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Abstract

:

The unique characteristics of underwater environment such as long propagation delay, limited bandwidth, energy-constraint and non-uniform topology are big challenges in designing a routing protocol for underwater wireless sensor networks (UWSNs). In this paper, a novel routing scheme is proposed through which two mobile sinks are used for efficient collection of sensed data packets. Moreover, a new metric “Mobile Sink Utility Ratio (MUR)” is also introduced that helps in measuring the usage of mobile sink in the collection of data packets. The proposed scheme is rigorously evaluated and compared with current state-of-the-art routing protocols. The simulation of the proposed scheme shows promising results in terms of throughput, network lifetime, packet drop ratio and MUR.
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1. Introduction


With the advancement in technologies being used underwater, there has been massive increase in research activities related to underwater wireless sensor networks (UWSNs) by both academia and industry [1,2,3]. They are comprised of sensor nodes and sink(s) that are deployed on the seabed through ships. The deployed sensor nodes transmit the sensed data to the sink through a specific routing mechanism [2,4,5,6,7]. UWSNs are used as substitutes to traditional exploration and monitoring of oceans. Many applications such as harvesting renewable energy, environmental monitoring, oceanographic data collection, and exploration of underwater hidden resources require proper infrastructure and timely maintenance. The high-pressure underwater environment restricts human ability to work there for a long time. Terrestrial Wireless Sensor Networks (TWSNs) is a well-researched area with many routing strategies to choose from. The traditional method of using radio signals for communication in TWSNs cannot be applied in UWSNs because these signals are heavily attenuated in the aqueous environment. Thus, acoustic signals are widely used for such purposes, as they have a low absorption rate and are feasible for underwater communications [7,8,9,10].



The network topology of UWSNs is dynamic i.e., the nodes’ position keeps changing due to change in water current [5,6,11]. Furthermore, maintaining the network lifetime in UWSNs is challenging because the sensor nodes are powered by the batteries that cannot be replaced after underwater deployment.



In a nutshell, existing routing protocols for TWSNs cannot work for UWSNs due to long propagation delay, high mobility, limited bandwidth, energy-constraint and non-uniform topology structure caused by the node movement. Many routing protocols have been proposed for UWSNs. Some of these maximize the network lifetime on the cost of throughput and some improves throughput by compromising on packet delay [6]. Among these protocols, clustering is reported as a best technique for load balancing in UWSNs where sensor nodes are arranged in multiple groups. These groups are headed by one sensor node known as a cluster head [6,11,12,13]. Similarly, the use of a mobile sink has been observed as an efficient way of improving throughput [14,15]. Mobile sinks can visit each sensor node individually or the entire cluster to gather data.



In [11], authors employed two mobile sinks to gather data in sparse regions. The throughput of network is affected when both sinks take adjacent positions as they are covering the same sensor nodes [11,16]. Recent research proves that the optimum number of mobile sinks with efficient path movement maximizes network performance [14,15,17].



Based on the above discussion, a routing protocol has been proposed that uses two mobile sinks, in a way that they cannot cover the same transmission area. The focus of the proposed scheme is to minimize the packet drop ratio by efficient utilization of mobile sinks. Apart from the routing scheme, a new metric; “Mobile Sink Utility Ratio (MUR)” is also introduced in this paper. MUR represents the data packets collected by the mobile sink to the total packets sent from the sensor nodes in any specific round. The higher value of MUR shows the efficient usage of mobile sinks and vice versa.



The rest of the paper is organized as follows: in Section 2, related work is discussed. Section 3 describes the limitations in the sparsity aware energy efficient clustering routing protocol (SEEC) routing scheme.



Section 4 presents the proposed scheme in detail. Performance evaluation of the proposed routing protocol and its comparison with existing routing schemes is discussed in Section 5. Conclusions and future work is presented in Section 6.




2. Related Work


Yan et al. presented a location-free depth base routing scheme (DBR) for UWSNs [7]. In DBR, depth is a selection criteria for the data forwarding node. Sensor nodes send their depth along with sensed data. Nodes with low depth are the one forwarding data. This scheme is suitable for networks where sensor nodes are deployed close to each other. Initially, sensor nodes in DBR are densely deployed; however, due to unbalanced energy consumption, energy holes are created. Energy hole creation degrades the performance of DBR resulting in low throughput.



In [5], the authors proposed routing protocol called weighting depth and forwarding area division depth base routing protocol (WDFAD-DBR). It reduces the void holes problem and achieves reliability in sparse deployment. The energy consumption is balanced in this protocol through division criteria of forwarding regions. Forwarding regions are divided on the basis of node density and the condition of channel.



In [11,16], SEEC is proposed. In SEEC, clustering is implied on dense regions while mobile sinks are sent to a sparse region to gather data. Clustering in dense regions made the protocol energy efficient. The stability period is also increased as compared to an energy efficient depth based routing protocol (EEDBR) [18]. Mobile sinks in sparse regions are not utilized efficiently, which causes low throughput in SEEC.



In [19], the authors proposed energy efficient multilevel cluster selection scheme in which a cluster head is selected on the basis of less radius from sink and high residual energy of the nodes. The novelty in the proposed scheme of [19] is the different level of cluster and competition stage for selecting the clustering head. To become a member of the competition stage, nodes of clusters must have residual energy above the calculated threshold energy and must be in a maximum radius of neighbor nodes. The unique method of clustering in [19] made the scheme energy efficient.



Farwa et al. [20] presents the sink mobility assisted opportunistic and geographic routing protocol to maximize the network lifetime in UWSNs. They divide the network into logical cubical regions to avoid the interference. Moreover, they use a specific number of forwarded nodes in each region to forward the packets to the destination. However, interference can be further minimized by using a single forwarder instead of multiple forwarders in each region.



The authors in [21] proposed and simulated a cluster-based reliable and energy-efficient routing protocol for UWSN. They prove that using a clustering technique helps to reduce the overall energy consumption of a sensor network. Consequently, the network lifetime is improved.



A hybrid approach for the selection of cluster heads in static and dynamic clustering in terrestrial wireless sensor networks is presented in [12]. They have minimized the energy holes and maximized the network lifetime. Network coverage and cluster load balancing are achieved by the dividing network field into rectangle and square shapes.



Cluster heads (CHs) with adaptive clustering is discussed for terrestrial wireless sensor networks in [13]. The clustering scheme arranges a group of sensor nodes into a cluster. One node from each cluster is appointed as CH. The CH forwards the data sent by sensor nodes to the sink. In this way, energy consumption of nodes that are far from the sink is reduced. Two steps have been proposed for the selection of CHs. First, the election of CH depends on the threshold value of energy. After that, selection is done on the basis of optimal distance between elected CHs. This technique maximizes throughput along with the network lifetime.



The authors proposed a distributed data gathering protocol (DDG) in [15]. The proposed scheme uses an autonomous underwater vehicle (AUV) along with clustering. AUV collects data from selected CHs by visiting them. This approach reduces transmission overhead on sensor nodes and, hence, network lifetime is increased.



In [14], an autonomous underwater vehicle aided efficient data-gathering (AEDG) routing protocol is proposed. After the deployment of sensor nodes, AEGD selects gateway nodes. Afterwards, the shortest path tree (SPT) algorithm is run to link sensor nodes with gateway nodes. AUV gathers data from gateways nodes. In this way, the network lifetime in AEDG is maximized.



The study in [17] discussed the impact of using multiple mobile sinks in increasing network lifetime. Mobile movement strategies like hexagonal tiling is also discussed in this paper. Two different techniques for sink movement: predefined path and non-predefined path are also discussed. Results show that a predefined path for the movement of mobile sinks has a better network lifetime than a non-predefined path.



An EEDBR protocol for UWSNS is proposed in [18]. The performance of EEDBR is greatly improved than DBR. In DBR, energy consumption is high because of data forwarding nodes selection criteria. In EEDBR, selection criteria for data forwarding nodes are low depth and high residual energy of sensor nodes. In selection criteria of EEDBR, load on residual energy results in rapid decrease of network lifetime. Before forwarding the packet, sensor nodes in EEDBR holds the packet for definite time. Holding time of a node is calculated based on high residual energy. The node having high residual energy has less holding time than the one with less residual energy. This calculation of holding time allows high residual energy nodes to forward packets. In this way, EEDBR proves to be more energy efficient than DBR.



In [22,23,24], the authors have used clustering schemes for routing in UWSNs. These protocols feature two phases. First is the set-up-phase in which CHs are selected for the formed clusters; second is the communication phase, in which member nodes of cluster gather data and send it to their respective CHs. In these protocols, the first phase is periodically repeated due to the ocean current. This periodic repetition of the first phase adds extra burden on networks. To avoid collision of packets from member nodes to CH, time-division multiple access (TDMA) is adopted in these protocols. Introducing clustering with TDMA results in the increase of end to end delay (E2E).



The study in [25] discussed the energy hole problem in relation to ocean currents. In this paper, drift speed calculation is introduced. Drift speed at any time can be calculated if the current location of sensor nodes is known. Whenever ocean current is sensed by the mobile sink (MS), the MS changes its speed accordingly. The proposed scheme results in better throughput.



Hop-by-hop dynamic addressing based (H2-DAB) was proposed in [26]. In this scheme, HopID is assigned to each sensor node on the basis of hop count from the sink. Foremost, the hello packet is broadcasted by the sink node. Each node that receives a hello packet is assigned by HopID. This process is incremented hop-by-hop thus node near to sink gets small HopID. The nodes with small HopID are the ones forwarding data. The selection criteria of data forwarding node in H2-DBR requires sending some inquiry packets to sensor nodes, which increases the utilization of residual energy and delay.




3. Motivation


As discussed in [11,16], SEEC is a localization free protocol. In SEEC, the network field is divided into ten regions, each of which are subdivided into five left regions and five right regions. Two mobile sinks (MS1 and MS2) are used in sparse regions. MS1 changes its position from the topmost sparse region to the less sparse region in every round except the region of MS2. MS2 remains in the topmost sparse region until the death of all sensor nodes in that region. Both mobile sinks remain in the midpoint of the region. This movement of mobile sink in SEEC is not efficient because the deployment of nodes is random and the case may appear that the two of the most sparse regions are adjacent to each other either on the left side or on the right side. In this scenario, both mobile sinks will be in the same transmission range area. This movement leads to packet drop on the other side of sparse regions, which decrease the throughput of the network.



From the flow chart of SEEC [11,16], it is observed that the searching of sparse and dense region is done only once after the deployment of network. By the passage of time, due to ocean currents, sparse regions can be increased [5]. Two mobile sinks are moved on the basis of sparse stack, which was not updated periodically. This factor also results in less throughput in SEEC [11,16].



The above discussion motivated to design a scheme that should utilize mobile sinks efficiently, which should result in better throughput and network lifetime.




4. Proposed Scheme


In UWSNs, the efficient use of mobile sinks results in high throughput with minimum energy utilization [14,15]. In the proposed scheme, the main focus is on the movement of mobile sinks. This attention brought about good results, which can be seen in the following sections.



4.1. Network Model


Initialization phase starts with the logical division of network field into two equal parts vertically. The divided parts are further logically divided into five regions of equal size horizontally. Five regions on the left side of the mid-point of the network field are named “left-5 regions” and the regions on the right side of the mid-point of the networks field are named “right-5 regions”. This logical division is done to have efficient movement of mobile sinks in the proposed scheme. All sensor nodes are randomly deployed with same energy level. It should be noted that node deployment strategies are out of the scope of this work. Three sinks are used: one sink is static and the other two are mobile. The static sink is placed at the top middle of the network field. Mobile sink one (MS1) and Mobile sink two (MS2) are utilized to gather data from the network field. The network Model is shown in Figure 1.




4.2. Energy Consumption Model


Consider that   d   is the transmission distance in the network field,   b   represents the total size of the packet in bits,    S b    stand for the bit duration and    E  d i s p     refers to the radio dissipation. Thus, energy consumption in transmitting   b   bits packet within the transmission distance   d   by one sensor node can be calculated using the equation in [27].


    E  t r a n s    ( b , d )  =  ( b ∗  E  d i s p   )  +  ( b ∗  S b  )  .   



(1)







The energy is also consumed by the sensor node when the packet is given reception. The energy consumed during the reception of the packet can be calculated by the equation in [27].


    E  r c v    ( b , d )  = b ∗  E  d i s p   .   



(2)







Thus, the residual energy    E r    of any sensor node can be obtained as follows:


    E r  =  E  T o t a l   −  (  E  r c v   +  E  t r a n s   )  ,   



(3)




where    E  T o t a l     refers to the initial energy level of the sensor node.




4.3. Network Configuration


After the deployment of network, the first phase is to search sparse and dense regions. The sparse and dense regions are searched using sparsity search algorithm (SSA) and density search algorithm (DSA) [11]. The sparse region is searched for the initial placement of MS1 and MS2 in the network field. Dense regions are searched for clustering. MS1 is moved to the topmost sparse region from the set of left-5 regions while MS2 is moved to the top sparsest region from the set of right-5 regions. In Figure 1, it can be seen that the set of the left five regions is from    R 1    to    R 5    and the set of the right five regions is from    R 6    to    R 10   . In case, no sparse region is found in any one set of regions then the sink is moved randomly to specific set region irrespective of density or cluster. Mobile sinks are placed at the midpoints of the region. Midpoints of any region can be calculated by Equation (4):


    M  R n   =    (  x  1  R n    +  x  2  R n    )  2  ,   (  y  1  R n    +  y  2  R n    )  2   .   



(4)







In the proposed scheme, MS1 is restricted to the left set and MS2 is restricted to the right set. Mobile sinks in every round move to the alternate region of their respective set. For example, if MS1 was in    R 3    initially, then, in the next round, it will be moved to R5. The movement of mobile sinks is shown in Figure 1. The mathematical model for the movement of MS1 and MS2 is given in Equations (5) and (6), respectively:


    MS 1 Region  =      (  MS 1 Region   mod  5 ) + 2      2    if  MS 1 Region = = 5 ,      1    if  MS 1 Region = = 6 ,        



(5)






    MS 2 Region  =      (  MS 2 Region   mod  10 ) + 2      6    if  MS 2 Region = = 11 ,      7    if  MS 2 Region = = 10 .        



(6)







Clustering in the dense regions is same as it was in SEEC [11]. In dense regions, sensor nodes forward data to the selected CH. CH then forwards the received data either to static sink directly or to the MS. If CH fails to approach the static sink or MS, then the neighbor node is searched that has either of the sinks in its range.



For the selection of neighbor node, distance between CH and sensor node should be less than transmission range and greater than threshold range. Distance is calculated using Equation (7):


   d =   (   (  x 2  −  x 1  )  2  +   (  y 2  −  y 1  )  2  ) .     



(7)








4.4. Data Transmission


After network configuration, data transmission phase begins. In the proposed scheme, the sensor nodes in sparse region send data to MS if it is in the transmission range of sensor nodes. In case the sensor nodes in a sparse region do not find MS in its transmission range, then sensor nodes send data to the adjacent region nodes that have MS in their transmission range. In the dense regions, sensor nodes send the sensed data to their respective CH. CH forwards the received data to either of the sink in its transmission range. If CH does not find any of the sink in its transmission range, then the node in the adjacent region who has sink in its range is traced and data is forwarded to it. The complete working of proposed scheme is presented in Figure 2.





5. Simulation Results


In this section, performance of the proposed scheme is compared with already existing depth based routing protocols of UWSNs: DBR, EEDBR and SEEC. Simulations are performed by creating a complete UWSN environment using MATALB [28]. For simulation, 2200 rounds are run with the same parameters. All 100 of the sensor nodes are randomly deployed in the network field of 100 m × 100 m. The initial energy of each sensor node is 5 J [11]. The transmission range of each sensor node is 50 m and depth threshold is 15 m. The sending and receiving power consumption of the sensor node is set to 2 W and    0.1    W, respectively [7]. The size of the packet is 50 bytes [7]. Simulation parameters are summarized in Table 1.



To evaluate the performance of routing protocols, network lifetime, network residual energy, packets received per round, total packets received at sink, stability period and packet drop ratio are primary metrics. Besides these common metrics, we introduced a new metric: MUR. The definitions are given below:



Network lifetime is a total period (number of rounds) in which all the sensor nodes in the network die.



Network residual energy is defined as the total energy of each sensor node at specific intervals (rounds). It can be computed using Equation (8):


    N  r e s   =  ∑  i = 1  n   E  r e  s i    ,   



(8)




where    N  r e s     is the calculated network residual energy,    E  r i     is the residual energy of    i  t h     sensor node and   n   is the total number of sensor nodes.



Total packets received at sink is also known as throughput. It is a summation of total packets received by all the sinks. It can be computed using Equation (9):


   Tp =  ∑  i = 1  n   TPack i  ,   



(9)




where   Tp   is total number of packets received by all sinks,    TPack i    is the total packets received by the    i  t h     sink and   n   is the total number of sinks.



Stability period is defined as the round in which the first sensor node of the network die.



Packet drop ratio is a ratio of number of packets dropped by the sensor nodes to the total packets sent by the source nodes in any specific round (r). The computation of the packet drop ratio in any specific round (r) can be done using Equation (10):


    PDrop r  = 1 −   PktRcv r   PktSent r   ,   



(10)




where    PktRcv r    denotes the packets received in that specific round and   PktSent   refers to the total packets sent in that specific round.



MUR is the new metric that is used to analyze the utilization of mobile sink in the routing protocol. Many routing protocols have been using mobile sink together with multi-hopping. This ratio tell us that how much of the total packets are gathered by the mobile sink. The equation to calculate MUR is defined as follows:


    MUR r  =   PktMS r   PktSent r   ,   



(11)




where    PktMS r    is the number of packets received by the mobile sink in any specific round and    PktSent r    refers to the total packets sent in that particular round.



5.1. Network Lifetime and Stability Period


Network lifetime of the proposed routing protocol is improved as shown in Figure 3. In SEEC, two mobile sinks have not been used efficiently. These sinks are moved in sparse regions only. This kind of movement can bring two sinks in adjacent regions e.g., Region 6 and Region 7. Considering the transmission range, it is not appropriate to use mobile sinks on the basis of sparse regions. In the proposed scheme, MS1 is restricted in the left region and MS2 is restricted in the right region giving priority to sparse regions. Moreover, clustering is also kept in dense regions. Both mobile sinks are moved alternatively in each round. This movement of mobile sinks with clustering in dense regions increased the network lifetime of the proposed routing protocol.



Sensor nodes are deployed randomly in the network field. There may be a case where sparse regions are less in number at the time of network deployment; however, the number may increase due to the ocean movement. In SEEC, the searching of sparse and dense regions is done only once during initial stages. In the proposed scheme, in addition to searching of sparse regions, due to the the alternate movement of mobile sinks, the stability period is better than SEEC, EEDBR and DBR as shown in Figure 3. Moreover, the restricted movement of mobile sinks on the left side and right side also enhances the stability period.




5.2. Network Residual Energy


In SEEC, two mobile sinks are used only in sparse regions while clustering is done in the top four dense regions. In EEDBR, the nodes with high residual energy and low depth are selected to forward data to sinks, which results in fast energy drainage of these nodes. In DBR, the selection criteria of the forwarder node are based on lowest depth only, which results in much energy consumption. In the proposed routing protocol, two sinks are restricted to left and right regions. Moreover, if the number of sparse regions are very lesser than dense regions; the movement of mobile sinks enhances the energy consumption. In spare regions, the nodes are far from each other, while, in dense regions, nodes are closer to each other. Total network residual energy consumption of SEEC, EEDBR, DBR and the proposed scheme is shown in Figure 4.




5.3. Packets Received Per Round


Figure 5 shows that, in the proposed scheme, the packets received per round at the sink are higher than all other routing protocols that are considered. This is due to the selection criteria of forwarding nodes. Packets received per round are also achieved in EEDBR at the cost of high residual energy. In SEEC, total packets received at the sink are smaller than that in the proposed routing protocol. This is because, in SEEC, the movement of mobile sinks is only based on sparse regions irrespective the adjacent sparse regions and transmission range of nodes. On the other hand, in the proposed scheme, mobile sinks are moved in alternative regions in every round. Consequently, the efficient movement of mobile sinks results in increased throughput.




5.4. Mobile Sink Utility Ratio


It can be seen in Figure 6 that the mobile sinks in the proposed scheme is used more for data packets collection compared to the SEEC. Please note that SEEC is the only protocol that uses mobile sinks amongst the compared protocols to our proposed scheme. Therefore, MUR and packet dropped ratio are compared only with SEEC to properly analyze the efficiency of mobile sink usage. The motion pattern of the mobile sinks in the proposed scheme results in the high MUR. In SEEC, the mobile sinks are used in the sparse regions only. The sparse region array is not updated periodically and, hence, this is the reason that, after 500 rounds, MUR becomes zero. The high MUR in the proposed scheme is also the reason for high throughput and less packet drop ratio. As discussed in Section 3, for SEEC, the case may appear when both mobile sinks come in adjacent sparse regions of either the left or right side. In this scenario, the sensor nodes of the sparse region on the other side starts dropping the received packets. Thus, the total packets collected by the mobile sinks in SEEC remain lower, which is the reason for less MUR in SEEC.




5.5. Packet Drop Ratio


Figure 7 shows that the packet drop ratio in the proposed scheme is less when compared to the SEEC. In the proposed scheme, mobile sinks are utilized efficiently, which results in less packet drop ratio. As discussed in Section 3 that the SEEC categorizes the dense and sparse region at the initial stage and the mobile sink is moved on the basis of a sparse region searched array. This strategy of SEEC makes the movement of mobile sinks inefficient because, due to the water currents, it is not necessary that the sparse regions remain the same as they were in the initial stage. The movement of the mobile sink in constant searched array results in a high packet drop ratio. On the other hand, the restricted movement of mobile sink in the proposed scheme results in less packet drop ratio.





6. Conclusions


Results in this paper illustrate that the efficient and optimum utilization of mobile sinks play a crucial role in improving throughput and network lifetime of the routing protocol. Moreover, monitoring the utilization of the resources that are used in the protocol helps in improving the results of any routing scheme. In the proposed scheme, MUR is calculated in each round, which indicates the utilization of mobile sinks. The mobility pattern of the mobile sinks kept the MUR higher and thus the proposed scheme results in better throughput with balanced energy utilization.



The use of mobile sinks can result in high end-to-end delays. Consequently, delay in each round for the proposed scheme should be evaluated in future works. Additionally, a rigorous evaluation of MUR in various UWSN scenarios will be performed in the future. Additionally, evaluation of the proposed scheme in the 3D plane can be further investigated in the future. Moreover, the holding time mechanism can be applied to decrease the packet drop ratio.







Author Contributions


A.Y. proposed and implemented the main idea under the supervision of S.u.I. and G.A. A.A. and S.S. organized the flow and refined the manuscript. J.L. reviewed the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, N.; Cürüklü, B.; Bastos, J.; Sucasas, V.; Fernandez, J.A.S.; Rodriguez, J. A Probabilistic and Highly Efficient Topology Control Algorithm for Underwater Cooperating AUV Networks. Sensors 2017, 17, 1022. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Martínez, J.F.; Meneses Chaus, J.M.; Eckert, M. A Survey on Underwater Acoustic Sensor Network Routing Protocols. Sensors 2016, 16, 414. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Khasawneh, A.; Latiff, M.S.B.A.; Kaiwartya, O.; Chizari, H. A reliable energy-efficient pressure-based routing protocol for underwater wireless sensor network. Wirel. Netw. 2017, 1–15. [Google Scholar] [CrossRef]

	



Ahmed, M.; Salleh, M.; Channa, M.I. Routing Protocols for Underwater Wireless Sensor Network Based on Location: A Survey. Adhoc Sens. Wirel. Netw. 2017, 38, 67–101. [Google Scholar]

	



Yu, H.; Yao, N.; Wang, T.; Li, G.; Gao, Z.; Tan, G. WDFAD-DBR: Weighting depth and forwarding area division DBR routing protocol for UASNs. Ad Hoc Netw. 2016, 37, 256–282. [Google Scholar] [CrossRef]

	



Han, G.; Jiang, J.; Bao, N.; Wan, L.; Guizani, M. Routing protocols for underwater wireless sensor networks. IEEE Commun. Mag. 2015, 53, 72–78. [Google Scholar] [CrossRef]

	



Yan, H.; Shi, Z.J.; Cui, J.H. DBR: Depth-based routing for underwater sensor networks. In International Conference on Research in Networking; Springer: Berlin/Heidelberg, Germany, 2008; pp. 72–86. [Google Scholar]

	



Sendra, S.; Lloret, J.; Jimenez, J.M.; Parra, L. Underwater acoustic modems. IEEE Sens. J. 2016, 16, 4063–4071. [Google Scholar] [CrossRef]

	



Garcia, M.; Sendra, S.; Atenas, M.; Lloret, J. Underwater wireless ad-hoc networks: A survey. In Mobile Ad Hoc Networks: Current Status and Future Trends; CRC Press: Boca Raton, FL, USA, 2011; pp. 379–411. [Google Scholar]

	



Sendra, S.; Lloret, J.; Rodrigues, J.J.; Aguiar, J.M. Underwater wireless communications in freshwater at 2.4 GHz. IEEE Commun. Lett. 2013, 17, 1794–1797. [Google Scholar] [CrossRef]

	



Azam, I.; Majid, A.; Ahmad, I.; Shakeel, U.; Maqsood, H.; Khan, Z.A.; Qasim, U.; Javaid, N. SEEC: Sparsity-aware energy efficient clustering protocol for underwater wireless sensor networks. In Proceedings of the IEEE 30th International Conference on Advanced Information Networking and Applications (AINA), Crans-Montana, Switzerland, 23–25 March 2016; pp. 352–361. [Google Scholar]

	



Latif, K.; Javaid, N.; Saqib, M.N.; Khan, Z.A.; Qasim, U.; Mahmood, B.; Ilahi, M. Energy hole minimization with field division for energy efficient routing in WSNs. Int. J. Distrib. Sens. Netw. 2015, 2015, 12. [Google Scholar] [CrossRef]

	



Ahmad, A.; Javaid, N.; Khan, Z.A.; Qasim, U.; Alghamdi, T.A. Routing Scheme to Maximize Lifetime and Throughput of Wireless Sensor Networks. IEEE Sens. J. 2014, 14, 3516–3532. [Google Scholar] [CrossRef]

	



Javaid, N.; Ilyas, N.; Ahmad, A.; Alrajeh, N.; Qasim, U.; Khan, Z.A.; Liaqat, T.; Khan, M.I. An Efficient Data-Gathering Routing Protocol for Underwater Wireless Sensor Networks. Sensors 2015, 15, 29149–29181. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Khan, J.U.; Cho, H.S. A Distributed Data-Gathering Protocol Using AUV in Underwater Sensor Networks. Sensors 2015, 15, 19331–19350. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sher, A.; Javaid, N.; Azam, I.; Ahmad, H.; Abdul, W.; Ghouzali, S.; Niaz, I.A.; Khan, F.A. Monitoring square and circular fields with sensors using energy-efficient cluster-based routing for underwater wireless sensor networks. Int. J. Distrib. Sens. Netw. 2017, 13, 1550147717717189. [Google Scholar] [CrossRef]

	



Marta, M.; Cardei, M. Improved sensor network lifetime with multiple mobile sinks. Pervasive Mob. Comput. 2009, 5, 542–555. [Google Scholar] [CrossRef]

	



Wahid, A.; Lee, S.; Jeong, H.J.; Kim, D. Eedbr: Energy-efficient depth-based routing protocol for underwater wireless sensor networks. In Advanced Computer Science and Information Technology; Springer: Berlin, Germany, 2011; pp. 223–234. [Google Scholar]

	



Wan, Z.; Liu, S.; Ni, W.; Xu, Z. An energy-efficient multi-level adaptive clustering routing algorithm for underwater wireless sensor networks. Clust. Comput. 2018, 1–10. [Google Scholar] [CrossRef]

	



Ahmed, F.; Wadud, Z.; Javaid, N.; Alrajeh, N.; Alabed, M.S.; Qasim, U. Mobile Sinks Assisted Geographic and Opportunistic Routing Based Interference Avoidance for Underwater Wireless Sensor Network. Sensors 2018, 18, 1062. [Google Scholar] [CrossRef] [PubMed]

	



Anuradha, D.; Srivatsa, S.K. Reliable and energy efficient cluster-based architecture for underwater wireless sensor networks. Int. J. Mob. Netw. Des. Innov. 2018, 8, 27–35. [Google Scholar] [CrossRef]

	



Domingo, M.C. A distributed energy-aware routing protocol for underwater wireless sensor networks. Wirel. Pers. Commun. 2011, 57, 607–627. [Google Scholar] [CrossRef][Green Version]

	



Anupama, K.; Sasidharan, A.; Vadlamani, S. A location-based clustering algorithm for data gathering in 3D underwater wireless sensor networks. In Proceedings of the 2008 International Symposium on Telecommunications, Tehran, Iran, 27–28 August 2008. [Google Scholar]

	



Wang, P.; Li, C.; Zheng, J. Distributed minimum-cost clustering protocol for underwater sensor networks (UWSNs). In Proceedings of the IEEE International Conference on Communications, Glasgow, Scotland, 24–28 June 2007; pp. 3510–3515. [Google Scholar]

	



Chen, Y.S.; Lin, Y.W. Mobicast routing protocol for underwater sensor networks. IEEE Sens. J. 2013, 13, 737–749. [Google Scholar] [CrossRef]

	



Ayaz, M.; Abdullah, A. Hop-by-hop dynamic addressing based (H2-DAB) routing protocol for underwater wireless sensor networks. In Proceedings of the International Conference on Information and Multimedia Technology, Jeju Island, Korea, 24–26 July 2009; pp. 436–441. [Google Scholar]

	



Zhao, L.; Liang, Q. Optimum cluster size for underwater acoustic sensor networks. In Proceedings of the IEEE Military Communications Conference (MILCOM), Washington, DC, USA, 22–25 October 2006; pp. 1–5. [Google Scholar]

	



Das, A.P.; Thampi, S.M. Simulation tools for underwater sensor networks: A survey. Netw. Protoc. Algorithms 2017, 8, 41–55. [Google Scholar] [CrossRef]








[image: Energies 11 01471 g001 550] 





Figure 1. Network model. 
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Figure 2. Flow chart of the proposed scheme. 
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Figure 3. Network lifetime and stability period. SEEC: sparsity aware energy efficient clustering routing protocol; DBR: depth base routing scheme; EEDBR: energy efficient depth based routing protocol. 
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Figure 4. Residual energy 
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Figure 5. Packets received per round. 
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Figure 6. Mobile sink utility ratio. 
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Figure 7. Packet drop ratio. 
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Table 1. Simulation parameters.






Table 1. Simulation parameters.





	Parameters
	Values





	Number of nodes
	100



	Initial energy of nodes
	5 J



	Data rate
	16 Kbps



	Center frequency
	30 KHz



	Packet size
	50 Bytes



	Packet reception power
	   0.1    W



	Packet transmission power
	2 W



	Transmission range
	50 m



	Running rounds
	2200
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