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Abstract

:

To solve the problems of complex energy supply and poor communication effect of cell-edge users, combining the advantages of simultaneous wireless information and power transfer (SWIPT) and collaborative non-orthogonal multiple access (CNOMA), two novel protocols are proposed. By employing the PS and TS strategies in SWIPT, respectively, two protocols are named: SWIPT-CNOMA-PS and SWIPT-CNOMA-TS. Based on the protocols, a new method for selecting relays is first established by considering two factors—energy state and channel condition. To further improve energy efficiency, the relay harvests the energy of the signal sent by the source and stores it. We establish a one-dimensional Markov chain with the energy state as the system state to analyze the variation of the relay energy. Exploiting the conservation equation, the probability of energy sufficiency of the node and outage probabilities of users are derived. Finally, the impact of the energy threshold and the number of relays on the outage probability of users is revealed. The protocol in this paper shows better performance than the OMA protocol when the transmit signal-to-noise ratio (SNR) is less than 14 dB and the protocol in the literature when the transmit SNR is less than 11 dB.
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1. Introduction


Due to the large addition of the number of Internet access devices and the increasing requirements of users for higher wireless communication transmission rates and better service quality, spectrum resources are becoming increasingly scarce. In response, non-orthogonal multiple access (NOMA) has been applied to support a large number of devices [1]. The core thought of NOMA technology is superimposing multiple signals through power multiplexing technology at the transmitter, and realizing the correct separation of signals through successive interference cancellation (SIC) technology at the receiver. According to the power intensity of the user’s signal, the signal is decoded from the superposition signal at the receiver through SIC, i.e., the signal with strong power is decoded and removed first, and then the process is repeated until all the signals are decoded. A NOMA network model in downlink is shown in Figure 1. According to Figure 1, user 1 executes SIC. User 1 decodes user 2’s signal first, then removes it, and decodes their own signal. User 2 decodes their own signal by assuming user 1’s signal as interference. Moreover, compared with 4G communication technology, the increasingly mature 5G communication technology has increased the communication frequency but reduced the signal coverage, which leads to the conclusion that the communication quality of cell-edge users cannot reach the ideal state. To this end, researchers have proposed cooperative communication technology that uses relays to make the coverage of the base station signal larger, effectively enhancing the communication effect of cell-edge users [2]. Based on NOMA, the authors in [3] proposed a new strategy for power allocation and relay selection, which significantly improves the service quality of far users. In [4], the source node simultaneously communicates with two pairs of mobile users by an amplify-and-forward (AF) and half-duplex (HD) relay based on cooperative NOMA. The results demonstrate that NOMA provides greater spectral efficiency (SE) and fairness. In [5], a full-duplex (FD) NOMA-assisted protocol with cooperative spectrum sharing was proposed. The primary user is assisted by the secondary transmitter at the cell edge, and the full rate was achieved by using NOMA and cooperative multiplexing at the primary receiver. Multi-user cooperative non-orthogonal multiple access (CNOMA) was studied in [6], and a dynamic power allocation protocol for NOMA scenarios both in downlink and in uplink was studied in [7]. The proposed scheme can always obtain better user fairness and system performance than orthogonal multiple access (OMA). The above studies show that CNOMA technology can enhance spectral efficiency even more, particularly for users with worse channel conditions.



In addition to spectral efficiency, energy efficiency has also attracted much attention. In practical applications, devices that act as cooperative relays are usually powered by batteries, but replacing batteries in some complex environments is very difficult and expensive [8,9]. To satisfy the demands of the next wireless communication systems, we must find better sustainable energy sources or energy harvesting (EH) from other resources [10]. EH using natural sources is not as effective as expected due to the instability of environmental sources and the fact that most of the major EH techniques are only applicable to specific scenarios [11]. As a result, the vision of integrating wireless power transmission (WPT) with communication networks has created a demand that power and information can be transmitted to a terminal together. Thus, the conception termed simultaneous wireless information and power transfer (SWIPT) appeared first in [12]. On account of simultaneously transmitting power and information, SWIPT can generate significant gains from the aspect of spectral efficiency, power consumption, transmission delay, and interference management [13]. A fair cooperation scheme was advocated for in SWIPT-assisted downlink NOMA systems in [14]. In this scheme, the spatial randomness of user locations was considered, both users can be EH relays and outage probability of far and near users was derived. The authors considered a SWIPT-based CNOMA network in [15], where strong users harvested energy from the base station to help weak users to further improve throughput. In [16], the use of SWIPT in CNOMA heterogeneous networks was investigated. In this work, the cooperative users used the energy from the superimposed signals and the interference from neighboring base stations instead of only using the energy from the superimposed signals. It can be seen that SWIPT combined with CNOMA can be applied to many types of networks to further improve their performance.



Energy is harvested from signals using two main strategies: time switching (TS), where the TS relay separates the time into two segments for EH and information process (IP), and power splitting (PS), where the PS relay separates the incoming power into two parts [17]. The effect of EH in ARQ-based cooperative communication networks was examined in [18], where the decode-and-forward (DF) relay performed EH in RF signal from the source. The system throughput and outage probability under the TS strategy and PS strategy were derived by establishing a one-dimensional Markov chain. The performance of the DF relay system in [19] with direct links between the source and the destination was studied, and a dynamic PS scheme was proposed. The proposed dynamic PS system exhibits lower outage performance than the static PS system. An adaptive power allocation scheme for NOMA networks supporting FD cooperation under the TS protocol was studied in [20]. The proposed power allocation scheme involves the joint design of TS factors and imperfect successive interference cancellation (SIC). The scheme proposed significantly reduces outage probability and improves throughput of the FD-NOMA system supported by SWIPT. In [21], a TS-EH structure was studied, where the base station transmitted information to two users through a relay based on EH and a direct link. In [22], the far NOMA users communicated with the cooperation of an energy-constrained relay. In the TS and PS strategies, the outage performance of the CNOMA protocol was researched over a Nakagami-m channel. Three cooperative downlink transmission protocols with hybrid SWIPT and transmit antenna selection (TAS) techniques are proposed by authors in [23] to enhance the performance of edge users. The central user acted as the relay of the edge user, and the SWIPT protocol of the relay used a mix of PS and TS. It can be found that the system performance can be improved through the selection of relay cooperation mode and energy source or the reasonable design of PS and TS strategies.



The above literature shows the advantages of combining CNOMA and SWIPT, and the relevant studies mainly focus on power distribution and analysis of the performance that can be achieved by the system without considering the energy storage of the relay. Since RF signals provide uncertain and limited energy, it would be better for relays to store the energy in memory. Therefore, we will focus on the analysis of EH and storage. In order to study this problem, the model in [22] will be extended in this paper by replacing its single energy-constrained relay with multiple relays that do not require battery replacement. Based on the system model, we exhibit new protocols to improve the communication quality of cell-edge users while ensuring the communication quality of cell-center users. The protocol that includes CNOMA technology for information transmission and SWIPT technology for energy harvesting is termed the SWIPT-CNOMA protocol. The protocol that uses the PS strategy for energy harvesting is SWIPT-CNOMA-PS, while the protocol that uses the TS strategy for energy harvesting is SWIPT-CNOMA-TS. In addition, inspired by [6], we also establish a relay selection method based on energy more practically in the protocol in an attempt to find a more convenient and efficient EH relay cooperation method. By considering the EH and storage of nodes, a one-dimensional Markov chain with energy as the system state is established to analyze the probability of relay energy sufficiency, and the outage probabilities of users are further derived. The principal contributions of the paper are as follows:




	
A new SWIPT-CNOMA system model is established, and SWIPT-CNOMA-TS and SWIPT-CNOMA-PS protocols are raised for the model. In both protocols, NOMA and relay cooperation are applied to enhance the communication effect of edge users, while the power loss of the cell-center user in the first phase of NOMA transmission is compensated for by another transmission in the second phase, which takes into account the fairness between near and far users.



	
Based on the energy state and channel condition, a novel relay selection scheme is designed for the proposed protocol. The relay uses SWIPT technology for EH of the signal broadcast from the source with no other energy supply. By considering the energy state, we select candidate relays that can forward information, and then select the best relay for assisting cell-edge users in view of the channel conditions to further diminish the outage probability of a cell-edge user.



	
According to the relay selection scheme, a one-dimensional Markov chain with the energy state as the system state is established to analyze the energy profile of the node from which the steady-state probability of the relay’s energy state is obtained. Based on the outage probability of each link and the relay selection, the outage probabilities of users under the TS and PS protocols are calculated. Numerical results demonstrate that the proposed protocol shows lower outage probability than the protocol without an energy buffer, the OMA protocol at low transmit signal-to-noise ratio (SNR), and protocols at low transmit SNRs in the literature.








The remaining components of this paper are as follows: The system model is presented in Section 2. In Section 3, the proposed protocol in detail is elaborated upon, including the new relay selection scheme. In Section 4, performance analysis is given, where the Markov chain is established. The contents of Section 5 and Section 6 are numerical simulations and a summary, respectively.




2. System Model


In this section, a SWIPT-enabled CNOMA with coordinated direct and relay transmission system is taken into account. It incorporates a source S, a cell-center user (   U 1   ),  M  DF EH relays, and a cell-edge user (   U 2   ) who cannot communicate with S directly. As shown in Figure 2.  M  relays are deployed to meet the communication requirements of    U 2   . Different from the traditional relay, we envision that the relay does not need to be recharged, but only relies on the harvested energy from the signal emitted by  S  for forwarding of information, and can store the energy by using rechargeable batteries. In this model, there is one antenna at the node and the channel state information (CSI) is known. Each Rayleigh fading channel is independent. Each node suffers an additive white Gaussian noise (AGWN) with a mean of 0 and variance    σ 2  = 1  . The channel fading coefficient    h  s i     between the source S and the relay is an independent complex Gaussian random variable with a mean of 0 and variance    λ  S R    . In addition, the channel fading coefficient between source S and    U 1    is denoted by    h 1  ∼ C N   0 ,  λ 1  =  d 1     − v      . Let the selected relay be    R b   , the channel coefficients between it and    U 1   ,    U 2    are denoted by    g i  ∼ C N   0 ,  λ   g i    =  d   g i       − v     , ( i = 1 , 2 )  ,  v  is the path loss exponent, and    d 1   ,    d   g 1      and    d   g 2      denote the distance between S and    U 1   , R and    U 1   , R and    U 2   , respectively. Without loss of generality, consider that        h 1     2  >      h b     2   ,        h  S 1      2  <      h  S 2      2  < ⋯ <      h  S M      2   .



Assume that the transmission process is completed in two phases and the whole transmission time is  T . In phase 1, source S transmits the superimposed signal using the NOMA principle to    U 1    and R. In phase 2, source S sends    x 1    again to    U 1   , while the best relay    R b    broadcasts    x 2    to    U 2   . The above system is referred to as a SWIPT-CNOMA system. For this system, the relay selection and protocol establishment will be discussed to solve the problems of poor communication effect of cell-edge users and the energy supply of the relay, and the effectiveness of the protocol will be tested by the outage probabilities of users.




3. SWIPT-CNOMA Protocol


In this section, two protocols called SWIPT-CNOMA-PS and SWIPT-CNOMA-TS are established based on the above network model to provide specifications for the relay selection and information transmission process. We first design the relay selection scheme to increase the signal coverage and make cell-edge users obtain communication opportunities. Then, the transmission process is designed based on the relay selection scheme, and the TS and PS strategies are applied to the relay to harvest energy, respectively, so as to establish two protocols to solve the energy consumption caused by information forwarding and to alleviate the energy supply pressure.



3.1. Relay Selection Scheme


Cooperative communication technology can enhance the reliability of the received signals for cell-edge users by using relays to forward the signals from the base station. Therefore, cooperative relaying can be employed in NOMA systems to further enhance spectrum utilization and system capacity. In this section, a new relay selection scheme is constructed for the protocol to better assist the communication of cell-edge users.



Before information transmission, each relay node examines its own energy state. If the energy is insufficient, it needs to harvest energy. The harvested energy at    R i    during the time interval of one transmission under the PS and TS strategies can be expressed as


   E   R i    P S   =  1 2  η ε  P S       h  S i      2  T ,  



(1)






   E   R i    T S   = η α  P S  T      h  S i      2  ,  



(2)




where   i = 1 , 2 , ⋯ , M  ,    P S    is the transmit power of source S,  ε  is the power splitting coefficient,  η  is the energy conversion efficiency,  α  is the time switching coefficient of TS strategy, and   0 < ε , α , η < 1  .



Only nodes with sufficient energy can act as relays. The threshold value of sufficient energy is set as   W Q  , where  Q  represents the minimum unit of node energy storage and  W  is the threshold value when a node is able to forward information. Then, the set  Φ  of nodes that can act as relays to forward information can be expressed as


  Φ =    R i  |  e i  ≥ W Q , i = 1 , 2 , ⋯ , M   .  



(3)







The node with the best channel condition is chosen from  Φ  as the best relay node which is referred to as    R b    and is expressed as


  b = arg max        h  s i      2    , i :  R i  ∈ Φ  



(4)







The selection process of the best relay is shown in Algorithm 1.



	Algorithm 1: Relay Selection



	1: begin

2: input: the energy threshold value  W , the minimum unit of node energy storage  Q , the number of relays  M 

3: for  i  from 1 to  M 

4:  if the energy consumption of    R i       e i  ≥ W Q   then

5:      R i  ∈ Φ  ;

6:  else

7:      R i    will not be selected as relay;

8:  end

9: end

10: output:   b = max i , i :  R i  ∈ Φ  

11: end









3.2. SWIPT-CNOMA-PS


In the PS protocol, the source  S  sends information to    U 1    and the relay during the first half of the total transmission time. The relay captures the energy of the signal from  S , while the relay and    U 1    process the information during this period. The signal is divided into two parts at the relay according to power   ε  P S   , which is used for EH while     1 − ε    P S    for IP. The other half of the transmission time is spent on information transmission from source  S  to    U 1    and the relay node forwarding information to    U 2   . The proposed protocol summary is presented in Figure 3.



In the first phase, S sends a superimposed signal   x =    a 1   P S     x 1  +    a 2   P S     x 2    to relays and    U 1   , where    a 1   ,   a 2    and    x 1   ,   x 2    are the power allocation factors and the data symbols, respectively,    a 1  +  a 2  = 1  ,   a 1  <  a 2   .



The received signals at    U 1    and the best relay    R b    are, respectively, given by


   y   U 1   1  =  h 1       a 1   P S     x 1  +    a 2   P S     x 2    +  n 1 1  ,  



(5)






   y   R b    =  h b       a 1   P S     x 1  +    a 2   P S     x 2    +  n b  ,  



(6)




where    n 1 1    and    n b    denote the AWGN at    U 1    and    R b   , respectively.



In the PS strategy, there are two parts of the signal: one for EH and the other for IP through the power splitting coefficient. The received signal can be divided as follows:


   y   R b  , E H   =  h b       a 1  ε  P s     x 1  +    a 2  ε  P s     x 2    +  n b  ,  



(7)






   y   R b  , I P   =  h b        1 − ε    a 1   P s     x 1  +     1 − ε    a 2   P s     x 2    +  n b  .  



(8)







According to the NOMA principle, more power is allocated to the relay, so SIC is performed at    U 1   .    U 1    first decodes    x 2    and then removes it. At    U 1   , the signal-to-interference-plus-noise ratios (SINR) for decoding    x 2    are


   γ   U 1     x 2    =        h 1     2   a 2   ρ S         h 1     2   a 1   ρ S  + 1   .  



(9)







Then,    U 1    decodes    x 1   , the received SINR at    U 1    given by


   γ   U 1     x 1    =      h 1     2   a 1   ρ S  ,  



(10)




where    ρ S  ≜  P S  /  σ 2   .



   R b    directly decodes    x 2   , and the SINR of decoding    x 2    at    R b    can be expressed as


   γ   R b  , P S    x 2    =        h b     2   a 2    1 − ε    ρ S         h b     2   a 1    1 − ε    ρ S  + 1   .  



(11)







In phase 2, the selected relay    R b    broadcasts    x 2    to    U 2   . The cell-center user is allocated less power and will be interfered with by the strong signal in the first phase, so it is reasonable to let S make another transmission to    U 1   . At    U 1    and    U 2   , the received signals are given by


   y   U 1   2  =  h 1     P S     x 1  +  g 1     P b  P S      x 2  +  n 1 2  ,  



(12)






   y   U 2    =  g 2     P b  P S      x 2  +  n 2  ,  



(13)




where    P b  P S     is the relay’s transmit power under the PS strategy,    P b  P S   = 2 W Q / T  .    n 1 2    and    n 2    denote the AWGN at    U 1   ,    U 2   .



   U 1    removes    x 2    according to the side information of    x 2    received in phase 1, and then decodes    x 1   . The received SINR is given by


   γ   U 1     x 1  , 2   =      h 1     2   ρ S  .  



(14)







The received SINR of decoding    x 2    at    U 2    is given by


   γ   U 2    =      g 2     2   ρ  P S   ,  



(15)




where    ρ  P S   ≜  P b  P S   /  σ 2   .




3.3. SWIPT-CNOMA-TS


In the TS protocol,   α T   is used for EH, while the first half of time     1 − α   T   is spent on IP, and the second half is spent on forwarding information. The proposed protocol summary is presented in Figure 4.



In phase 1, the received signals at    U 1    and    R b    are given by (5) and (6), and the SINR can be expressed as (9) and (10). The difference from PS is that the received signal at the relay does not need to be split under TS, so the SINR of    R b    is expressed as


   γ   R b  , T S    x 2    =        h b     2   a 2   ρ S         h b     2   a 1   ρ S  + 1   .  



(16)







In phase 2, the received signal can be given by (12) and (13), and the SINR is the same as (14). However, the transmit power of the relay has changed. The transmit power of the relay under TS is expressed as    P b  T S   = 2 W Q /   1 − α   T  . The received SINR of    U 2    is expressed as


   γ   U 2    =      g 2     2   ρ  T S   ,  



(17)




where    ρ  T S   ≜  P b  T S   /  σ 2   .





4. Performance Analysis


We investigate the performance of the SWIPT-CNOMA-TS and SWIPT-CNOMA-TS protocols in this section. The outage probabilities of links are first calculated based on the received SINR to analyze the outage probabilities of users in the PS protocol. The outage probabilities of users are also analyzed for the TS protocol in the same way. Then, the energy storage state of the node is investigated. Taking the energy state of the relay as the system state, a one-dimensional Markov chain describing the energy state transition of the node is established. The steady-state probability representing the energy state and the probability of energy sufficiency of the node are obtained. Finally, the expressions of outage probabilities of    U 1    and    U 2    are derived.



4.1. Outage Probability Analysis


   U 1    has the same outage probability under PS and TS strategies because it is not affected by the EH relay. The outage event of    U 1    occurs when both transmissions fail in phase 1 and phase 2. Let    γ  t h 1     denote the target SINR of decoding    x 1   ; the expression of outage probability of    U 1    is


      P  o u t    U 1    =   1 − Pr    γ   U 1     x 2    ≥  γ  t h 2   ,  γ   U 1     x 1  , 1   ≥  γ  t h 1       Pr    γ   U 1     x 1  , 2   ≤  γ  t h 1                       =   1 − Pr          h 1     2   a 2   P 1         h 1     2   a 1   P 1  + 1   ≥  γ  t h 2   ,      h 1     2   a 1   P 1  ≥  γ  t h 1       Pr        h 1     2   P 1  ≤  γ  t h 1                       =   1 − Pr        h 1     2  ≥    γ  t h 2        a 2  −  a 1   γ  t h 2      P 1    ≜ τ ,      h 1     2  ≥    γ  t h 1      a 1   P 1    ≜ β     Pr        h 1     2  ≤    γ  t h 1      P 1                        =   1 − Pr        h 1     2  ≥ θ = max   τ , β       Pr        h 1     2  ≤  a 1  β                     = Pr        h 1     2  ≤  a 1  β   =    ∫ 0   a 1  β     1   λ 1       exp   −  x   λ 1      d x = 1 − exp   −    a 1  β    λ 1      ,     



(18)




where    a 2  −  a 1   γ  t h 2   > 0  .



Different from    U 1   ,    U 2    will be affected by EH relay. Before the information transmission, the relay node will first check whether the energy is sufficient. Only when the energy is sufficient can the node be used as the candidate. Thus, the number of candidate relays is not fixed which is determined by the energy stored by the node. The outage probability of    U 2    is expressed as follows according to the total probability theorem:


   P  o u t    U 2    =   ∑  Ω = 1  M   Pr    Φ  = Ω      P  o u t    U 2  , Ω   ,  



(19)




where   Pr    Φ  = Ω     denotes the probability that  Ω  out of  M  nodes have more energy than   W Q   and    P  o u t    U i  , Ω     represents the probability of information transmission interruption after the relay node selection, which is determined by the relationship between the target transmission rate and system channel capacity.



The two terms of (19) will be evaluated separately in the following.    P  o u t    U 2  , Ω     is first computed. The best relay is selected with the maximal channel gain from  Φ  for    U 2   . Exploiting order statistics, we obtain the Probability Density Function (PDF) of        h b     2    as follows:


   f       h b     2     x  =  Ω   λ  S R       ∑  k = 0   Ω − 1        − 1    k        Ω − 1      k      exp   − x   k + 1   /  λ  S R       .  



(20)







The outage event of    U 2    happens if the relay or    U 2    are unsuccessful in decoding. Let    γ  t h 2     denote the target SINR of decoding    x 2   ; the outage probability of    U 2    under PS is expressed as


      P  o u t    U 2  , Ω   = 1 − Pr    γ   R b     x 2    ≥  γ  t h 2   ,  γ   U 2    ≥  γ  t h 2                             = 1 − Pr          h b     2   a 2    1 − ε    P 1         h b     2   a 1    1 − ε    P 1  + 1   ≥  γ  t h 2   ,      g 2     2   P 2  ≥  γ  t h 2                             = 1 − Pr        h b     2  ≥  τ  1 − ε   ,      g 2     2  ≥    γ  t h 2      P 2                              = 1 −  Ω   λ  S R    λ   g 2        ∑  k = 0   Ω − 1        − 1    k        Ω − 1      k           ∫   τ  1 − ε     + ∞    exp     − x   k + 1      λ  S R             ∫     γ  t h 2      P 2      + ∞    exp     − y    λ   g 2        d x d y                            = 1 − Ω   ∑  k = 0   Ω − 1        − 1    k        Ω − 1      k       1  k + 1   exp     − τ   k + 1       1 − ε    λ  S R     −    γ  t h 2      λ   g 2     ρ  P S       .       



(21)







The outage probability of    U 2    under TS is expressed as


      P  o u t    U 2  , Ω   = 1 − Pr    γ   R b  , T S    x 2    ≥  γ  t h 2   ,  γ   U 2    ≥  γ  t h 2                             = 1 − Pr          h b     2   a 2   ρ S         h b     2   a 1   ρ S  + 1   ≥  γ  t h 2   ,      g 2     2   ρ  T S   ≥  γ  t h 2                             = 1 − Pr        h b     2  ≥ τ ,      g 2     2  ≥    γ  t h 2      ρ  T S                               = 1 − Ω   ∑  k = 0   Ω − 1          Ω − 1      k          − 1    k   1  k + 1   exp     − τ   k + 1      λ  S R     −    γ  t h 2      λ   g 2     ρ  T S       .       



(22)







The probability of   Pr    Φ  = Ω     in (19) is calculated with the help of the Markov chain in the following.




4.2. Analysis of Node Energy Storage States


According to the model setting, the relay does not need to replace the battery and uses EH technology to meet the operation of its own function. Before the information transmission, the node checks its energy state. Only when the energy state meets the requirements can it be a candidate relay. The energy storage capacity of the relay is set to be infinite to simplify the analysis. When the energy of the node is less than   W Q  , which  W  is the energy threshold value when the node is able to forward information and  Q  is the minimum unit of the node’s energy storage, it is not enough to forward information and will continue to charge. When the energy of the node is greater than   W Q  , it can be used for forwarding information as a transmission relay to    U 2   . If the node is selected, energy is subtracted   W Q   after the signal is forwarded. Thus, we model the energy state as a one-dimensional Markov chain with infinite states.



When   s < W   the node will not be selected as the relay. When the node collects more than  Q  energy at a time, the node will transfer from  s  to   s + 1  . The probability is expressed as


   P  s , s + 1   = Pr    E   R i    ≥ Q   = Λ .  



(23)







Substituting (1), (2) into the following equation, respectively, we can obtain


   P  s , s + 1   = Λ =       exp     − 2 Q   η ε  P S  T  λ  S R       , E H    under    P S       exp    Q  η α  P S  T  λ  S R       , E H    under    T S .        



(24)







When the energy collected by the node is insufficient, it will keep the original state.


   P  s , s   = Pr    E   R i    < Q   = 1 − Pr    E   R i    ≥ Q   = 1 − Λ .  



(25)







The node will be likely to be selected as the relay when   s ≥ W  . We consider the probability   Pr    R b  =  R i      as   1 / M   [6]. If the energy harvested by a node is greater than  Q  and the node is not selected as the relay, it will transfer from state  s  to   s + 1  , and the probability is expressed as


   P  s , s + 1   = Pr    E   R i    ≥ Q     1 − Pr    R b  =  R i      = Λ   1 − 1 / M   .  



(26)







If the harvested energy of the node is greater than  Q  and the node is chosen as the relay, it will transfer from  s  to   s − W + 1  , and the transition probability is given as follows:


   P  s , s − W + 1   = Pr    E   R i    ≥ Q   Pr    R i  =  R b    = Λ / M .  



(27)







If the harvested energy of the node is less than  Q  and it is not selected as the relay, it stays in the original state. The transition probability is


   P  s , s   =   1 − Pr    R b  =  R i        1 − Pr    E   R i    ≥ Q     =   1 − 1 / M     1 − Λ   .  



(28)







If the harvested energy is less than  Q  and the node is selected as the relay, the state transition probability from  s  to   s − W   is


   P  s , s − W   =   1 − Pr    E   R i    ≥ Q     Pr    R b  =  R i    =   1 − Λ   / M .  



(29)







According to the above state transition probability analysis, the state transition process as shown in Figure 5, and the state transition matrix  P  can be obtained as





   P =        p  0 , 0        p  0 , 1      0   ⋯   0   0   0   ⋯     0     p  1 , 1        p  1 , 2      ⋯   0   0   0   ⋯     ⋮   ⋮   ⋮   ⋱   ⋮   ⋮   ⋮   ⋯     0   0   0   ⋯     p  W − 1 , W − 1        p  W − 1 , W      0   ⋯       p  W , 0        p  W , 1      0   ⋯   0     p  W , W        p  W , W + 1      ⋯     0     p  W + 1 , 1        p  W + 1 , 2      ⋯   0   0     p  W + 1 , W + 1      ⋯     ⋮   ⋮   ⋮   ⋮   ⋮   ⋮   ⋮   ⋱      .   



(30)







Let   π =    π 0  ,  π 1  ,  π 2  , ⋯     denote the steady-state probability; the conservation equation of the Markov chain is given by


         p  0 , 0    π 0  +  p  W , 0    π W  =  π 0         p  0 , 1    π 0  +  p  1 , 1    π 1  +  p  W , 1    π W  +  p  W + 1 , 1    π  W + 1   =  π 1       ⋮           p  W − 2 , W − 1    π  W − 2   +  p  W − 1 , W − 1    π  W − 1   +  p  2 W − 2 , W − 1    π  2 W − 2   +  p  2 W − 1 , W − 1    π  2 W − 1   =  π  W − 1          p  W − 1 , W    π  W − 1   +  p  W , W    π W  +  p  2 W − 1 , W    π  2 W − 1   +  p  2 W , W    π  2 W   =  π W       ⋮          .  



(31)







According to the properties of the probability transition matrix:


   p  k , k − W   +  p  k , k − W + 1   +  p  k , k   +  p  k , k + 1   = 1 , k ≥ W ,  



(32)






   p  k , k   +  p  k , k + 1   = 1 , k < W .  



(33)







Thus, the following can be obtained.


   p  k , k + 1    π k  =        p  W , 0     ∑  j = 0  k    π  W + j   +  p  W , 1     ∑  j = 0   k − 1     π  W + j   , 0 ≤ k ≤ W − 1            p  2 W + 1 , W + 1     ∑  j = 1  W    π  j + k   +  p  2 W + 1 , W + 2     ∑  j = 1   W − 1     π  j + k   , k ≥ W            



(34)







Adding all the terms on the left and right of the above equation, and since     ∑  k = 1   + ∞     π k  = 1    ,    π k       ∀ k ∈ N     is obtained. The probability that a node will be a candidate relay is equivalent to the probability that a node is in state   s ≥ W  . It can be given as follows:


  Pr   s ≥ W   =   ∑  k = W   + ∞     π k  =   Λ M  W    ,  



(35)




where   Λ = Pr    E   R i    ≥ Q    .Thus, the probability that  Ω  relays out of  M  relays have sufficient energy can be obtained as


  Pr    Φ  = Ω   =      M     Ω          Pr   s ≥ W      Ω      1 − Pr   s ≥ W       M − Ω   ,  



(36)




which follows a binomial distribution, where    Φ  = Ω   indicates that the number of elements of the set  Φ  consisting of well-charged relay nodes is  Ω ,        M     Ω      =   M !   Ω !   M − Ω   !     means the binominal coefficient.





5. Numerical Analysis


In this section, to explore the influence of the energy threshold  W  and the number of relays  M  on the performance, we use MATLAB to numerically simulate the relationship between parameters and outage probability based on Equations (18) and (19). The proposed protocols are also compared with the case of OMA and the relay with no energy storage, respectively, to estimate the advantages of the protocol proposed. The main references for the simulation parameters considered in this section are [6,22]. In order to compare with the literature [22], similar parameters were considered. The reference to the remaining parameters related to energy storage is [6] because our scheme for storing energy is inspired by this. In addition, the minimum units of energy stored by the node are taken as    Q  P S   = z  P S  T / 2  ,    Q  T S   = z  P S  α T  , where   z = 0.6   is the coefficient. The simulation parameters of the system we considered are summarized in Table 1.



The outage probability of    U 2    at different  M  in PS and TS protocols are compared, respectively, in Figure 6. With the rise of    ρ S   , the outage probability of    U 2    descends in both PS and TS protocols. Moreover, the outage probability of    U 2    declines as the number of relays  M  rises in both PS and TS protocols. According to   Pr   s ≥ W   =   ∑  k = W   + ∞     π k  =   Λ M  W      (Equation (35) in this paper), the probability that a relay node is fully powered will increase when  M  increases, so the number of candidate nodes meeting the conditions for forwarding information will increase. That is, better relay cooperative communication can be achieved at this time. In addition, comparing Figure 6a with Figure 6b, the performance of the TS protocol is better than that of the PS protocol.



The relationship between the outage probability of    U 2    and  W  in the PS protocol and the TS protocol at   M = 5   is investigated in Figure 7. Then, the value of M is set to 5. The result shows that when  W  becomes smaller, the outage performance of    U 2    improves regardless of the PS or TS protocol, because according to   Pr   s ≥ W   =   ∑  k = W   + ∞     π k  =   Λ M  W      (Equation (35) in this paper), the probability that a relay node is fully powered will increase when  W  decreases. From the perspective of practical significance, when  W  becomes small, i.e., the threshold value that a node can forward information becomes small, the probability that a relay has sufficient energy becomes large, and there are more relays to choose for cooperation.



In Figure 8, we study the case that the relay with energy storage in our protocol is replaced by the relay without energy storage. The change tendency of the outage probability curve of    U 2    is consistent with or without energy storage, i.e., with the rise of    ρ S   , the outage probability of    U 2    declines. The outage probability of    U 2    is decreased due to the rise in the transmit SNR of the source reduces the outage probability of each link. In the absence of energy storage, it is supposed that the relay only uses the energy harvested in previous times for forwarding. When a node is selected to forward information, it uses up its previously harvested energy, and the uncooperative node also resets its energy [18]. The result demonstrates that the proposed protocol with energy storage can improve the system’s performance.



The protocol is compared to the scenarios without NOMA in the following paragraphs. Similar to the transmission process in our protocol, the OMA protocol in Figure 9 is also divided into two phases. The main difference is that the two phases of transmission are   S → R ; R →  U 2  , S →  U 1   , respectively. In the OMA scenario, the signal received by    U 1    in phase 2 is obtained as


   y   U 1    O M A   =  h 1     P S     x 1  +  g 1     P R     x 2  +  n R   



(37)




and outage probability of    U 1    is


   P  o u t    U 1  , O M A   = 1 −  1   λ   g 1      exp   −    γ  t h 1      ρ S   λ 1         a 2  +  b 2     



(38)




and outage probability of    U 2    in OMA is


   P  o u t    U 2  , Ω , P S   = 1 − Ω   ∑  k = 0   Ω − 1        − 1    k      Ω − 1  k     1  k + 1   exp   −    γ  t h 2     k + 1      ρ S   λ  S R     1 − ε     −    γ  t h 2      ρ  P S    λ   g 2           



(39)






   P  o u t    U 2  , Ω , T S   = 1 − Ω   ∑  k = 0   Ω − 1        − 1    k      Ω − 1  k     1  k + 1   exp   −    γ  t h 2     k + 1      ρ S   λ  S R     −    γ  t h 2      ρ  T S    λ   g 2           



(40)







In phase 2,    U 1    will suffer interference from the relay, which makes the possibility of an outage event become larger, and greatly affects the communication quality of    U 1   . However, in protocols proposed,    U 1    can remove this interference at this phase according to the side information of    x 2    obtained by the SIC process in the previous phase [22], thus reducing the outage probability of    U 1    in phase 2. Thus, we can see the performance of our protocol is better for    U 1    in Figure 9. For    U 2   , when    ρ S    is less than approximately 14 dB, the performance of the protocol described in this paper is similar to that of the OMA scheme. However, when    ρ S    is greater than 14 dB, the gap will increase significantly, and the performance of this protocol is worse. The only difference in the outage probability expression between the two schemes is   exp   −    γ  t h 2     k + 1        a 2  −  a 1   γ  t h 2      ρ S   λ  S R     1 − ε        , (PS) and   exp   −    γ  t h 2     k + 1      ρ S   λ  S R     1 − ε        , (OMA, PS), and


  exp   −    γ  t h 2     k + 1        a 2  −  a 1   γ  t h 2      ρ S   λ  S R     1 − ε       ≤ exp   −    γ  t h 2     k + 1      ρ S   λ  S R     1 − ε       ,    ρ S  > 0   .  



(41)







According to the character of the exponential function, this gap gets bigger as    ρ S    increases. The situation is similar for the TS protocol. The protocol in the paper reduces the outage probability of cell-edge user (   U 2   ) to some extent while ensuring the communication quality of cell-center user (   U 1   ).



The outage performances of the protocol in [22] and the protocol proposed are compared in Figure 10.    U 1    performs better in our protocol than in [22] because the base station sends the information to    U 1    again in phase 2. Because    U 1    is not affected by the EH relay, the curves of the outage probability of    U 1    under TS and PS coincide. Moreover, the TS protocol in our protocol is optimal for    U 2   . It can also be found for    U 2    that the performance of the PS protocol in this paper is better than the PS and TS protocol in [22] when    ρ S    is less than about 11 dB, and is worse when    ρ S    is greater than about 11 dB.



Finally, we can draw a common conclusion from all the numerical simulation figures, i.e., the SWIPT-CNOMA-TS protocol shows better performance than the SWIPT-CNOMA-PS protocol. According to Equation (19), there are two main factors affecting the outage probability of    U 2    under two protocols—the storage of energy and the information decoding of each link. On the one hand, the probability that a relay node is fully powered is   Pr   s ≥ W   =   ∑  k = W   + ∞     π k  =     Λ M  W    (Equation (35) in this paper), where    Λ  P S   = exp     − 2  Q  P S     η ε  P S  T  λ  S R       = exp     − z   η ε  λ  S R        ,    Λ  T S   = exp     −  Q  T S     η α  P S  T  λ  S R       = exp     − z   η  λ  S R        . The probability that a relay node is fully powered under the PS protocol is lower than the TS protocol because of    Λ  P S   <  Λ  T S    . Therefore, more nodes with sufficient power can choose to better cooperate under the TS protocol. On the other hand, in phase 1, the influence of the power division factor  ε  makes the outage probability of    U 2    under the PS protocol higher. In phase 2, the lower relay transmission power makes the outage probability of    U 2    under the PS protocol higher. To sum up, the SWIPT-CNOMA-TS protocol shows better performance than the SWIPT-CNOMA-PS protocol. The above analysis is briefly summarized in the following Table 2.




6. Conclusions


The outage performance of the SWIPT-CNOMA network is researched in this paper, and the steady-state probability is deduced by modeling the energy state of each relay with a one-dimensional infinite Markov chain. Then, the expression of each user’s outage probability in the TS protocol and PS protocol are derived, respectively. The SWIPT-CNOMA-TS protocol shows better performance than the SWIPT-CNOMA-PS protocol. With careful selection of network parameters, even though the relay does not use batteries to power the transmission, acceptable system performance can be ensured. In the next step, we want to introduce ARQ technology to further enhance the system reliability, and the case of limited energy storage will be considered.
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Figure 1. NOMA network model in the downlink. 
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Figure 2. Proposed SWIPT-CNOMA network model. 
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Figure 3. SWIPT-CNOMA-PS. 
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Figure 4. SWIPT-CNOMA-TS. 
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Figure 5. A one-dimensional Markov chain for the power state transition of nodes (  Q = 1  ). 
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Figure 6. (a) Outage probabilities comparison of    U 2    under different  M  in PS protocol; (b) Outage probabilities comparison of    U 2    under different  M  in TS protocol. 
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Figure 7. Outage probability of    U 2    for different  W  under PS and TS. 
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Figure 8. Outage probability of    U 2    with and without energy storage at the relay. 
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Figure 9. Outage probability of    U 2    when utilizing NOMA and OMA. 
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Figure 10. Comparison of user’s outage probability between the protocol in the paper and in [22]. 
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Table 1. Parameter table.
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	Parameters
	Value





	Energy threshold
	   W = 4   



	AWGN Power
	    σ 2  = 1   



	Target SINR
	   γ  t h 1   = 1.3  ,    γ  t h 2   = 2  



	Power allocation coefficient for NOMA
	   a 1  = 0.1  ,    a 2  = 0.9  



	Time switching factor
	   α = 0.5   



	Power splitting factor
	   ε = 0.6   



	Distance between nodes
	   d 1  = 0.8  ,    d   g 1    =  d   g 2    = 0.5  



	Energy conversion efficiency
	   η = 1   










 





Table 2. Comparison of outrage probability of users under two protocols.
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	     U 1     
	     U 2     





	SWIPT-CNOMA-PS
	    P  o u t    U 1    = 1 − exp   −    a 1  β    λ 1        
	    P  o u t    U 2    =   ∑  Ω = 1  M   Pr    Φ  = Ω       1 − Ω   ∑  k = 0   Ω − 1        − 1    k        Ω − 1      k       1  k + 1   exp     − τ   k + 1       1 − ε    λ  S R     −    γ  t h 2      λ   g 2     ρ  P S             



	SWIPT-CNOMA-TS
	    P  o u t    U 1    = 1 − exp   −    a 1  β    λ 1        
	    P  o u t    U 2    =   ∑  Ω = 1  M   Pr    Φ  = Ω       1 − Ω   ∑  k = 0   Ω − 1        − 1    k        Ω − 1      k       1  k + 1   exp     − τ   k + 1      λ  S R     −    γ  t h 2      λ   g 2     ρ  T S             



	Comparison
	Same
	The performance of SWIPT-CNOMA-TS is better.



	Reason
	   U 1    is not affected by EH relay.
	SWIPT-CNOMA-TS shows better performance in EH, information decoding and relay transmission power.
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