Telecommunication Union (ITU), it can be assumed that this trend will continue to grow exponentially until 2030 [1]. In particular, as per the ITU, the overall mobile data traffic is expected to reach an astonishing 5 zettabytes (ZB) per month globally. While 5G is expected to cater to some of these needs, it is almost certain that 5G will reach its limits before 2030. Accordingly, researchers have started to make inroads towards analyzing and developing the next-generation mobile communication technology.



Recently, there has been a great deal of interest from both industry and academia in an evolving hardware technology called intelligent reflecting surface (IRS) [2,3]. An IRS is a two-dimensional metasurface with reconfigurable properties [4]. In particular, the reflection, scattering, and diffraction properties of the array of passive discrete elements of an IRS can be controlled using software. It can be noted that the IRS is neither part of the transmitter radio nor the receiver radio. It is a novel way to control the wireless propagation medium, which, until now, had been deemed as uncontrollable.



Accordingly, the fundamental role of an IRS is to affect the dispersion of wireless signals transmitted by other devices, without producing its own signals. It can be used in a wireless network to assist communication by generating supplementary propagation paths, enhancing the characteristics of existing paths, and alleviating interference [5].



Related work on IRS-aided communication specifically centered on rate analysis has been carried out by [6,7]. In particular, the authors in [6] proposed a spectrum sharing solution to cater to large data demands owing to a large number of users in indoor environments. Next, using IRS, the authors in [8] achieved the same rate performance as a benchmark massive multiple-input multiple-output (MIMO) system with a significantly lower number of active antennas. In [9], the error-rate performance was improved by designing beamformers, such that the direct link signal constructively added at the user-side.



By providing an approximation of the achievable data rate, the authors in [10] analyzed the performance of IRS and derived the required phase shifts of the IRS panels under a data-rate degradation constraint. Similarly, in [11], it was shown that an IRS-based system could achieve excellent sum-rate performance by using a moderate number of IRS elements and a diminutive number of discrete phase shifts. Last but not least, in [7], the authors optimized the transmit power of IRS-aided communication to maximize the sum rate of the system.



On a similar note, current communication systems employ decode and forward (DF) relays to extend coverage in wireless networks [12]. However, the fundamental distinction of an IRS with a DF relay is that the relay actively processes the received signal before retransmitting the decoded signal with a certain power, while an IRS simply reflects the signal passively through beamforming without attempting to decode the signal. With regard to performance comparison between IRS and relay, the authors in [13] analyzed the impact of 5G channel models on IRS-aided communication and, hence, compared it with a DF relay for single user communication.



Next, in [14], the authors compared IRS with a DF relay in terms of the rate and energy-efficiency for a single-input single-output (SISO) system. In particular, the authors stated that IRS achieved better energy efficiency compared with the relay for higher rate requirements. Similarly, the authors in [15,16] compared the energy-efficiency performance of an IRS-aided multi-user communication network with that of the AF relaying network. Both works testified that IRS provided more efficient communication than relays.



Based on the above, this paper analyzes the potential for using IRS in a multi-user 5G communication network. In particular, by using 5G channel models defined by 3GPP [17], we strive to obtain a reasonable correlation between IRS-supported communication and DF relay-assisted transmission for both the cases of perfect and imperfect channel-state-information (CSI).



We also analyze the effect of an increasing number of users on the performance of both systems, while we devise the size of IRS array required to better the performance of conventional relaying. Further, the problem of transmit power minimization with constraints on quality of service (QoS) and energy-efficiency (EE) maximization with constraints on QoS are considered, whereby a holistic comparison of the IRS assisted network with respect to the DF-relay-based communication is presented. In a nutshell, we recognize scenarios where IRSs can coexist with classic relaying in a future beyond 5G wireless networks.



Notation: This paper uses the following notations. x represents a scalar,  x  represents a vector, and  X  represents a matrix. The notation   x ∼  N C   ( 0 ,  σ 2  )    denotes that the random variable x is a complex circularly symmetric Gaussian with zero mean and variance   σ 2  . For any vector  v ,   v i   is the i-th element of  v .  R  and  C  denote real and complex number sets, respectively, and   j ≜   − 1     is the imaginary unit.




2. System Model and Problem Statement


We consider a multi-user (MU) downlink communication scenario involving a base-station (BS) and K multiple users. For the sake of analytical tractability, we assume that the BS and users are all equipped with single antennas. (Note that the multiple-antenna case will be considered in future extensions of this work). The BS communicates with the user k through a deterministic flat fading channel represented by    h  sd , k   ∈ C  . We term this form of communication as basic MU communication. Then, the signal received at the user k is expressed as


   y k  =  h  sd , k     p k   s +  w k  ,  



(1)




where p is the transmit power, s is the unit power information signal, and    w k  ∼  N C   ( 0 ,  σ 2  )    denotes the additive white Gaussian noise at the user k with zero mean and variance   σ 2  . Since the BS broadcasts the same signal to all users in a certain location, the inter-user interference is neglected. The antenna gains at the transmitter and receiver are incorporated into the channel for simplification of the notation similar to [14]. Accordingly, the achievable rate at the k-th user can be given as


   R  BASIC , k   =  log 2   1 +    p k    |  h  sd , k   |  2    σ 2    .  



(2)







However, when the signal passes through a blockage, such as buildings, trees, etc., (defined as NLoS), the achievable rate of the user decreases drastically. In this case, the use of IRS or relay can maintain the channel capacity by compensating for the NLoS effects and accordingly enhance the coverage of a communication network.



2.1. IRS-Assisted MU Communications


In this scenario, the BS sends the signal to K users in the presence of blockages through the aid of an IRS as depicted in Figure 1. The IRS is equipped with N passive reflecting elements. The signals reflected by each element of the IRS and the signals transmitted by the source can be constructively summed at the destination. Accordingly, the received signal at user k, with   k = 1 , 2 , 3 , … , K ,   is expressed as


   y k  =  (  h  sd , k   +  h sr T  Θ  h  rd , k   )    p k   s +  w k  ,  



(3)




where    h  sd , k   ∈ C ,   h sr  ∈   C  N   , and    h  rd , k   ∈   C  N    denote the deterministic channels from the transmitter to the user k, from the transmitter to the IRS, and from the IRS to the user k, respectively.  Θ  is the phase-shift matrix of the IRS, denoted as


  Θ = α  diag (  e  j  θ 1    , … ,  e  j  θ n    , … ,  e  j  θ N    ) .  



(4)







Here,   α ∈ ( 0 , 1 ]   is the fixed amplitude reflection coefficient and   θ n   is the phase of the nth reflecting element of the IRS, which can be optimized. Hence, the channel capacity of the IRS assisted network is given as follows


      R IRS   ( N )      =  max   θ 1  , … ,  θ N     log 2   1 +    p |   h sd  +  h sr T  Θ  h rd    |  2    σ 2        



(5)






        =  log 2   1 +    p ( |   h sd   | + α   ∑  n = 1  N    |    [  h sr  ]  n     [  h rd  ]  n    | )  2    σ 2     .     



(6)







Accordingly, the achievable rate of the k-th user can be represented as


   R  IRS , k    ( N )  =  log 2   1 +    p k   ( |   h  sd , k    | + N α |   h sr   | |   h  rd , k     | )  2    σ 2    .  



(7)







The expression (7) can be obtained for any given  Θ . Note that


      h sr T  Θ  h rd  = α  ∑  n = 1  N   |    [  h sr  ]  n     [  h rd  ]  n   .     



(8)







Therefore, the maximum capacity or achievable rate can be obtained when the IRS phase shifts are picked as    θ n  = arg  (  h sd  )  − arg  (   [  h sr  ]  n     [  h rd  ]  n  )    in order to make every term in the sum have the same phase as   h sd   ([18], Section III-B).




2.2. Relay-Assisted MU Communications


In this scenario, we employ a DF relay instead of the IRS to extend coverage as illustrated in Figure 2. The signal transmission from the source to the destination is divided into two stages. The first stage involves the communication between the BS and the user. Accordingly, the received signal at user k can be given as


   y  d , k   =  h  sd , k     p 1   s +  w  1 d , k   ,  



(9)




where   p 1   is the transmit power, s is the unit information signal, and    w  1 d , k   ∼  N C   ( 0 ,  σ 2  )    is the noise at the user k. In the same stage, the relay will also receive the signal that is given as


   y  1 r   =  g sr    p 1   s +  w  1 r   ,  



(10)




where    g sr  ∈ C   is the channel between the BS and relay and    w  1 r   ∼  N C   ( 0 ,  σ 2  )    is the noise at the relay.



In the second stage, the relay decodes, re-encodes, and then sends the signal to the user with the power transmit   p 2  . Accordingly, the received signal at the user k can be given as


   y  2 d , k   =  g  rd , k     p 2   s +  w  2 d , k   ,  



(11)




where    g  rd , k   ∈ C   is the channel between the relay and the user k and    w  1 d , k   ∼  N C   ( 0 ,  σ 2  )    is the noise at the user k. Now, the received signal in (9) and (11) can be constructively combined using the maximum ratio combining (MRC) [14], such that the achievable rate at the user k is given as


      R  DF , k   =  1 2   log 2   1 + min     p 1    |  g sr  |  2    σ 2   ,    p 1    |  h  sd , k   |  2    σ 2   +    p 2    |  g  rd , k   |  2    σ 2     .     



(12)







Here,   p 1   and   p 2   are the transmit powers in the first and second stage, respectively.



Now, in order to obtain a fair comparison with respect to the IRS scenario, we set   p 1   and   p 2   optimally similar to [14] for the DF relay case. When    |   h  sd , k     |  2  >   |  g sr  |  2   ,


        min     p 1    |  g sr  |  2    σ 2   ,    p 1    |  h  sd , k   |  2    σ 2   +    p 2    |  g  rd , k   |  2    σ 2    =    p 1    |  g sr  |  2    σ 2   .     



(13)







The above is maximized by setting    p 1  = 2 p   and    p 2  = 0  , which results in the relay not being not implemented at all since this condition makes    R BASIC  >  R DF   . Conversely, when    |   h  sd , k     |  2  ≤   |  g sr  |  2   ,   R DF   is maximized by assigning   p 1   and   p 2   to attain


           p 1    |  g sr  |  2    σ 2   =    p 1    |  h  sd , k   |  2    σ 2   +    p 2    |  g  rd , k   |  2    σ 2       



(14)




under the constraint   p =    p 1  +  p 2   2   . Hence, the relay-assisted communication needs to choose between two conditions depending of    |   h  sd , k     |  2    and    |   g sr    |  2    in such the achievable rate at the user k in (12) redefine in (15).


   R  DF , k   =       1 2   log 2      p k    |  h  sd , k   |  2    σ 2         if   |   h  sd , k     |  2  >   |  g sr  |  2  for ∀ k ,        1 2   log 2     2  p k   |   g  rd , k     |  2    |  g sr  |  2     ( |   g sr    |  2   + |   g  rd , k     |  2   − |   h  sd , k     | 2  )   σ 2          if   |   h  sd , k     |  2  ≤   |  g sr  |  2  for ∀ k .       



(15)









3. Analytical Performance Comparison


In this section, we analyze the performance among the IRS, and relay aided MU communications. As a benchmark for comparison, we also present the basic MU communication scenario without the aid of IRS/relay.



3.1. Transmit Power for Given QoS


Let us consider the scenario when the minimum QoS requirement of the network in terms of the data rate is   R ¯  . Accordingly, the task is to calculate the power required at the BS to transmit the signal. Accordingly, the transmit power can be calculated using Equations (2), (7) and (12) in a way similar to ([14], Corollary). For the required data rate   R ¯  , the basic MU case will require a transmit power given as


   p  BASIC , k   =   2  R ¯   − 1    σ 2    |   h  sd , k     |  2    ,  



(16)







Similarly, the IRS-assisted communication needs a transmit power given as


   p  IRS , k    ( N )  =   2  R ¯   − 1    σ 2    ( |   h  sd , k     | + N α    |   h sr   | |   h  rd , k     )  2    ,  



(17)




and the DF-relay-assisted communication needs a transmit power, which is given as


   p  DF , k   =        2  2  R ¯    − 1    σ 2    |   h  sd , k     |  2         if   |   h  sd , k    | > |   g sr   |   for ∀ k ,          2  2  R ¯    − 1     ( |   g sr    |  2   + |   g  rd , k     |  2   − |   h  sd , k     | 2  )   σ 2     2 |   g  rd , k     |  2    |  h sr  |  2         if   |   h  sd , k    | ≤ |   g sr   |   for ∀ k .        



(18)








3.2. Energy Efficiency


The energy efficiency (EE) of the network is defined as   B .  R ¯  /  P total   , where the total power   P total   includes both the transmit power and the dissipation at the hardware components of the system [14]. In the basic MU scenario, the total power consumption can be expressed as


   P  total  BASIC  =  ∑  k = 1  K    p  BASIC , k   ν  +  P s  +  P d  ,  



(19)




where   ν ∈ ( 0 , 1 ]   is the efficiency of the power amplifier, while   P s   and   P d   are the hardware-dissipated power at the source and destination, respectively.



When using IRS, the power consumption of the network can be formulated as


   P total IRS   ( N )  =  ∑  k = 1  K     p  IRS , k    ( N )   ν  +  P s  +  P d  + N .  P e  ,  



(20)




where   P e   is the power dissipation in each element of IRS affected by the process of adaptive phase-shifting. Now, for a given data rate requirement, the maximum energy efficiency in the IRS-assisted communication can be achieved by minimizing the total transmit power, which can be obtained by using the optimal number of IRS elements N [14].



Proposition 1.

Assume that both    |   h sr    |  2    and    |   h rd    |  2    are constants and independent of N. Then, the total power required in an IRS assisted communication to achieve a data rate of   R ¯   is a convex function, which can be minimized using the optimal number of IRS elements obtained by    ∂  ∂ N    P total IRS   ( N )  = 0  , and given as


    N opt  =      2  R ¯   − 1   σ 2     α 2   |   h sr    |  2    |  h rd  |  2   P e    3  −  1 α      |   h sd    |  2     |   h sr    |  2    |  h rd  |  2     .   



(21)









Proof 

(Proof of Proposition 1). Taking the second partial derivative of (20) with respect to N, we obtain


          ∂ 2    ∂ 2  N    P total IRS   ( N )  =   ∂ 2    ∂ 2  N      p IRS   ( N )   ν  +  P s  +  P d  + N .  P e           =  1 ν    ∂ 2    ∂ 2  N    p IRS   ( N )  +   ∂ 2    ∂ 2  N   N .  P e           =  1 ν    ∂ 2    ∂ 2  N     2  R ¯   − 1    σ 2    ( |   h sd    | + N α    |   h sr   | |   h rd    )  2    +   ∂ 2    ∂ 2  N   N .  P e           =   − 2  ν   ∂  ∂ N     2  R ¯   − 1     σ 2  N    ( |   h sd    | + N α    |   h sr   | |   h rd    )  3    +  ∂  ∂ N    P e           =  6 ν    2  R ¯   − 1     σ 2   N 2     ( |   h sd    | + N α    |   h sr   | |   h rd    )  4    > 0 .     



(22)







From (22), we can observe that the function involving the total power consumed by an IRS-assisted communication in (20) is convex since     ∂ 2    ∂ 2  N    P total IRS   ( N )  > 0   for any given data rate    R ¯  > 0  . □





Similarly, for the DF relay scenario, the power consumption can be represented as


   P total DF  =  ∑  k = 1  K    p  DF , k   ν  +  1 2   P s  +  P d  +  P r  ,  



(23)




where   P r   is the hardware-dissipated power at the relay.





4. Numerical Results and Discussions


4.1. Channel Model


4.1.1. Perfect CSI


Generally, it is a challenge to estimate the IRS channel due to the passiveness of IRS elements. Several works have been carried out to address the CSI estimation for IRS-aided wireless communication. Regarding IRS channel estimation, some methods have been investigated, such as the Brute Force Method [19], compressive sensing method [20], semi-passive method [21], and three phase channel estimation framework [22]. However, in this work, we adopted a method [23] where the source node and IRS are integrated through a central control unit (CCU) that is able to collect all the CSIs information.



We begin by considering an ideal scenario in which the CSI is perfectly known to the nodes in the network. We implement the 5G channel model as described in 3GPP TR 38.901 [17] and accordingly define the deterministic model for the channel gain using the definition of height and distance as illustrated in Figure 3. The concerned model is also considered in [24], which analyzes FR2 propagation in the range of 0.5–100 GHz.



For the simulation setup, we use fixed values for the height of the BS and the height of user, defined as    d BS  = 10  m   and    d UE  = 1.5  m  , respectively. The value of    d  2 D     is varied depending on the distance between the BS and the users. The varying    d  2 D     determines the value of    d  3 D     with the relation    d  3 D   =    d BS 2  +  d  2 D  2  +   (  d BS  −  d UE  )  2    1 2    . We use a carrier frequency of 3 Ghz. Table 1 describes the path loss models for line-of-sight (LoS) and non-line-of-sight (NLoS) propagation. Now, we formulate the deterministic channel gain (   | h |  2   or    | g |  2  ) denoted as the function of    d  3 D     by neglecting the shadowing effect as


    ( | h |  2     or  | g |  2   )   (  d  3 D   )   [ dB ]  =  G BS   [ dBi ]  +  G UE   [ dBi ]  + P L  (  d  3 D   )  .  



(24)







Here,   G BS   and   G UE   are the antenna gains for the BS and the user equipment, respectively whereas the value of   P L (  d  3 D     can be obtained from the Table 1 depending on the propagation model (LoS or NLoS). The gain for this deterministic channel model is depicted in Figure 4 with respect to the distance    d  3 D    .




4.1.2. Imperfect CSI


We also consider the scenario when the nodes in the network have imperfect CSI. Accordingly, the imperfect channels from source to destination, source to IRS, IRS to destination, source to relay, and relay to destination, which are denoted as    h ^  sd  ,    h ^  sr  ,    h ^  rd     g ^  sr  , and    g ^  rd  , respectively, can be given by [25]


      h sd  =       h ^  sd  +   e ˜  sd  ;     



(25)






      h sr  =       h ^  sr  +   e ˜  sr  ;     



(26)






      h rd  =       h ^  rd  +   e ˜  rd  ;     



(27)






      g sr  =       g ^  sr  +   e ˜  sr  ;  and     



(28)






      g rd  =       g ^  rd  +   e ˜  rd  .     



(29)







Here,    e ˜  sd  ,    e ˜  sr  , and    e ˜  rd   are the corresponding channel estimation errors modeled as i.i.d. and distributed as    N C   ( 0 ,  σ sd 2  )   ,    N C   ( 0 ,  σ sr 2  )   , and    N C   ( 0 ,  σ rd 2  )   , respectively. For brevity, we set    e ˜  sd   =    e ˜  sr   =    e ˜  rd   =   e ˜  .





4.2. Simulation Setup


IRS panels/relay nodes are deployed at a fixed distance,    d sr  = 80  m   from the BS on the top of a building with height    d R  = 10  m  . Since there are several blockages between the propagation path of the BS and the UEs as illustrated in Figure 5, there exist only NLoS paths between the BS and UEs. This is the primary use case scenario of deploying IRS or relay, whereby LoS channels can be carved out between the BS and UEs.



Now, the channel gains with respect to the distance    d  3 D     can be calculated using Equation (24). We define the antenna gain at the BS and IRS/ relay with the same value of   8  dBi  , while the UEs are assumed to be equipped with omni-directional antennas with gain   0  dBi  . The number of elements for the IRS is set to   N = 250  ,   α = 1  , and the source transmit power is set at   p = 20  dBm  . The transmission bandwidth is   B = 10   MHz with the corresponding noise power set at   − 94  dBm  .



Experiments are performed for three scenarios: (i) downlink communication between BS and users without IRS/ relay (basic MU communication), (ii) downlink communication between BS and users with IRS, and (iii) downlink communication between BS and users with relay. The achievable rates for scenarios i, ii, and iii are calculated using Equations (2), (7) and (12), respectively. Accordingly, Figure 6 depicts the achievable rate obtained in case i, IRS-aided, and relay-aided multi-users communication scenarios for varying the number of UEs for both perfect and imperfect CSI considerations.



It can be seen from Figure 6a (   e ˜  = 0.2   for imperfect CSI case) that, under a perfect CSI, the IRS-aided communication achieved the highest rate followed by the DF relay-aided system, which outperformed the basic MU communication without the aid of either of them. Further, as expected, the achievable rate decreased with the increasing number of users for the three scenarios. However, the IRS-aided communication fared better than the rest. In particular, a 250-element IRS could provide higher achievable rates to 100 users than a DF relay or a set-up without either of them. Figure 6b shows similar trends but for    e ˜  = 0.5  . Accordingly, at best, the DF relay with perfect CSI could match the performance of IRS with imperfect CSI when the channel estimation error was high and the number of users was large.



Next, in Figure 7, we study the effect of transmit power for the perfect CSI case on the achievable rate and two different considerations of the total number of users. While, for the case with   K = 10   users, the IRS-aided communication outperformed the rest throughout the entire range of transmit power. For the case of   K = 100   users, a crossing point between the IRS and DF relay can be seen at   p = 14  dBm  . Accordingly it can be concluded that the IRS-aided communication outright outperformed the DF relay case when the transmit power was high or the number of users in the network was low.



Figure 8 shows the required transmit power with respect to distance   (  d 1  )   for two data rate scenarios    R ¯  = 6   bit/s/Hz and    R ¯  = 8   bit/s/Hz. Here, the number of users   K = 100  . It can be seen from the figure that, under low data rate requirements (   R ¯  = 6   bit/s/Hz), the DF relay transmitted the least power among the three scenarios. However, when the data rate requirement increased to    R ¯  = 8   bit/s/Hz, the IRS- aided frameworks with 150 and 200 elements outperformed the rest. Accordingly, higher QoS requirements can be satisfied in wireless networks by using IRS panels, where the number of elements are greater than 150.



Additionally, in Figure 9, we analyze the energy-efficiency of the three scenarios for perfect CSI with respect to the achievable rate as discussed in Section 3. Here,   ν = 0.5  ,    P s  =  P d  =  P r  = 100  mW  , and    P e  = 5  mW   [15],    d 1  = 100   m. We apply the optimal element number for IRS as derived in Equation (21) in order to find the maximum energy-efficiency. It can be seen from the figure that, although the peak energy-efficiency obtained for the DF relay case was higher than the scenario with IRS, the IRS-aided network maintained significant energy-efficiency levels throughout the entire range of the rate. Accordingly, it can be concluded that the IRS-aided communication showed better energy-efficiency compared with the other two scenarios for higher QoS requirements.



Finally, we study the IRS performance in the case of achievable rate and energy efficiency with respect to the transmit power as shown in Figure 10. In this simulation, we assign the number of users,   K = 10   users, and the power dissipation in each elements of IRS as    P e  = 5  mW  . We set a different defined number of IRS elements instead of the optimal number of elements that we applied in Figure 9. From Figure 10a, it is known that the achievable rate of IRS will be enhanced as long as the number of IRS elements and the transmit power increase as we obtained based on Equation (). Figure 10b indicates that the IRS with the lowest number of elements attained the highest energy efficiency. The higher number of IRS elements increased the power dissipation in each element as defined in Equation (20), and thus the energy efficiency suffered.





5. Conclusions


We made a performance comparison among IRS-aided MU communication, DF relay aided MU communication, and basic MU communication in terms of the achievable rate, transmit power, and energy efficiency. We observed that, at best, a DF-relay-aided communication with a perfect CSI could match the performance of the IRS-aided network with an imperfect CSI when the channel estimation error was high and the number of users was large. We also observed that IRS-aided communication outright outperformed the DF relay case in a network with high transmit power and a lower number of users. Lastly, when the QoS requirements were high, the IRS-aided communication showed better energy efficiency compared with the other two scenarios.
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The following abbreviations are used in this manuscript:



	3GPP
	3rd Generation Partnership Project



	5G
	5th Generation



	BS
	Base Station



	CSI
	Channel State Information



	DF
	Decode and Forward



	EE
	Energy Efficiency



	FR
	Frequency Ranges



	GHz
	Giga Hertz



	ITU
	International Telecommunciation Union



	IRS
	Intelligent Reconfigurable Surface



	LoS
	Line of Sight



	MIMO
	Multiple Input Multiple Output



	MRC
	Maximum Ration Combining



	MU
	Multi Users



	NLOS
	Non-Line of Sight



	QoS
	Quality of Services



	ZB
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Figure 1. IRS-assisted multi-user communications. 
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Figure 2. Relay-assisted multi-user communications. 
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Figure 3. 3GPP model for Urban Micro (UMi) scenario, which includes the definition of height and distance. 
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Figure 4. Channel gain    | h |  2   with prefect CSI correspond to the distance    d  3 D     with the value   10  m ≤  d  3 D   ≤ 180  m   in which the antenna gain   G BS   and   G UE   have been fixed to 8 dBi. 
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Figure 5. The simulation scenario where   d 1   is varied with the same value for all users, while   a = 10  m   is the closest user distance from the source and   b = 1  m   are the distances among users. 
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Figure 6. The achievable rate for different number of users where d1 and dsr are set to fixed values of 100 m and 80 m, respectively, in terms of perfect and imperfect CSI. 
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Figure 7. The achievable rate based on varying transmit power with different numbers of users. 
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Figure 8. The transmit power based on varying distance d1 with the number of users K = 100. 
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Figure 9. The energy efficiency based on the achievable rate    R ¯    with a different number of users. 
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Figure 10. The achievable rate and the energy efficiency based on the transmit power with different IRS elements. 
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Table 1. Path loss models for urban micro cell (UMi) when    d  2 D     is less than the break point distance   d BP  . Distances are in meters,   f c   is in Hz, and    d BS  = 10  m   ([17], Table 7.4.1-1).
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LOS

	
  P  L LOS  = 32.4 + 21  log 10   (  d  3 D   )  + 20  log 10   (  f c  )   , for   10  m ≤  d  2 D   ≤  d BP   




	
where    d BP  = 18  f c  /  ( 3 ×  10  − 8   )  m   for    d UE  = 1.5  m   and    d BS  = 10  m  




	
NLOS

	
  P  L NLOS  = max  P  L LOS  , P  L NLOS ′    , where   P  L NLOS ′  = 22.4 + 35.3  log 10   (  d  3 D   )   




	
  + 21.3  log 10   (  f c  )  − 0.15  , for    d UT  = 1.5  m   and   10  m ≤  d  2 D   ≤ 5  km  

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
W s 15w x w3 W
Transit Power (dBim)

@K = 10users

=S50
—o—ms
[—o—DF rtay

b s 1015w s w3 W

Traasanit Power (4B

®)K = 100 users.





media/file4.png
Sourc

K users

Blocking objec





media/file18.png
Energy efficiency [Mbit/Joule]

Energy efficiency [Mbit/Joule]

o
S

T

—&— DF relay

=
S

)
S

S
S

[}
(e

[oN
=]

N
[}

0 5 10 15 20 25 30
Achievable rate [bit/s/Hz|

(a) K = 10 users.

140 T T T T T
—&— DF relay
120 —&—IRS
—»— SISO

100

e

0 5 0 15 20 25 30
Achievable rate [bit/s/Hz|

(b) K = 100 users.





media/file3.jpg
Blocking objec

K users





media/file19.jpg
™ w0 0w » %
Tramsait Powe (dBm)

(2) The achievable rate based on the transmit power.

™ w0 0w w @

Transit Power (dBm)

(B) The energy efficiency based on the transmit power.





media/file7.jpg
Channel gain |h|*(dsp) [dB]

20 40 60 80 100 120 140 160 180
Distance dypy [m]





media/file10.png
dps

()

Source IRS/Relay
I

d 1 ul

b Blocking
v, objects d U,
A" .
b :
Y. dq Uy






media/file14.png
Achievable Rate [bit/s/Hz]

Achievable Rate [bit/s/Hz|

1 8 T T T T T ] ]

—— SISO
16 | —e—IRS 1
—&— DF relay
14} -
K
12 F >
D
10 .
8F i
6 - -
R -
2F i
3
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Transmit Power (dBm)
(a) K = 10 users.
15 T T T T T T T )
—— SISO
——IRS
—&— DF relay

O 1 1 1
0 5 10 15 20 25 30 35 40

Transmit Power (dBm)

(b) K = 100 users.





media/file11.jpg
[bit /s /Hz)

Achievable rat

[ DF ey (et o1
|+ DF ey imperfect 1)
oIk (et €51
|—o—IKS dmperfct 1)
| S150 tet €51

| 5150 dimpertct sy

RS S ST S S S |

R
The Number of Users

(@) Estimated charnel eror = 02

o= relay perfot i1
|+ DF rlay Gimpetec C51)
| —e— IR petect €51

| —o— RS mperfct 1)
| 8150 (pertet )
| 5150 impertec 511

proeeee ]
Tt

WM W w0 @ s % w
The Number of Users

(5) Estimated channel error # = 05.





media/file6.png
dps

A

Base Station

d3p

User
Equipment

5
dyE ¢\N
dop
)






media/file15.jpg
=0
M-
|—o—DF iy

W% W wm w w
Distance d, fu]

(@ R = 6bit/s/He

T

Distance d, fu]

(®) R = 8 bit/s/Hz.





nav.xhtml


  electronics-10-02084


  
    		
      electronics-10-02084
    


  




  





media/file16.png
~
%

—— SISO S
46 | ——IRS i
—&— DF relay
R S
2 44t 3
M
=, N=50
g 420 -
g D
a, 2100
= q 4
2 40 S
0
I=! ()_M
g * ;_e_e__e__e__e——e——e——e—‘e"*@m—e—“)
q
36 .
) SR . s S S S S ——
34 ' >
40 50 60 70 80 90 100
Distance d; [m]
(a) R = 6 bit/s/Hz.
54 T T T T T
—»— SISO S
—6—1IRS
52 |—6— DF relay 1

Transmit power [dBm]

40 50 60 70 80 90 100
Distance d; [m]

(b) R = 8 bit/s/Hz.





media/file2.png
IRS with N elements

Sourc

K users





media/file20.png
Energy efficiency [Mbit/Joule]

18 T T T T T
—+-N=50 /E:

16— % -N=100 %
. -8 -N=150 0l
= 14— p -N=200 PASIAS
~~ /)f/ +
w0 %/* 7/
= 12F /;(/-K/ .
NS A
—, 5/,*/
e 10F /%/"( 1
S B * 7
o 7
o ST s o ¥ .
— V/)-/
—Q /)j/
g oo ¥
g 6 V/’* 7 N
g - g
) oo ¥

- oy SR 4
< 4 /?(/_,,/

T -
2F c-f/* .
o X -
= -
G Ek‘f— - 1 1 1 1
-20 -10 0 10 20 30 40

Transmit Power (dBm)

(a) The achievable rate based on the transmit power.

150 T T T HI T T
—+-N=50 ¥
—*-N=100 /* \
-8 -N=150 ¥ \
— B =N =200 PR
7( * ;"'\
\ -

{ ¥
7( * ZD(V» N\*
* o B
e k
50 4));; -
¥
’?
Omﬁ* . . . . .
20 -10 0 10 20 40 50

30
Transmit Power (dBm)

(b) The energy efficiency based on the transmit power.





media/file5.jpg
Base Station

d3p

User
Equipment

wn
dop R






media/file1.jpg
IRS with N elements






media/file12.png
Achievable rate [bit/s/Hz]

Achievable rate [bit/s/Hz]

16

Q4

T T T T T

—&— DF relay (perfect CSI)

—O—IRS (perfect CSI)
—&— RS (imperfect CSI)
—— SISO (perfect CSI)
—+— SISO (imperfect CSI)

—*— DF relay (imperfect CSI)| |

40

50 60 70 80 90

The Number of Users

(a) Estimated channel error ¢ = 0.2.

T T T T T

—&— DF relay (perfect CSI)

——IRS (perfect CSI)
—&— [RS (imperfect CSI)
—— SISO (perfect CSI)
—+— SISO (imperfect CSI)

—*— DF relay (imperfect CSI) | |

40

50 60 70 80 90

The Number of Users

(b) Estimated channel error é = 0.5.





media/file9.jpg
IRS/Relay

Blocking
objects






media/file0.png





media/file8.png
Channel gain |h|*(dsp) [dB]

o e 4w 49 a5 & U
o &5 o S o 3 O
1

\©
S

-95

-100

-105

T T
—e— UMi-LOS

—+— UMi-NLOS|

20

40

60

80 100
Distance dsp

140 160

180





media/file17.jpg
b
o s’
[——sis0

Adicvable rate it/s/lly]

(@)K = 10 wsers.
o,
=i
i E=sis0
L T T A i

Achievable rate [t/

(b) K = 100 users.





