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Abstract: Due to the characteristics of hydroacoustic communication, such as high propagation delay, 

long communication distance, low bandwidth and high bit error rate, the packet length of each 

communication in underwater Wireless Sensor Network (UWSN) is limited, and idle listening 

becomes the main source of energy consumption. The development of wireless sensor networks is 

particularly important. In this paper, we propose a mixed-competition based MAC protocol, QL-

MAC, which fuses uncontested TDMA and contested CSMA/CA in channel selection from the 

consideration of sending nodes, firstly, to determine the network load based on the buffer queue 

length, and secondly, when the duty cycle is adjusted, the nodes use the network load to select the 

corresponding time slot allocation method. Then, a better access method is selected based on the 

optimal number of evasions, and channel switching is performed. After successful channel switching, 

NAV values are configured in beacon packets and acknowledgement packets using virtual carrier 

monitoring, and the node sends a series of short beacon packets to wake up the target node to inform 

the other nodes that the channel is in use, and virtual carrier monitoring is used to prevent crosstalk. 

According to the buffer queue length to determine the network load, and then select the appropriate 

channel, thus adaptively adjusting the duty cycle of the node, so that the node to send data in a timely 

manner to reduce the delay and further energy savings. The QL-MAC protocol is implemented on 

OMNET++, and the simulation results show that the QL-MAC protocol exhibits good delay and 

energy efficiency. 

Keywords: Duty Cycle, TDMA, CSMA/CA, MAC, Underwater Wireless Sensor Networks. 

__________________________________________________________________________________________ 

 

1. INTRODUCTION 

Underwater wireless sensor networks (UWSNs) have attracted close attention due to their wide 

application in ocean exploration, oil exploration and data acquisition, etc. The media access control 

(MAC) protocol is one of the core issues in designing underwater wireless sensor networks. The 

media access control (MAC) protocol is one of the core issues in the design of underwater wireless 

sensor networks, and a reasonable and efficient MAC protocol is particularly important for the 

development of underwater wireless sensor networks. 
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UWSNs are characterized by extended propagation times, narrow bandwidth, and high dynamics, 

which pose a great challenge to the study of almost all core network problems.The purpose of the 

MAC protocol is to allow multiple users to efficiently share public media and to do so if and only if 

reception is successful [2]. Reliable data transmission attempts to ensure that the target node is able 

to successfully receive content sent to it and is the basis for many underwater applications such as 

tactical surveillance, shoreline defense, offshore production, ecological monitoring and scientific 

exploration, and disaster-related applications [3]. Properly designed media access control protocols, 

which allow network nodes to share network channels in a rational, efficient, fair and reliable manner, 

are essential to improve network throughput and reduce latency [4]. 

In order to share channels more rationally and efficiently, many underwater MAC protocols have 

been proposed one after another. These MAC protocols are divided into non-competitive MAC-based 

protocols, competition-based MAC protocols and hybrid MAC protocols according to the channel 

occupancy mode. Non-competition based MAC protocols are commonly used in underwater acoustic 

communication with time division multiple access (TDMA) technology, but the development of 

TDMA is limited by three drawbacks: low channel utilization, waiting for idle slots, and the overhead 

of time synchronization. Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) is 

commonly used for underwater acoustic communications, but CSMA/CA also has the disadvantage 

of adding significant out-of-range traffic to the network. The hybrid MAC protocol is a compromise 

protocol based on the advantages of competitive MAC protocols and non-competitive MAC protocols, 

which maintains the advantages of the combined protocols and avoids the disadvantages of each, thus 

improving the system performance, although the complexity of the algorithm increases, but also 

attracts more and more researchers. PLAN (long-latency access networks) [5] uses the MACA 

mechanism prior to channel transmission of data, minimizing the multipath effect and Doppler 

frequency shift inherent to underwater channels using CDMA spread spectrum codes .WA-TDMA 

(wave-like amendment-based TDMA) [6] Time slot allocation is spread outward in waveform form 

from the transmitting node centered on the transmitting node, using a time slot correction mechanism 

to mitigate the effects of hidden terminals, suitable for sparse underwater environments, but its 

throughput is low. P-MA (Preble-MAC) [7] consists of a non-competitive protocol and time slot 

MACA, has good time synchronization, but cannot synchronize with changes in the network 

environment. HSR- TDMA (hybrid spatial reuse TDMA) [8] improves network robustness by 

adaptively optimizing active communication nodes, overcoming the far-near effect, but is sensitive 

enough to changes in network topology. p-BORE (prioritized beacon repetition and (contention 

window selection) [9] nodes estimate channel quality by sending beacons to adjust their contention 

window. Although some power is saved during listen mode, the network throughput is low. DCO-

MAC (Data Collection MAC) [10] divides the network into two subnets based on the traffic load, 

with the lighter traffic-loaded subnets using the contention MAC protocol, and the heavier traffic-

loaded subnets using the scheduling-based MAC protocol, which has a lower end-to-end packet 

latency, small energy overhead and high fairness, but interference between different subnets and 

different subnet nodes may affect data transmission and thus reduce through put. CFDAMA-SRR [11] 

(combined free/demand assignment multiple access with round robin DQA-MAC [12] (delay and 

queue aware MAC) reduces handshake packets and concurrent transmissions and improves network 
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throughput performance. However, when the network load is large, the end-to-end delay increases as 

a result. 

Existing hybrid protocols are not well adapted to the dynamically changing network environment, 

and some time slot allocations are fixed and not flexible enough to dynamically allocate time slots 

according to the needs of sending nodes. The receiving node can not predict the demand of the sending 

node in time, resulting in insufficient time slot allocation, low channel utilization and fewer 

transmitted packets. Therefore, a new hybrid MAC protocol needs to be designed to solve the 

problems and compensate for the drawbacks of the existing MAC protocol. 

 

2. PROPERTIES 

Due to the peculiarities of the marine environment, a fixed duty cycle does not exhibit better 

performance when the network load changes, so it is desired to design an asynchronous MAC 

protocol that can change the duty cycle according to the network load size. Firstly, the cycle of each 

node is divided into inactive phase and active phase, the inactive phase is the sleep phase, the active 

phase includes detection time, competing channels, transmission and acknowledgement of beacon 

packets and data packets, and the node switches between these two cycles. The length of the sleep-

wake cycle at the beginning of each node is set to be T. 

The communication process of the designed MAC protocol in these two phases is described in detail 

in the following phases: 

2.1 Mixed competition channel setup 

It is well known that both nodes must be in active phase when communicating between two nodes, 

so the source node has to wait for the destination node to wake up when sending data. In this paper, 

the packet's preamble is used for sampling. The precursors for asynchronous wake-up using the 

STEM-B deformation proposed in [13] use a series of beacon packets as precursors, each of which 

contains the MAC addresses of the sender and receiver and the serial number of this beacon packet. 

Each packet contains the MAC address of the transmitter and receiver and the sequence number of 

the packet, so the node can determine whether it is the target node of the upcoming data transmission, 

compared to the traditional preamble acquisition protocol, the non-target node can drop the packet 

earlier and go to sleep earlier. 

Because each node periodically wakes up and sleeps, when the traffic load in the network dynamically 

changes, (when the density of nodes in the network is high and the network load is high, there may 

be multiple nodes waking up at the same time wanting to send data, so there will be conflicts,) the 

performance of competition and scheduling based MAC protocols is poor. In order to obtain good 

performance in such cases, a load-based slot allocation protocol is proposed to perform channel 

contention by combining uncontested TDMA and contested CSMA/CA fusion mechanisms. 

The competitive hybrid MAC protocol combines TDMA and CSMA/CA, with TDMA transmitting 

packets directly without control messages. Nodes evaluate the network load condition by counting 

the queue lengths, and when the load is light, the TDMA [14] protocol is used; when the load is heavy, 

it is switched to the CSMA/CA [15] protocol. Since CSMA/CA generates collisions, TDMA is 

selected when the number of retreats is greater than the optimal number of retreats, thus adapting to 

the network load. 
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Define N as the switching key value of the protocol. The CSMA/CA throughput is calculated and 

then compared to the TDMA throughput, and when they are equal, the number of queue lengths is the 

protocol's switching key value N, as shown in Figure 1. 

The network throughput is the ratio of all received packet bytes to the simulation time. 

 
Fig. 1 A visualization of the key protocol switching value 

When the CSMA/CA throughput and TDMA throughput are equal, that is, when the two curves 

intersect, the horizontal coordinate of the intersection point is the protocol's switching key value N. 

As shown in Figure 1, the horizontal coordinate of the intersection point of TDMA and CSMA/CA is 

N. When the queue length is less than N, the CSMA/CA throughput is significantly higher than 

TDMA; when the queue length is greater than N, the TDMA throughput is significantly higher than 

CSMA/CA. so this paper determines the network load based on the switching key value of the 

protocol and then switches the access method. 

2.2 Data transmission 

When the node obtains the channel and establishes communication with the destination node and 

starts to transmit data, if a long message is loaded into the data packet, once it is damaged, the whole 

long message needs to be retransmitted, and the transmission error in the wireless channel is 

proportional to the length of the message, so long messages have a lower probability of successful 

transmission than short messages, which will cause a great loss of time and bandwidth consumption. 

Therefore, unlike SW-MAC [16] and DS-MAC [17], which send large packets to sleep, this protocol 

segments long messages, sends packets continuously at wake-up time, and waits for 

acknowledgement until the wake-up time expires. 

 
Fig. 2 A frame structure 
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The active time set at the beginning of the protocol is 
activeT , which includes the detection time 

dT , 

the contention time is 
beaconT , the transmission time for each beacon packet is 

ackT , the time to transmit 

data is 
dataT , including the acknowledgment time for the packet. The sleep time starts at 

sleepT . In the 

sleep state, the node places the collected data into its own buffer queue. 

So the following things happen after the node wakes up. 

A node has data to send and obtains a channel, and when a less loaded channel is found not to be 

switched within detection time Td, the node sends a series of beacon packets containing the 

destination address and sequence number, and then reserves a time tack between the beacon packets 

to receive confirmation from the destination node. then starts transmitting data. 

If a node is sending data and acquiring a channel, and a large load channel is detected within the 

detection time Td and needs to be switched. The node sends the beacon packet first, then performs a 

minimum number of evasion determinations to confirm the point at which the channel is switched 

before starting to transmit data. 

The node has data to send but does not get a channel, and to save energy the node goes to sleep. 

If the node wakes up but there is no data to send at Td time, set the listening time as 

listen contend ackT T T  , if there is beacon packet receive in this time, then receive beacon packet, reply 

to ACK and forward the data. 

2.3 Optimal number of retreats 

Duty cycle is closely related to node load, we need to adjust the sleep time of the node according to 

the size of the network load to adapt to the node, the general detection of the network load there are 

several ways: one is through the serial listening RTS/CTS and other control packets, two is through 

the estimation of transmission packets between the end-to-end delay, three is through the length of 

the buffer queue. This is because in data transmission using mixed contention MAC protocols, for a 

node that fails to compete, data is backlogged in this node's own buffer queue waiting for the next 

contested channel. Therefore, when the network load is high, the backlog of data packets in the buffer 

increases, and it is difficult for the transmittable nodes to transmit all the data in a short active period, 

and other nodes that do not get the channel and are in the evasive phase also have a lot of data packets 

backlogged in the buffer. Therefore, the network load size can be determined by thresholding the 

length of the buffer queue. Therefore, sensor nodes can truly and quickly reflect the current load of 

the network by the backlog of pending data packets in the local buffer queue, and use this feature to 

automatically adjust the sleep time of the nodes in that cycle. 

As CSMA/CA will generate collisions, with the increase in the number of packets in the buffer, the 

number of collisions will increase, the resulting increase in evasion, the network throughput will be 

reduced. Therefore, to ensure the overall network throughput, the number of evasions cannot be 

increased indefinitely. Defined avoidm [18]as the optimal number of collision evasion, the next focus 

is to determine the optimal number of evasion, so that throughput is maximized. 

Compare the throughput at different origination node retreat times. When the number of queue length 

is greater than N, select CSMA/CA first, because CSMA/CA will generate collision, each collision, 

the number of evasive times plus one, due to the increase in the number of evasive times, the delay is 

getting bigger and bigger, so when the increase in throughput is very small, select the minimum 
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number of evasive times as the optimal number of evasive times. When the number of evades exceeds, 

the access mode switches to TDMA. 

2.4 Time slot allocation and virtual carrier monitoring 

Due to the high propagation delay of UWSNs, when the load is different, the selected time slot 

allocation and virtual carrier listening conditions are different. Time slot allocation is also an 

important factor that affects the network performance, and there are many ways to allocate the time 

slot position in a superframe, such as continuous allocation, uniform allocation, random allocation, 

etc. In this paper, we will discuss two types of time slot allocation, as shown in uniform allocation 

refers to the cross-distribution of the two time slots, evenly scattered in each frame; continuous 

allocation refers to the centralized arrangement of TDMA time slots so that the CSMA/CA time slots 

in each frame can be combined into one large continuous competitive interval [19]. 

According to the literature [19], uniform allocation of time slots ensures lower latency and delay jitter, 

while continuous allocation enables CSMA/CA to achieve higher throughput. 

To solve the crosstalk problem, a virtual carrier sense (VCS) mechanism is used. VCS uses a node 

countdown timer NAV to obtain channel control information. This value is visible to any node within 

communication range, it is maintained using unit time and decreases based on the local clock. When 

the value of NAV is not 0, the channel is occupied. When the NAV is 0 and the node is active, then 

the node will wake up the competing channel. 

 
Fig. 3 Comparison of average node energy consumption 

 

In this paper, the network load is judged according to the number of queue lengths. When the load is 

large, even distribution is chosen to ensure low delay and delay jitter; keeping the period T unchanged, 

the wake-up time is relatively extended by changing channels. When the load is small, choose 

continuous allocation to get higher throughput. 

 

3. SIMULATION EXPERIMENTS 

In order to verify the performance of QL-MAC, Q-MAC protocol and X-M AC, S-MAC protocol are 

performed in OMNET++ (Version: 5.2.1) emulator in terms of end-to-end delay and energy 

effectiveness. Comparison. s-MAC is a typical synchronous MAC protocol for wireless sensor 

networks, while X-MAC solves the disadvantage of long preamble in asynchronous MAC protocols, 
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and both perform well in wireless sensor networks. Chain topology and star topology are used. In the 

simulation, the distance between each node is 200m and the communication range is 250m to ensure 

that the node can only communicate with one-hop neighbors. A single channel is used for 

communication and the nodes operate in half-duplex mode, regardless of interference, using the time 

interval at which the source node generates packets of data to represent the load in the network. This 

interval is set to vary from 1s to 10s, and when the interval is 1s it means the highest load on the 

network at this time, and when it is 10s it means the lowest load on the network. During the 

experiment, each simulation is run for 60 s with a node initial duty cycle of 10% for 1 s each cycle. 

Regardless of the chain topology or star topology, as the packet interval time increases, the network 

delay of X-MAC gradually decreases and stabilizes, and the network delay is smallest when the 

packet interval time is 10 s. In both chain topology and star topology, the network delay of X-MAC 

decreases and stabilizes as the packet interval time increases. In a chained topology, the delay of QL-

MAC gradually increases and then flattens out because Q-MAC increases the active time and 

decreases sleep at high load to obtain a better delay than X-MAC at low load, even if the delay 

increases later. Node competition is fierce at load, and X-MAC's dreamble packet competition 

becomes stronger, resulting in higher latency than chained, but when load is low, latency drops 

significantly due to hop count reduction, and levels off there after. QL-MAC is also competitive at 

high load at star, with increased latency compared to chained, but still lower than the X-MAC, as the 

load gets lower, QL-MAC becomes less advantageous, but is still comparable to X-MAC. 

As the network load gets lower, the average power consumed by the system decreases. When the load 

is high, X-MAC data transmission is inefficient and the nodes need to wake up multiple times to 

complete the transmission, while the QL-MAC protocol extends the active time according to the high 

load, reducing the amount of energy consumed between multiple sleep wake-ups, thus saving a small 

portion of energy. The advantages are more pronounced. In conclusion, the QL-MAC protocol is 

better than S-MAC and X-MAC in terms of energy effectiveness.  

 

4. CONCLUSION 

In this paper, an asynchronous MAC protocol for underwater sensor networks based on a mixture of 

uncontested TDMA and contested CSMA/CA and adaptive duty cycle adjustment via buffer queue 

length is proposed, with the main objective of dynamically adapting to network load changes and 

reducing end-to-end latency under dynamic link load. The key to the protocol is how to perform 

TDMA and CSMA/CA convergence, i.e., the determination of buffer queue length switching 

thresholds. When the throughput of the CSMA/CA protocol and the TDMA protocol are equal, that 

is the moment of the protocol's switchover. According to the throughput pre-calculation, find the 

protocol's switching key value N. Since CSMA/CA will generate collisions, according to the function 

of throughput and evasion times, find the optimal number of evasion times mopt, so that the throughput 

is maximized. After the channel is selected, the sleep time of the node is adaptively changed according 

to the buffer queue length from the sending node, and the active time is increased when the network 

load is large, and the sleep time is extended when the network load is small, and the receiving node 

is notified to make corresponding changes. Finally, the simulation shows that higher throughput and 
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lower latency can be achieved using the QL-MAC protocol, which is suitable for small underwater 

wireless sensor networks with high network load. 
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