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Abstract

:

This paper investigates the problem of RF energy harvesting in wireless sensor networks, with the aim of finding a suitable communication protocol by comparing the performance of the system under different protocols. The network is made up of two parts: first, at the beginning of each timeslot, the sensor nodes harvest energy from the base station (BS) and then send packets to the BS using the harvested energy. For the energy-harvesting part of the wireless sensor network, we consider two methods: point-to-point and multi-point-to-point energy harvesting. For each method, we use two independent control protocols, namely head harvesting energy of each timeslot (HHT) and head harvesting energy of dedicated timeslot (HDT). Additionally, for complex channel states, we derive the cumulative distribution function (CDF) of packet transmission time using selective combining (SC) and maximum ratio combining (MRC) techniques. Analytical expressions for system reliability and packet timeout probability are obtained. At the same time, we also utilize the Monte Carlo simulation method to simulate our system and have analyzed both the numerical and simulation solutions. Results show that the performance of the HHT protocol is better than that of the HDT protocol, and the MRC technology outperforms the SC technology for the HHT protocol in terms of the energy-harvesting efficiency coefficient, sensor positions, transmit signal-to-noise ratio (SNR), and length of energy harvesting time.
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1. Introduction


Wireless communication has attracted substantial attention in recent years as a promising field of research due to its versatility and economic benefits, particularly with the advent of sixth-generation (6G) communications. As a result, wireless sensor networks have found extensive applications in various aspects of our lives, such as medical, industrial manufacturing, and the Internet of Things (IoT) [1,2,3,4]. However, there are still issues that need to be addressed in wireless communication systems, such as equipment service life, complex environments, and the impact of channel states on energy harvesting and information transmission [5,6].



The topic of energy harvesting is constantly in the news, as we need energy in all aspects of our lives. While renewable energy sources such as wind, solar, and hydraulic potential are frequently used, some devices, such as artificial hearts and forest monitoring systems, cannot easily compensate for the lack of energy. Therefore, radio frequency (RF) wireless energy harvesting and usage have become a primary research topic in these fields. In an RF wireless energy harvesting system, the uplink information transfer and the downlink wireless energy harvesting are limited, leading to unsatisfactory system performance and restrictions [7]. Therefore, it is essential to distribute the time for sending packets and energy harvesting consistently to reduce the impact on system performance [8].



Energy-harvesting technologies have shown great potential in powering small electronic devices without the need for external power sources. However, existing energy-harvesting devices suffer from large size and low power conversion efficiency. To address these challenges, a better approach to energy harvesting was proposed in paper [9], that is, metasurfaces and metamaterial structures are proposed as collectors for energy-harvesting devices that provide higher conversion efficiency in smaller sizes. One such example is the bow-tie multi-band rectenna with slots proposed in a paper by Agrawal et al. This rectenna is designed for ambient wireless energy harvesting for autonomous IoT sensors, featuring a high-conversion-efficiency multi-band rectification circuit composed of four single-ring rectifiers. The paper also proposes a power management circuit to store and convert the harvested voltage, smoothing the direct current (DC) output voltage and improving system performance [10].



The design of energy-harvesting devices must meet certain standards to ensure optimal system performance. In this regard, Wagih et al. divided the rectenna into antenna rectification impedance bandwidth and antenna radiation characteristics, in accordance with wireless power transfer (WPT) and antenna design for environmental RF energy harvesting application standards [11]. In another paper, the non-orthogonal multiple access (NOMA) protocol is studied to transmit IoT relay node data together with source node data in the presence of interfering signals. The outage probability, throughput and total throughput are mathematically derived, and a representative performance comparison method is given [12]. Finally, a paper by Liu et al. presents the design of a three-band high-gain multi-beam ambient RF energy-harvesting system utilizing hybrid combination. This system maximizes the use of harvested RF energy by utilizing frequency, space, and polarization simultaneously. A broadband hybrid combination is proposed that enables energy harvesting at low RF power densities while maintaining the wide frequency and spatial coverage required for ambient RF energy harvesting [13]. In paper [14], the limited sensitivity and nonlinearity of far-field RF energy harvesting are presented and their effects quantified. Furthermore, a linear model and two nonlinear models are proposed, and the differences in wireless information and power transfer designs for each model are shown in single-user and multi-user deployments [15].



RF energy-harvesting technology is widely used in the Internet of Things, and many advanced energy harvesting technologies have been proposed in these applications [16,17,18,19]. RF energy-harvesting systems face two significant challenges: system reliability and packet timeout probability. To address these problems, researchers have proposed several solutions, including improving system performance in wireless sensor networks through the Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol [20] and analyzing interrupt performance in wireless sensor networks [21]. In particular, Tran proposed a system performance research method in [22] using two energy-harvesting protocols: the head harvesting energy of each timeslot (HHT) and the head harvesting energy of a dedicated timeslot (HDT). Researchers can choose a protocol that is more suitable for communication by contrasting the system performance of the HHT protocol under maximal ratio combining (MRC) and selection combining (SC) techniques with the HDT protocol under MRC and SC technology. According to [22], the HDT protocol harvests energy during a designated time slot, whereas the HHT protocol harvests energy at the head of the time slot. The energy-harvesting time is    α 0  T   and    α  0 k   T  , and    α 0  = K  α  0 k    , where K is the number of sensor nodes. The size of the transmitted packets is the same for both the HHT and HDT protocols in paper [22], where the size of the packet transmitted by the system is set to L. Given that the HDT protocol harvests energy over a significantly longer period than the HHT protocol, this can lead to an unfavorable contrast. Moreover, the complex channel characteristics that apply to both MRC and SC technology are not taken into account in study.



In response, we reformulate the optimization problem put out in [22] in order to solve these problems, and we offer competitive energy-harvesting strategies in this reformulated problem. To determine which protocol is best for the energy-harvesting system, different packet sizes are assigned to various protocols, and then, they are compared once more. The research findings of paper [22] show that the HDT protocol performs better than the HHT protocol. Our improved simulation results, however, show that HHT performs better and is more suited for RF wireless communication, particularly the HHT protocol using MRC technology. It is appropriate, and the following analysis provides a detailed examination.




2. System and Channel Model


In this section, we present our suggested system model, along with a comprehensive explanation of the HHT and HDT protocols.



2.1. System Model


In our system, both the HDT and HHT protocols utilize time division multiplexing technology. We assume that the channel variation between any two sensor nodes and the BS follows Rayleigh block fading and is affected by additive white Gaussian noise. We also assume that the channel state remains unchanged during a fixed period of energy harvesting and packet transmission, and that each transmission time is relatively independent. Rayleigh fading has been widely accepted as a reasonable signal propagation model and an effective model for complex environments. Given the complexity of our environment, we have chosen to model the channel fading between the sensor nodes and the BS in our system using the Rayleigh communication model. After conducting a rigorous analysis, we have considered a relatively reasonable system model, as shown in Figure 1. Our system model comprises a BS and multiple sensor nodes   N k   that are responsible for both energy harvesting and information transmission. These nodes harvest energy from the BS and use it to transmit packets to the BS, thus completing the system model. To optimize the energy harvesting and information transmission processes, we install   M + 1   antennas for the BS. M antennas are used for uplink data packet transmission, while the remaining antenna is dedicated to downlink energy harvesting, which enables the BS to obtain energy from the nodes.



In our system, we have information transmission in the uplink and energy harvesting in the downlink. We use   G  k 1 j    to represent the channel gain of the uplink information transmission process from sensor node   N k   to the base station (BS), where   ∀ k ∈ { 1 , 2 , … , K }   and   ∀ j ∈ { 1 , 2 , … , M }  . Similarly, we use   G  k 2 j    and   G  k 3 j    to denote the channel gain of energy harvesting for the HDT and HHT protocols, respectively, i.e., the channel gain of downlink energy harvesting. Since the channel state change is random, we model the channel gain of the system as a random variable that follows the exponential distribution. As a result, based on the concepts of probability density function (PDF) and cumulative distribution function (CDF), we can define the PDF and CDF of the channel gain as follows:


   f X   ( x )  =  1  θ k   E x p  ( −  x  θ k   )  ,  



(1)






   F X   ( x )  = 1 − E x p  ( −  x  θ k   )  ,  



(2)




where X is a random variable about the channel gain, and   θ k   is the average channel gain of the random variable X. In this system, the channel mean gains of random variables   G  k 1   ,   G  k 2    and   G  k 3    are represented by   ω k  ,   Θ k   and   Φ k  , respectively.




2.2. HDT Protocol


The protocol uses the time division multiple access (TDMA) method, as shown in Figure 2. The time T is divided into   K + 1   segments. During the first segment, the sensor nodes harvest energy from the BS, which then allocates K time slots to the sensor nodes for transmitting packets to the BS. The sum of energy harvesting time and packet transmission time is equal to T, and the expression can be easily derived as


   α 0  T +  ∑  K = 1  K    ( 1 − α )  k  T = T .  



(3)







The HDT protocol involves two processes for the sensor nodes: first, they must harvest energy from the BS, and then, they can use the harvested energy to transmit packets to the BS. The time required for sensor node   N k   to harvest energy from the BS is    α 0  T   and the energy obtained during this process can be expressed as:


   E k  =  η k  P  d  k   − λ    G  k 2    α 0  T ,  ∀ k ∈  { 1 , 2 , … , K }  ,  



(4)




where P denotes the energy harvesting power when the sensor node   N k   harvests energy from the BS,   η k   is the energy harvesting efficiency index of the energy harvesting process, d is the distance between the sensor node   N k   and the BS, and  λ  is the path loss exponent due to the influence of the randomness of the channel state on the energy harvesting path.



After energy harvesting, the harvested energy is utilized to send packets to the BS, and the power required for sending packets can be expressed as follows:


   P k  =   E k     ( 1 − α )  k  T   =    α 0  P  G  k 2    η k   d k  − λ      ( 1 − α )  k   .  



(5)







The packet transmission time is the time required for a packet of size L bits to travel from sensor node   N k   to the BS; in this case, L denotes   L 1   and   L 2  . The expression is as follows:


   T k  ( v )   =   B k   ln ( 1 +  μ k   γ k  ( v )   )   ,  



(6)




where    B k  =   L ln ( 2 )  W   ,    μ k  = −  1  log ( 5 ∗ B E  R k  )     [22], W denotes the system bandwidth, while   μ k   denotes the bit error rate. We also obtain the expression for the signal-to-noise ratio (SNR), which is as follows:


   γ k  ( v )   =    P k   G  k 1   ( v )    d k  − λ     W  Q 0    =    α 0   G  k 1   ( v )    G  k 2    γ 0   η k   d k  − 2 λ      ( 1 − α )  k   ,  



(7)







In order to accommodate different downlink energy harvesting methods, we make use of various channel gain assumptions. Specifically, the channel gain   G  k 1   ( v )    utilizes different technologies depending on the two gain modes, which are represented by   G  k 1 j    and   G  k 2 j    for MRC and SC technologies, respectively, and the expression is as follows:


   G  k 1   ( v )   =            G  k 1   ( M R C )      =  ∑  j = 1  M   G  k 1 j   ,     v = M R C          G  k 1   ( S C )      =  max  j  ∈ { 1 , 2 , … , M }     G  k 1 j   ,       v = S C ,       



(8)




where    γ 0  =  P  W  Q 0     ,   ∀ v ∈ { M R C , S C }  .




2.3. HHT Protocol


Similar to the HDT protocol, the total period T is divided into K periods on average, and each period is composed of two parts, which are the time    α 01  T   for energy harvesting and the time     ( 1 − α )  k  T   for packet transmission in the HHT protocol, as shown in Figure 3. As a result, the energy harvested by sensor node   N k   is as follows:


   E k  =  α  0 k   T P  G  k 3    η k   d k  − λ   .  



(9)







After harvesting energy, the sensor nodes use the harvested energy to send packets to the BS. The time spent is     ( 1 − α )  k  T  ; thus, the sending power is as follows:


   P k  =   E k     ( 1 − α )  k  T   =    α  0 k   P  G  k 3    η k   d k  − λ      ( 1 − α )  k   .  



(10)







The SNR of sensor node   N k   sending packets to the BS under the HHT protocol is as follows:


   γ k  ( v )   =    P k   G  k 1   ( v )    d k λ    W  Q 0    =    α  0 k    G  k 1   ( v )    G  k 3    γ 0   η k   d k  − 2 λ      ( 1 − α )  k   .  



(11)









3. Description of System Performance Indicators


We describe the performance metrics discussed in the article in this part, which encompass the performance of both the entire system and a single node.



3.1. Probability of Packet Timeout for Information Transmission between Single Node


A packet transmitted from sensor node   N k   to the BS may face a timeout or transmission error due to the complexity of the channel state. We use   T  k , s u c c   ( v )    to denote the successful packet transmission event [22], which happens when the time of packet transmission   T k  ( v )    is less than the threshold time   t  k , o u t   . Here,   t  k , o u t    is the transmission threshold of a packet, and   T k  ( v )    is defined in (6). According to the system definition, the information about the channel condition during both energy harvesting and packet transmission determines the time of packet transmission, which is a random variable. We can rapidly determine the CDF of sensor node   N k   transmission time employing the definition of probability as follows:


   F  T  k   ( v )     ( t )  = Pr   T  k   ( v )   < t  .  



(12)







In accordance with the channel assumption, we set    t  o u t , k   =  t k  T =  t  o u t     [22], which denotes that the packet transmission time established by the system is equal to the timeout threshold. In particular, the probability that the packet transmission time is longer than the timeout threshold   t  o u t    is defined as the packet timeout probability, and the expression is as follows:


   O  k   ( v )   = Pr   T  k   ( v )   ≥  t  o u t , k    = 1 −  F  T  k   ( v )      t  o u t , k    .  



(13)








3.2. Performance Metrics for Complete Systems


In the domain of wireless communication systems, system reliability and outage probability are pivotal performance metrics that have a substantial impact on communication quality. System reliability ensures that the system can maintain a certain level of performance consistently over a prolonged duration, encompassing correct information transmission, stable connection maintenance, and uninterrupted operation. Outage probability measures the probability that the system can sustain the desired communication quality during operation. It can be seen that system reliability and outage probability play a crucial role in determining the overall performance of a wireless communication system, and we will introduce them next.



3.2.1. System Reliability


In wireless sensor networks, system reliability is viewed as the probability that, even under the worst channel conditions, the packet transmission time would not exceed the timeout threshold. The expression is as follows:


   R  k   ( v )   = Pr   T  max   ( v )   <  t  out     ,  



(14)




where    T  max   ( v )   =  max  k ∈ { 1 , 2 , … , K }     T  k   ( v )    .  




3.2.2. Outage Probability


In wireless power sensor networks, the probability that the packet transmission time will surpass the timeout threshold even under ideal channel circumstances is defined as outage probability, and the expression is as follows:


      O  s y s   ( v )   = Pr   T  min   ( v )   ≥  t  o u t    ,     



(15)




where    T  min   ( v )   =  min  k ∈ { 1 , 2 , … , K }     T  k   ( v )    .   Complying with Lemma 1 from the paper [22], we know that


   F  z  k   ( M R C )     ( z )  = 1 −  2  Γ ( M )      z   θ k   ω k      M 2    K M   2   z   θ k   ω k      ,  



(16)






      F  z  k   ( S C )     ( z )      = 1 − 2 M  ∑  m = 0   M − 1        M − 1      m       ( − 1 )  m           ×   z   ( m + 1 )   θ k   ω k      K 1   2    ( m + 1 ) z    θ k   ω k      .     



(17)










4. System Performance Analysis


In this section, we use the conclusion of Lemma 1 to analyze the HDT and HHT protocols of the systems for consideration.



4.1. The Analysis of the HDT Protocol


4.1.1. Packet Timeout Probability Analysis of Single Node


We can rewrite the CDF of the packet timeout probability by combining (6) with (7), and (12), and the expression is as follows:


   F  T  k   ( v )     ( t )  = 1 − Pr   G  k 1   ( v )    G  k 2   <  exp    B k  t   − 1   H  k 1    ,  



(18)




where    H  k 2   =    d k  − 2 λ     ( 1 − α )  k     α 0   γ 0   η k   μ k     . Combined with Lemma 1, we can derive the final expression of the CDF in the HDT protocol for the MRC and SC theories as follows:


   F  T  k   (  MRC )       ( t )  =  2  Γ ( M )       Ψ  ( t )   K  k 1      ω k   Θ k      M 2    K M   2    Ψ  ( t )   K  k 1      ω k   Θ k      ,  



(19)






     F   T  k   ( S C )    ( t )       = 2 M  ∑  m = 0   M − 1        M − 1      m       ( − 1 )   m )            ×    Ψ  ( t )   K  k 1      ( m + 1 )   ω k   Θ k      K 1   2     ( m + 1 )  Ψ  ( t )   K k     ω k   Θ k      ,     



(20)




where   Ψ  ( t )  =  exp (   B k  t  ) − 1   , and the packet outage probability of a single sensor node for the HDT protocol can be derived combining (19) and (20) as follows:


   O  k   ( M R C )   = 1 −  F  T  k   ( M R C )      t  o u t    ,  



(21)






   O  k   ( S C )   = 1 −  F  T  k   ( S C )      t  o u t    .  



(22)








4.1.2. System Performance Analysis of the HDT Protocol Scheme


Because the transmission time of each sensor node in the HDT protocol is independent of one another, the CDF of   T  m a x   ( v )    and   T  m i n   ( v )    can be expressed as follows:


      F  T  max   ( v )     ( t )      = Pr   max  k ∈ { 1 , 2 , … , K }     T  k   ( v )    < t           =  ∏  k = 1  K   F  T  k   ( v )     t  ,     



(23)






     F   T  min   ( v )    ( t )       = Pr   min  k ∈ { 1 , 2 , … , K }     T  k   ( v )    < t           = 1 −  ∏  k = 1  K   1 −  F  T  k   ( v )     ( t )   .     



(24)







The system reliability has been defined in (14), and combining (23), we can re-deduce the definition of the system reliability of the HDT protocol as follows:


    R   ( v )   =  F  T  max   ( v )      t  o u t    =  ∏  k = 1  K   F  T  k   ( v )      t  o u t    .  



(25)







Through formula (15), we can easily derive the expression of the outage probability of the HDT protocol as follows:


     O  s y s   ( v )      = 1 −  F  T  min   ( v )      t  o u t             =  ∏  k = 1  K   1 −  F  T  k   ( v )      t  out      ,  v ∈  { M R C , S C }  .     



(26)









4.2. The Analysis of HHT Protocol


4.2.1. Packet Timeout Probability Analysis of Single Node


Analogously, we need to derive the CDF of the packet transmission time for the HHT protocol. Combining (6) with (11) and (12), the CDF of time   T k  ( v )    in the HHT protocol can be rewritten as follows:


   F  T  k   ( v )     ( t )  = Pr   G  k 1   ( v )    G  k 3   ≤ Ψ  ( t )   K  k 2    ,  



(27)




where    H  k 2   =    d k  − 2 λ     ( 1 − α )  k     α  0 k    γ 0   η k   μ k     . Similarly, using (27), in combination with Lemma 1, we can easily deduce the expression of the CDF in the HHT protocol for the MRC and SC theories as follows:


   F  T  k   (  MRC )       ( t )  =  2  Γ ( M )       Ψ  ( t )   H  k 2      ω k   Φ k      M 2    K M   2    Ψ  ( t )   H  k 2      ω k   Φ k      ,  



(28)






      F  T  k   ( S C )     ( t )      = 2 M  ∑  m = 0   M − 1        M − 1      m       ( − 1 )  m           ×    Ψ  ( t )   H  k 2      ( m + 1 )   ω k   Φ k      K 1   2     ( m + 1 )  Ψ  ( t )   H k     ω k   Φ k      .     



(29)







The packet outage probability of single sensor node for the HHT protocol can be derived by combining (28) with (29) and using (15) as


      O  k   ( M R C )   = 1 −  F  T  k   ( M R C )      t  o u t    ,     



(30)






      O  k   ( S C )   = 1 −  F  T  k   ( S C )      t  o u t    .     



(31)








4.2.2. System Performance Analysis of the HHT Protocol Scheme


The system reliability has been defined in (14). We can re-deduce the definition of the system reliability for HHT as follows:


    R   ( v )   =  F  T  max   ( v )      t  o u t    =  ∏  k = 1  K   F  T  k   ( v )      t  out     .  



(32)







Similarly, using the definition of outage probability in (14), we can rewrite the outage probability of HHT protocol as


     O  sys    ( v )      = 1 −  F   T  min   ( v )     t  out                =  ∏  k = 1  K   1 −  F  T  k   ( v )      t  out      ,  v ∈  { M R C , S C }  .     



(33)










5. Numerical Results


This section presents the analysis and simulation results for our system. We focus on evaluating our proposed performance metrics, which include the system reliability, packet timeout probability, and outage probability for both the HHT and HDT protocols. Due to the randomness of the channel state, we use Monte Carlo simulation technology for our analysis. To ensure accuracy, we sample a total of   10 5   loops, and the system parameters are set according to Table 1.



In Figure 4, we analyze the impact of different distances between the BS and the sensor nodes on the packet timeout probability. We set the coordinates of the four nodes as    (  x 1  ,  y 1  )  =  ( 0.6 , 0.6 )   ,    (  x 2  ,  y 2  )  =  ( 0.55 , 0.55 )   ,    (  x 3  ,  y 3  )  =  ( 0.5 , 0.5 )   , and    (  x 4  ,  y 4  )  =  ( 0.45 , 0.45 )   . The energy-harvesting time of the HHT protocol is    α  0 k   = 0.05  , while that of the HDT protocol is    α 0  = 0.2  . The packet transmission time for both protocols is     ( 1 − α )  k  = 0.2  . According to our observation, node 4 performs the best out of all nodes, due to its lowest packet timeout probability. This is the case since node 4 can harvest the most energy and has more energy available for packet transmission because of the fact that the distance between it and the BS is the shortest. Furthermore, we note that the packet timeout probability under the HHT protocol is consistently lower than that under the HDT protocol for all nodes. At the same time, under the same conditions, the packet timeout probability using MRC technology is lower than that using SC technology. This is because MRC selected the maximum value of channel gain, which has a higher channel gain than the average value of channel gain selected by SC. Additionally, the packet timeout probability of the MRC technology in the HHT protocol is lower than that of the SC technology in the HHT protocol, and the system performance of the HHT protocol using MRC technology is the best under the same distances.



In Figure 5, we examine the impact of energy harvesting effectiveness between single sensors on the packet outages probability for the system. According to [22], we set the coordinates of the sensor nodes to a fixed point    (  x k  ,  y k  )  =  ( 0.6 , 0.6 )   . We adopt the univariate research concept and set the number of antennas and nodes as   M = 2   and   K = 4  , respectively. We assign four different energy harvesting efficiencies to four sensor nodes, namely    η 1  = 0.2  ,    η 2  = 0.3  ,    η 3  = 0.4  , and    η 4  = 0.5  . Additionally, the energy-harvesting times for the HDT protocol and the HHT protocol are denoted as    α  0 k   = 0.05   and    α 0  = 0.2  , respectively. Our observations indicate that increasing the energy harvesting efficiency leads to a decrease in the packet timeout probability for both the HHT and HDT protocols. This is because higher energy-harvesting efficiency allows sensor nodes to harvest more energy, which in turn enables them to use more energy for information transmission. This reduces the packet loss rate and leads to improved system performance. Moreover, we have observed that the packet timeout probability of the HHT protocol is consistently lower than that of the HDT protocol under the same energy harvesting efficiency conditions. This can be attributed to the fact that the HHT protocol uses a more refined time slot division and is therefore more sensitive to channel variations. Thus, the performance of the HHT protocol is generally better than that of the HDT protocol under similar conditions.



In Figure 6, we investigate the system reliability of the HHT and HDT protocols. where the information transmission time is     ( 1 − α )  k  = 0.19  , the coordinates of the sensor nodes are set to    (  x k  ,  y k  )  =  ( 0.3 , 0.3 )    [22], and the energy-harvesting time for the HHT protocol and the HDT protocol is    α  0 k   = 0.01   and    α 0  = 0.05  , respectively, and the energy-harvesting efficiency is    η k  = 0.5  . The figure clearly indicates that as SNR   γ 0   increases, so does the system reliability. This is because an increase in SNR results in more energy being harvested by sensor nodes, which is then used for uplink information transmission, resulting in improved system performance. Furthermore, we observe that the system reliability of the HHT protocol is higher than that of the HDT protocol at the same SNR. This is due to the fact that the HHT protocol harvests energy at the head of each segment, which is less affected by channel status than the HDT protocol, which harvests energy at the head of the total period. Similarly, we also found that under the condition of HHT protocol, the system reliability using MRC technology is better than that of using SC technology. This is because the MRC selects the maximum value of the channel gain, which has a higher channel gain than the average value of the channel gain selected by the SC, which results in the system being able to harvest more energy for information transmission. We can also observe that increasing the number of antennas from   M = 2   to   M = 3   increases system reliability by utilizing the HDT protocol with MRC technology.



Figure 7 depicts the impact of energy-harvesting time length on the system reliability of the HHT and HDT protocols in the complete system. We fix energy-harvesting efficiency as    η k  = 0.5  , and the coordinates of the sensor nodes are set to    (  x k  ,  y k  )  =  ( 0.3 , 0.3 )   . The figure shows that extending the energy-harvesting time increases the system reliability. This is because the sensor nodes can obtain more energy from the BS, reducing the data packet loss rate during data transmission and improving system performance. Furthermore, we have consistently observed that the HHT protocol outperforms the HDT protocol in terms of system reliability regardless of the energy-harvesting time length. This is because the HHT protocol uses a more reasonable time allocation method, allocating energy-harvesting time at the head of each time slot, and is less affected by complex channel environments. Additionally, the HHT protocol utilizes MRC technology, which results in the highest system reliability and best system performance.



Figure 8 shows how the energy-harvesting efficiency coefficient affects the probability of a system outage in our wireless communication system. Specifically, we fix the energy-harvesting time for the HHT and HDT protocols at    α  0 k   = 0.01   and    α 0  = 0.05  , respectively, and set the information transmission time as     ( 1 − α )  k  = 0.19  . The energy-harvesting efficiency is held constant at    η k  = 0.5  . Our simulation results demonstrate that increasing the energy-harvesting efficiency leads to a continuous decrease in the outage probability in our wireless communication system, as shown in Figure 8. Furthermore, the HHT protocol consistently outperforms the HDT protocol in terms of lower outage probability. This superiority can be attributed to the fact that the HHT protocol harvests energy at the beginning of each time slot, which is less susceptible to channel fading. Consequently, more energy is available for information transmission, resulting in a reduced outage probability. Additionally, we discovered that when the number of antennas is increased from   M = 2   to   M = 3  , the probability of a packet outage is greatly reduced because doing so enables the system to obtain greater diversity gain. Therefore, based on our simulation results, we can conclude that the HHT protocol is a preferable option for energy harvesting in wireless communication systems, as it achieves better system performance compared to the HDT protocol.




6. Conclusions


In this paper, we present a system model for energy harvesting and information transmission in wireless communication, which utilizes two protocols in the energy-harvesting part of the downlink, namely the HHT and HDT protocols. Our main objective is to compare and analyze the system reliability, packet timeout probability, and outage probability of these two protocols to evaluate their performance. Moreover, we simulate the proposed system using the Monte Carlo simulation method based on the channel state. Our simulation results indicate that the HHT protocol outperforms the HDT protocol in terms of system reliability, packet timeout probability, and outage probability. Specifically, the HHT protocol demonstrates higher system reliability and lower packet timeout and outage probabilities compared to the HDT protocol under similar conditions. Therefore, the HHT protocol with MRC technology is considered optimal for our proposed system.



In our future work, we plan to apply our research results to artificial hearts and other medical fields, which may lead to unexpected benefits. This could potentially alleviate the current limitations for artificial heart recipients who are hesitant to venture far from urban areas due to concerns about timely energy replenishment as well as improve their quality of life. Additionally, the effective utilization of RF energy harvesting could bring new changes to our 6G smart era and provide a new way for people to experience the relative abundance of energy in their daily lives.
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Figure 1. Wireless power communication system model. The dotted line is used for downlink energy harvesting, and the solid line is arranged for uplink packet transmission. 
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Figure 2. The time required for a node to send a data packet is measured by     ( 1 − α )  k  T  , while    α 0  T   represents the time that all nodes spend together collecting energy. 






Figure 2. The time required for a node to send a data packet is measured by     ( 1 − α )  k  T  , while    α 0  T   represents the time that all nodes spend together collecting energy.



[image: Futureinternet 15 00172 g002]







[image: Futureinternet 15 00172 g003 550] 





Figure 3. The allocation of energy harvesting time and packet transmission time in the HHT protocol. 
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Figure 4. The impact of different distances between the BS and the sensor nodes on the packet timeout probability. 
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Figure 5. The impact of harvesting efficiency coefficients on the packet timeout probability. 
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Figure 6. The simulation results of the impact of the SNR on system reliability. 
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Figure 7. The simulation results of the impact of energy harvesting time on system reliability. 
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Figure 8. The simulation results of the impact of the energy-harvesting efficiency coefficient on the packet outage probability. 
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Table 1. The default parameters employed in this paper to simulate the system we consider.
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	The packet size of HDT protocol
	   L 1  = K ∗ 512   bits



	The packet size of HHT protocol
	    L 2  = 512   bits



	The time of timeout threshold
	    t  o u t   = 0.864   ms [22]



	Bit error rate
	   B E R =  10  − 2     [22]



	Channel mean gains
	    ω k  =  Θ k  =  Φ k  = 1   [22]



	The locates of BS
	     (  x 0  ,  y 0  )  =  ( 0 , 0 )    



	The pathloss exponent of channel
	   λ = 4   [22]
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