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          This paper investigates two-hop extension communication in wireless body area networks. Many previous studies have demonstrated that two-hop extended topology outperforms single-hop topology. Although many researchers have proposed using two-hop extension communication to improve link reliability, no one has considered using a relay selection algorithm or provided a suitable solution for wireless body area networks. The design goal of the proposed algorithm is selecting a proper relay node to retransmit failed packets distributively. The proposed algorithm configures the carrier sensing period to choose one relay node promptly without requiring additional interaction. We analyze the link conditions corresponding to various body postures and investigate which factors are proper to determine the carrier sensing period. The empirical results show that the proposed algorithm reduces the expected number of transmissions required to deliver a packet successfully.
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      1. Introduction
      Wireless Body Area Networks (WBANs) have recently captured public attention in the forms of wearable or implanted devices (e.g., smart watches, headsets, wrist bands, glasses, contact lenses). These devices usually function in, on, or around the body and are connected with each other or with other electronic devices via wireless communication. WBAN technology can be applied to various fields, including healthcare, sports, entertainment, games, military, and security applications [1].

      WBAN should guarantee that communication is short range (< 3 m), low power, and reliable to meet various application requirements. Hence, it provides diverse data rate, energy consumption, topology control, and Quality of Service (QoS) models according to specific applications [2][3]. WBAN generally consists of one coordinator and several sensor nodes. The typical role of the coordinator is to collect bio-signals or bio-information from the wearable or implanted sensor nodes that can range from a few to hundreds in number [4].

      Candidate WBAN standard technologies are Bluetooth Low Energy (BLE) [5], ZigBee [6], and the IEEE 802.15.6 PHY/MAC specification [7]. BLE, first implemented in 2010, is a typical short-range and low-power wireless communication technology that aims to serve a variety of tiny, cheap devices. It has already been applied to various wearable devices offering various services. ZigBee is also a short-range and low-power wireless communication technology, and it is based on the IEEE 802.15.4 PHY/MAC standard [8]. It was designed to serve wireless sensor networks (WSNs), home networks, industrial networks, and the healthcare industry [6]. Initially, neither BLE nor ZigBee aimed to provide wearable and implanted applications, so these standards cannot satisfy all of the requirements for those types of applications. The IEEE 802.15.6 standard, issued in 2012, was designed to be used in WBANs. Because the IEEE 802.15.6 standard provides flexible PHY and MAC protocols, various WBAN application requirements can be satisfied. Beyond these standard activity, a lot of challenging works are in progress for WBAN. Typical issues are summarized well in [3][4].

      Star topology has generally been regarded as the default topology for WBANs due to its architectural simplicity and short communication range. WBANs contend with both internal movement (e.g., postural change) and external mobility (e.g., location change), which cause shadowing effects and channel fading, degrading the link quality. Increasing the transmission power or adapting the data rate are possible solutions to these problems in star topology, but these modifications deplete battery power faster and result in tissue overheating. For these reasons, the IEEE 802.15.6 standard, in accordance with the Specific Absorption Rate (SAR) of the Federal Communications Commission, limits the transmission power of all WBAN devices to between -10 dBm (0.1 mW) and 0 dBm (1 mW) [4]. In star topology, this limited transmission power leads to high outage probabilities between the coordinator and the sensor nodes.

      IEEE 802.15.6 requires at least a 95% packet success ratio to provide various WBAN services. Many researches have already shown that multi-hop WBANs outperform single-hop WBANs in terms of link reliability and energy efficiency [9]-[12]. The IEEE 802.15.6 standard also presents a two-hop extension mechanism based on star topology. However, the standard does not consider the relay selection mechanism. In this paper, we propose an algorithm to select an appropriate relay node in a WBAN. The nodes contend to be selected as the relay node by means of their independent carrier-sensing periods. A node with a short carrier-sensing period can obtain an opportunity to retransmit failed packets. This algorithm does not require any additional control packet overhead to select the relay node. We investigate the performance through empirical experiments. The proposed relay selection algorithm reduces the number of packet transmissions, resulting in less energy consumption and higher link reliability.

      The rest of this paper is organized as follows: section 2 introduces related works and discusses their shortcomings, section 3 describes the proposed algorithm, and Section 4 presents its performance evaluation. We draw conclusions in Section 5.

    

    

  
    
      2. Related Works and Problem Statement
      The most significant factors in determining WBAN performance are energy efficiency and link reliability. In consideration of these factors, a variety of algorithms have been proposed for WBANs, such as MAC, power control, rate adaptation, interference avoidance, and others. We propose a relay-selection algorithm for a two-hop based WBAN environment to reduce packet transmissions that are related to energy efficiency and link reliability. In this section, we briefly introduce several relay-selection algorithms and discuss their shortcomings.

      L. Liang et al. [13] verified that multi-hop communication outperforms single-hop communication in WBANs through empirical experiment. Based on these results, they proposed a tree-based energy-efficient routing algorithm that chooses both a transmission power level and a relay node adaptively to find the optimal forwarding path. This algorithm employs an energy-aware expected transmission (eat) metric to select the next hop. The eETX value is calculated from the successful delivery ratios of beacons and data packets.

      S. Yousaf et al. [14][15] and K. S. Deepak et al. [16] proposed a reliable and energy-efficient cooperative-communication scheme for WBANs. In this scheme, when a sender node transmits packets to the destination node, every neighbor node overhears the packets transmitted. These neighbor nodes become candidate relay nodes. For cases in which the destination node fails to receive the packet, it sends a negative acknowledgement (NACK) to all relay nodes. The relay nodes receiving the NACK, rather than the sender node, retransmit their data to the destination node until all of the data are successfully delivered. However, the researchers did not consider which relay node should retransmit first. This means that they did not consider selecting the relay node.

      J. Dong et al. [17] presented a two-hop relay-assisted cooperative communication system that employs both a joint relay-selection algorithm and a simple prediction-based transmission-power control algorithm. Their scheme determines the link quality by using previously received packets and then selects a relay node and a transmit power level, resulting in both reduced power consumption and reduced interference.

      A common problem with conventional relay selection algorithms in WSNs and WBANs is that they do not consider link quality variations according to frequent body posture changes. If body posture changes quickly, the measured link quality shows a wide gap between the relay-node selection time and the data relay time. Hence, H. A. Sabti et al. [18][19] proposed algorithms to solve the link quality fluctuation problem caused by frequent body posture change. Their algorithms use accelerometer sensors to study patterns of body posture changes and to find a range of accelerometer values that provides high link reliability. Based on this empirical result, the sender node transmits data only in this range. The algorithms were applied to running applications, and the experimental results showed that reliability was enhanced. However, these algorithms are limited to a predefined body-posture change scenario.

      R. Pan et al. [20] proposed a non-prediction-based relay protocol employing predefined relay nodes. This protocol was designed based on the IEEE 802.15.6 standard. The predefined relay nodes are always in the active state to relay packets if the hub instructs during the dedicated relaying period. If the sender node fails to transmit packets directly to the destination, a predefined or opportunistic relay node delivers the failed packets. This protocol does not include a relay-selection mechanism, which is the most important mechanism for two-hop communication.

    

    

  
    
      3. Proposed Algorithm
      Most conventional research studies regarding WBAN two-hop communication have not considered a relay selection mechanism or used link quality, such as the packet reception ratio, link quality indication (LQI), or RSSI, to determine a proper relay node. However, measured link quality varies frequently along with body posture. When this occurs, the measured values may become too outdated to be used as accurate relay selection metrics [18][19]. In other words, an outdated link quality value is useless for choosing an adequate relay node in a WBAN. Therefore, the time difference between selecting a relay and relaying packets should be minimized.

      
        3.1 Experimental Setup
        To measure the link quality, we conducted an experiment examining the RSSI values according to various sensor node positions. We analyzed two static body postures and one dynamic body posture. The sensor nodes were attached to the right wrist, left ankle, right thigh, left chest, and left waist, and the hub was attached near the solar plexus, as shown in Figure 1.

        
          
          

          Figure 1: 
				
          

          
            Position of hub and nodes on body
          
          

          

        

        Each sensor node used an ATmega128 microcontroller [22] and a CC2420 radio [23]. The ATmega128 is a low-power 8-bit AVR RISC-based microcontroller with 128 KB of programmable flash memory, 4 KB of SRAM, and 4 KB of EEPROM. The CC2420 is a 2.4 GHz IEEE 802.15.4 compliant RF transceiver designed for low-power wireless communications. It can transmit up to 250 Kbps with 31 different transmission power levels. In this experiment, we used transmission power level 7, emitting -15 dBm of output power. The sensor node sent a 46 B data packet every 100 ms. The hub collected the received packets and measured the RSSI value.

      

      
        3.2 Body Posture-based Link Quality Analysis
        RSSI is one of the most widely used metrics for judging link quality. The RSSI value of a network is highly related to the packet reception ratio (PRR). In our previous study [21], we obtained a relationship between RSSI and PRR, as shown in Figure 2. The average RSSI value over –88 dBm showed a link reliability of more than 95%. In this study, we use the RSSI value to determine the link quality.
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            RSSI vs. PRR [21]
          
          

          

        

        Figure 3 indicates the transitions of RSSI values corresponding to different body postures. When the subject sat or stood, the link quality between the hub and the node was generally stable, with the exception of the left ankle node for the subject in the sitting position. The RSSI values of the sensor nodes on the left ankle, right thigh, and left waist intermittently reached –100 dBm. This meant that the hub had not received the packet. In the case where the subject was walking, link quality fluctuated frequently because of frequent changes in body posture. For walking subjects, sensor nodes on the right wrist, left ankle, and right thigh showed low link quality. In contrast, the sensor nodes on the left chest and left waist still indicated stable link quality, because their movement is limited.
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            RSSI values corresponding to sensor node positions
          
          

          

        

        In the above test scenarios, we analyzed various posture change scenarios and found that link quality varied based on body posture changes. However, WBANs cannot compose completely free topologies, because the human body has a limited range of activity. This means that a WBAN has a network topology that is limited by body posture. We can therefore obtain stable link lists in advance based on various body postures.

        It is clear from the experimental results that some sensor nodes maintained stable links with the hub regardless of body posture. The sensor nodes attached to body parts that moved less, such as the chest, waist, or head, could be candidates for relay nodes. On the other hand, sensor nodes attached to arms or legs cannot always transmit data directly to the hub because of their frequent movement. Thus, we should categorize each sensor node according to its link stability with the hub. In order to distinguish sensor node types, we call the sensor node delivering packets to the hub instead of to other sensor nodes the relaying node. The sensor nodes that are assisted in packet delivery by this relaying node are named relayed nodes.

      

      
        3.3 A Distributed Relay Selection Algorithm
        In the proposed algorithm, when a sender node transmits a packet, the candidate relaying nodes and the hub try to receive the packet. If the hub receives the packet transferred by the sender node successfully, it transmits an acknowledgement (ACK) packet to the sender node. The hub does not transmit an ACK packet for every packet reception, but it does send an ACK packet for every bunch of packet receptions to improve throughput. The ACK packet includes the received packet sequences.

        As soon as a sender node and the candidate relaying nodes receive the ACK packet, they investigate the received packet sequences for whether or not packet loss exists. If packet loss is found, one of them retransmits the lost packets to the hub. We should consider which nodes are selected as relaying nodes to retransmit the lost packets.

        We propose a distributed-relay selection algorithm. The candidate relaying nodes and the sender node contend to be selected as the relaying node after the ACK packet is received. The proposed algorithm uses a carrier-sensing period distributively to choose a proper relaying node among contending candidate relay nodes. The carrier-sensing period is determined by the number of received packets, the RSSI value obtained by the ACK packet, and recent accelerometer variations. A particular number of packets received successfully can guarantee retransmission efficiency, so this quantity is considered in selecting the relaying node. The RSSI value of the ACK packet indicates the most recent value for the link quality between the relaying node and the hub. This metric is of use in finding a stable link. The recent accelerometer variations represent the movement of the candidate relaying nodes, which is related to link stability as well. By utilizing of these values, we can derive an independent carrier-sensing period. The carrier-sensing period is given by the equation:
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        where tCS indicates the carrier-sensing period and Pentire and Ploss represent the entire number of transmitted packets and the number of lost packets, respectively. PRRrssi is the packet reception ratio at the RSSI value obtained from the results shown in Figure 1. We assume that the relationship between PRR and RSSI is a linear, proportional relation with an RSSI value of less than –88 dBm. Aavg. is the average value of the 3-axis accelerometer, and tCCA is the clear channel assessment time. We use the values α and β to give weight to both the expected transmission number and the probability of link variation.

        With this metric, it is possible to select the relaying node promptly without any additional packet exchange. Figure 4 illustrates an example of selecting a relaying node to retransmit lost packets. At first, the sender node that is the relayed node transmits a number of packets, and the candidate relaying nodes and the hub receive the packets. In this example, the hub cannot receive the packets completely because of link instability. The hub replies with the ACK packet, including the received packet sequences. The candidate relaying nodes and the relayed node receive this packet and perform carrier sensing independently during a period determined by Equation (1). In this example, candidate relaying node 2 wins the contention and retransmits the missed packets. If the hub still cannot receive the missed packets after this retransmission procedure, it replies with the ACK packet and waits for another retransmission. The previous retransmission procedure is repeated until all of the packets are delivered successfully.
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            Example of selected relaying node retransmission
          
          

          

        

      

      
        3.4 A Region Grouping Scheme
        In the proposed algorithm, the candidate relaying nodes should always be in wakeup states to receive packets transmitted by the sender node. If the radio is in the wakeup state for a long time, the energy efficiency of the sensor node is severely degraded. We propose a region-grouping scheme to reduce overhearing time. As mentioned in section 3.1, the WBAN has a limited network topology due to its restrictions in body movement, so we can group candidate relaying nodes and relayed nodes according to the restricted topology information. Figure 5 illustrates a sample superframe structure for the region grouping. For instance, candidate relaying nodes belonging to group 2 should always be in wakeup states during the group’s contention period despite having no packets to transfer. On the other hand, sensor nodes that are not the relaying node do not need to wake up to overhear packets. They only need to wake up when they have packets to send. The candidate relay nodes can reduce wakeup duration by separating relaying packet delivery periods according to group.
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            Superframe structure for a region grouping
          
          

          

        

      

    

    

  
    
      4. Performance Evaluation
      In this section, we present the evaluation of the performance of the proposed algorithm based on the results of empirical experiment. We considered two experimental scenarios: static and dynamic. For the static case, the subject was sitting on a chair. In the dynamic case, the subject changed their body posture frequently. The positions of the hub and the sensor nodes are shown in Figure 1. We used the sensor nodes on left wrist and left chest as the candidate relaying nodes. We compared the proposed relay-selection algorithm with both single-hop and two-hop communication, each with a randomly chosen relay node. We did not measure the energy efficiency, throughput, or packet reception ratio of the network because the expected number of packet transmissions already covered these quantities.

      The sensor node on the left ankle transmitted 100 packets to hub every second. If any packets were missed at the hub, the candidate relay nodes contended with one another to be the selected relaying node. Figure 6 and Figure 7 show the expected numbers of transmissions needed to deliver a packet to the hub successfully for the static case and dynamic case, respectively. The expected numbers of transmissions every second are shown.

      
        
        

        Figure 6: 
				
        

        
          The expected numbers of transmissions per Packet for the static case
        
        

        

      

      
        
        

        Figure 7: 
				
        

        
          The expected number of transmissions per packet for the dynamic case
        
        

        

      

      In Figure 6, the no relay line indicates single-hop communication. The sender node directly transmitted packets to the hub. In this case, the link quality between the sender node and the hub was poor because of the propagation environment, so the link suffered significant packet loss. These lost packets were retransmitted through the direct link between the sender node and the hub. Thus, the expected number of transmissions per packet was higher than that of the two-hop communication network.

      Two-hop communication also experienced a similar packet-loss ratio during the first packet transmission, but its retransmitted-packet reception ratio exceeded that of single-hop communication. The randomly selected relay node also chose a relaying node randomly for the retransmission, but the selected relaying node did not always guarantee a better link quality than the sender node had. Therefore, the use of the correct relay selection method is very important for improving the link reliability.

      Dynamic body posture frequently varied the link quality, especially for the sensor nodes attached to body parts that moved a lot. Figure 7 illustrates the expected transmissions per packet for the dynamic case. As in the static case, the first transmission attempt at the sender node caused the same packet loss regardless of the mechanism. In single-hop communication, the sender node retransmits the lost packets via the same link in spite of poor link quality. Hence, the expected number of transmissions per packet is generally high.

      In two-hop communication, selecting a relaying node with a stable link is important for enhancing the retransmission reception ratio. The proposed algorithm thus outperformed the no relay and random relay mechanisms, as shown in Figure 7. From these results, we can understand the necessity of two-hop communication as well as the importance of selecting appropriate relaying nodes in WBANs.

    

    

  
    
      5. Conclusions
      In this paper, we proposed a relay selection algorithm for WBAN two-hop communication. This relay selection algorithm can choose a proper relaying node distributively, without requiring any additional control packets. It utilizes a carrier-sensing period that is sufficiently short to minimize the time difference between the relaying-node selection time and the packet-relaying time. The performance evaluation demonstrated the need for two-hop communication in WBANs as well as the significance of proper relaying node selection. We could not find a suitable conventional relay-selection algorithm for WBANs; hence, the efficacy of the proposed algorithm was not completely verified. In the future, we will try to compare our relay selection algorithm against other adequate WBAN relay-selection algorithms and to improve it based on the results.
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