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Summary 

 The main purpose of this article is to design efficient communication networks for the 

formation control of multiple distributed Unmanned Surface Vehicles (USVs). First, a hybrid 

communication network architecture is proposed by combining remote communication and 

wireless Ad hoc network technology. Second, an improved Low Energy Adaptive Clustering 

Hierarchy (LEACH) protocol is adopted to prolong the life cycle of the communication 

network of the USV fleet. Subsequently, some Quality of Service (QoS) indicators of the 

USV communication network are evaluated by establishing wireless network channel model 

and Signal to Interference and Noise Ratio (SINR) model. In particular, the packet error ratio, 

average time delay and connectivity under different formation architecture are investigated. 

Finally, some discussions and future work on the QoS of the USV communication network 

are concluded. 

Key words: multiple USVs; Ad hoc network; LEACH clustering algorithm; Communication 

network architecture; Quality of Service (QoS) 

1. Introduction 

With the development of intelligent technologies, the use of advanced marine equipment 

and systems [1-6], has been increased rapidly to accomplish missions in complex marine 

environments. As multi-agent’s formation is capable of accomplishing multiple tasks as 

compared to single agent with enhanced work efficiency [7-9], multi-unmanned surface 

vehicles (multi-USVs) formation can be applied in search and rescue, patrol and marine 

transportation. Formation control of multi-USVs is the basis of above application. 

Accordingly, for effective implementation of the multi-agent system, its formation control is 

considered to be the most challenging and meaningful domain. Various formation control 

strategies are available such as virtual piloting, leader-followers, behaviour-based, and graph-

based [10]. However, the design and implementation of formation controller is based on the 

guaranteed communication networks. During the formation control of multi-USVs, inaccurate 

positions will be used if the positions cannot be updated timely, which is adverse against the 

formation control. USVs network techniques have significant meanings for USVs formation 

control. Therefore, in order to guarantee the real-time formation control of Unmanned Surface 
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Vehicles, Communication architecture, communication networks algorithm and quality of 

service (QoS) problem should be investigated. 

USV communication network has similar characteristics to mobile WSN (Wireless 

Sensor Network) and other multi-agent’s communication networks such as UAV (Unmanned 

Aerial Vehicle) communication networks. USV communication networks have the 

characteristics of mobility, limited energy and numerous nodes. In aspect of prior work of 

communication architecture design and evaluation of QoS, Mike et al. [11] used OPNET 

communication network simulation software to establish a model of the ship’s combat system 

data network and model the application layer information flow, node interface and node 

behaviour of each node to realize the information interaction function of the entire combat 

network. Network performance such as network delay, flow ratio, link utilization ratio, was 

obtained through simulation of the flow information of combat system data network. Haque et 

al. [12] explored the issues of UAV communication networks, analyzed its characteristics, 

applications, routing protocols, quality of service, power issue and so on. Vishal et al. [13] 

focused on implementation of UAV (unmanned aerial vehicles) ad hoc network that forms a 

guidance system for ground ad hoc network. They used neural network to form cognitive and 

topology maps. It can be concluded that network techniques of UAVs have been researched 

including cooperative network framework, energy consumption, and QoS, Whereas, Research 

about USVs formation communication networks especially about evaluation of QoS 

indicators is not very rich. 

As for the state of art about communication networks algorithm, Zhou et al. [14] 

adopted the Enhanced-Channel-Aware Routing Protocol (E-CARP) to create the development 

of Internet of Underwater Things. The principle objective was the achievement of an 

inexpensive data forwarding and less energy consumption system. Qiu et al. [15] proposed a 

routing protocol called Global Information Decision (ERGID) for energy response and delay 

estimation. The simulation result associated with time-delay, packet loss, and consumption of 

energy was considered in this research. Qiu et al. [16] also proposed a Greedy Model with 

Small World model (GMSW) to maintain the robustness of the IoT (Internet of things) 

structure with increased performance. they considered that the feasibility of the optimization 

algorithm was obtained by the small world model. It can be seen that researchers did some 

research and verification in the field of communication networks algorithm about Internet of 

things and underwater things for the issues of energy consumption and efficient data 

interaction. 

About the formation network techniques, Pham et al [17] studied the formation control 

problem in a clustered network system. In each cluster, a node called a leader can 

communicate with other leaders outside the cluster at specific moments. Besides, the 

continuous-time communication topology in each cluster was represented by fixed and 

undirected graphs. The authors also did some prior work about USVs formation network. The 

designed formation controller based on leader-followers strategy for multi-USVs, and field 

experiment with four vehicles holding diamond structure formation were presented in [18]. 

ZigBee mesh network is adopted for USV communications. However, this method has some 

limitation, such as short communication range, finite number of router nodes. These may limit 

USVs formation scale and communication efficiency. Peng et al. [19] investigated distributed 

adaptive fault-tolerant control schemes for spacecraft formation subject to external 

disturbances, model uncertainties and communication delays. The simulated formation 

control problem was performed with a given time-delay. Although the influence of 

communication delay on formation control was considered, reasonably evaluating 

communication time delay of formation was not included. While considering the 

communication networks techniques for USVs, Namgung et al. [20] designed the 

communication relay system to enable navigation information exchange in a dedicated 
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communication network via the Maritime Control Station and conducted experiment to verify 

the system. However, the formation control scenario was not combined with the 

communication network problem. 

Based on the above investigation, this study therefore proposes a method to address the 

problem of communication between numerous USVs widely distributed and evaluate QoS 

indicators for Multi-USVs formation. As for unmanned surface vehicles that can operate in 

rivers, lakes, inland and offshore, A hybrid communication network architecture is proposed. 

It can realize the communication networks of unmanned surface vessels without geographical 

restrictions. Moreover, an improved cluster algorithm based on Low Energy Adaptive 

Clustering Hierarchy (LEACH) protocol is proposed, which can prolong life cycle of 

network. Furthermore, multi-USVs formation communication network model is designed, and 

method of evaluating QoS indicators is proposed. 

The rest of the paper is organized as follows. In section 2, a wireless network hardware 

composition and the architecture design for numerous USV nodes are introduced. The main 

objective is to ensure that USV nodes can exchange data in hardware. In section 3, a cluster 

routing algorithm is proposed to design an efficient and reliable routine algorithm to manage 

the communication networks strategy and routing strategy between numerous USV nodes. In 

section 4, a network channel model and Signal to Interference and Noise Ratio (SINR) model 

are proposed. To evaluate QoS indicators of USVs’ formation, the packet error ratio and delay 

model of the USV formation communication network is also proposed. In section 5, the 

simulation experiment background and method are introduced, and simulation results are 

discussed as well. The final section concludes the research and envisions the future work. 

2. Network Architecture Design for Multi-USVs 

In order to address the challenges of the short distance communication between USVs 

in hardware architecture level, four DRF1605H ZigBee module based on IEEE 802 standard are 

used to verify USVs formation network and field experiments are carried out [18]. ZigBee 

network is composed of coordinator, router, and device. The Zigbee coordinator is responsible for 

creating and maintaining the network [21]. Coordinator can transparently transmit data to all 

router node in ZigBee network, and all router can transmit data to other node in network by point 

to point supported by ZigBee protocol. As for WIFI protocol, WIFI network is tested by using 

TL-WN722N module. It can be tested ZigBee/WIFI protocol can build a LAN (Local Area 

Network) for USVs communication. However, ZigBee/WIFI and any other Ad hoc network 

protocol cannot meet the communication requirement of numerous and widely distributed USVs 

formation. To deal with this issue, 4G-DTU module are adopted for USVs formation. Using 4G 

communication technology, it can realize remote communication between USV and cloud server. 

While, 4/5G communication has high energy consumption and high cost. This method is suitable 

for remote control of single USV, but not for multi-USVs formation. Hence, a hardware 

architecture is proposed to deal with the communication requirement for USVs formation, which 

combines the Ad hoc network and remote communication network, as shown in Fig. 1. 

In each USVs formation group, USVs within a specific communication range adopt Ad 

hoc network for data interaction to form a USVs group. There may be several USVs groups in 

a certain specific area. Each group has a base station node that can realize the communication 

between USV groups through remote communication network supported by 4/5G technology. 

Ad hoc network within a group can adopt various protocols such as ZigBee/WIFI. 

Simultaneously, the data of all USVs in the group can be collected and uploaded to the 4/5G 

module and the data interaction between USVs groups can be realized through cloud server. 

The proposed hardware architecture can be applied to realize numerous and widely distributed 

USVs communication. This architecture can achieve large-scale, wide-range and mobile 
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USVs communication networks in inland rivers, lakes, and other scenarios to achieve efficient 

and reliable data interaction. 
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Fig. 1 Hardware architecture combining remote communication and ad hoc network for USV formation system 

As a supplement, in the offshore navigation, without the support of the 4/5G mobile 

communication base station, the architecture of combining satellite communication and 

WIMAX network communication is proposed to realize the communication between 

manned/unmanned surface vessels. The vessels in a specific sea area can form a large 

communication packet through WIMAX to form a wireless ad hoc network. The 

communication packets can realize data interaction through maritime mobile buoys or 

satellite communications. The communication network architecture is shown in Fig. 2. 
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Fig. 2 Network architecture for inland/offshore onboard communication 

The proposed communication network hardware architecture is termed as hybrid USVs 

communication network architecture which has a wide range of application. It combines the 

advantages of long-distance mobile communication technology and wireless ad hoc network 

technology to achieve remote, safe and efficient surface vessels network communication. 

Hybrid communication network architecture’s characteristics are summarized in Table 1. 
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 Table 1: Hybrid communication architecture summary 

Architecture Distance Security Mobility Cost 

4/5G plus 

Ad hoc 

4/5G signal 

coverage area 

High 

security 

Support 

mobility 

Low cost 

Satellite plus 

WIMAX 

Unlimited High 

security 

Support 

mobility 

High cost 

3. Communication Networks Algorithm for Multi-USVs Formation 

The USV formation system can exchange data between any USV nodes through the 

communication network architecture described in section 2. Whereas, it is necessary to 

consider USV communication networks have limited capability in terms of power of battery, 

bandwidth and processing, and numerous nodes transfer multiple data from node to the base 

station about the same event, which leads to the transfer of redundant data [15], and this may 

cause huge data throughput of the entire network, and frequent data exchanges between nodes 

may bring a lot of energy consumption and may also cause blocking/congestion of the entire 

communication networks resulting in an increase of delay and decline in the quality of 

service. Therefore, it is necessary to design a communication networks strategy to address the 

problem of deciding which nodes should communicate mutually, that is, routing algorithm 

problem in communication networks.  

Node clustering is an improved method to improve the network scalability and life time 
[22]. Considering the algorithm’s complexity and scalabilities such as low network delay, 

load balancing, low algorithm complexity, and easy implementation, we adopted the LEACH 

algorithm for the networking of USVs’ formation system. The LEACH algorithm can be 

divided into three stages that are cluster head node election, cluster form through joining the 

head nodes, and data transmission. This process runs periodically. The nodes participating in 

the competition at the first stage of the election will be randomly selected to become a cluster 

head with a certain probability. Nodes that can become the cluster head before the start of 

each round will participate in the competition, generate a random number and compare the 

random number with the node’s threshold. The greater the threshold of a node, the higher the 

probability as it can be selected as a cluster head. 

In the LEACH algorithm, the threshold value can be computed using Equation (1) [23]: 

  ,  
1

1 ( mod )( )

0                         otherwise

p
n G

p rT n
p


 −= 




 (1) 

Where n  is the node number, p  is the expected cluster head ratio, r  is the round and G  is 

the set of nodes which can be selected as the cluster head. 

After the election of the head node of the cluster, remaining ordinary nodes join the 

cluster head nodes closest to them to form clusters. In the data transmission stage, the cluster 

head interacts with each cluster member node. Each cluster head node interacts through the 

base station node, which can ensure that each node in the USVs’ formation obtains sufficient 

information for formation control. Therefore, the USVs network can use the LEACH 

algorithm to establish and maintain data transmission paths. 

LEACH algorithm applied to the USVs formation can solve the problem of large-scale 

node networking in the USVs’ formation system. At the same time, this study has also made 
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improvements based on the LEACH algorithm in the communication networks algorithm. In 

the cluster head election process, three factors were taken into consideration: candidate cluster 

head neighbour nodes, candidate node residual energy and distance between the candidate 

node and base station. Accordingly, the threshold ( )T n  is modified and can be computed 

using equation (2). 

'

 ,   
1

1 ( mod )( )

0                         otherwise

W p
n G

p rT n
p


 −= 




 (2) 

The correction factor W  is defined as formula (3): 

max max

( ) ( )
*

( ) ( )

avgi
dE r D i

W A B C
E r D d i

=  +  +  (3) 

Where , ,A B C  are the node residual energy, node degree and distance from the node to base 

station control factor, respectively. ( )iE r  represents the node residual energy and max ( )E r  

represents the maximum value of the node's remaining energy in the r-round system. ( )D i  

represents the number of neighbours and maxD  represents the maximum number of 

neighbours. ( )d i  represents the distance from the node to the base station and avgd  represents 

the average distance from the node to the base station. 

By changing the control factors , ,A B C , the system can improve the network life cycle, 

balance the network load, reduce the delay of cluster head nodes and improve the networking 

efficiency of the USVs’ formation. There is a detailed description of selecting control 

parameters of , ,A B C  in section 5.2. 

4. Communication Networks Model and QoS Evaluation Method 

Multi-agent’s formation control is sensitive to QoS indicators such as time delay and 

packet error ratio of the communication networks. Taking the leader-followers formation 

control strategy as an example, the formation shape may fail to maintain due to failure of 

updating the pilot's position and other information within a certain period of time. Similarly, 

the key to AGV (Autonomous Ground Vehicle) formation is lane-keeping and early warning 

of collisions like the car’s position is constrained by the lane. The focus is usually on real-

time communication to continuously update the information between to maintain the 

formation shape. UAV (Unmanned Aerial Vehicle) networking is mainly used in numerous 

UAV collaboration, the position is highly constrained in three-dimensional space, and the 

position change is limited. However, USVs usually work in a wide area of lakes or seas, and 

their position constraints are relatively loose. Therefore, on the premise of meeting the real-

time requirements in formation control, evaluating the QoS indicators can provide a basis for 

maintaining the formation shape and optimizing the formation efficiency and communication 

quality of service. 

In order to evaluate the QoS indicators for USVs’ formation communication networks, 

the main indicators to be evaluated are packet error ratio, end-to-end network delay and node 

connectivity ratio. Assuming that there is no network blockade/congestion (excluding the 

queuing delay) and ignoring the processing delay, the end-to-end network delay can be 

expressed as equation (4): 
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( )end to end trans propN delay delay − − = +  (4) 

Where, N  is the number of hops, passed by end-to-end communication and transdelay  is the 

network transmission delay and can be computed using expression (5). Similarly, propdelay  is 

the propagation delay of the network and can be computed using expression (6): 

trans

L
delay

R
=  (5) 

prop

M
delay

c
=  (6) 

where L  is the packet length, and R  is the network transmission ratio M  is the propagation 

medium’s length, and c  is the transmission ratio of electromagnetic waves in the medium. 

To evaluate the end-to-end communication networks time delay of the USVs’ formation, 

it is essential to identify the environmental noise and the interference of the nodes of other 

USVs in the network. Both of these factors are to be considered with actual physical network 

model. USVs located on the water surface can be regarded as operating at the same level with 

respect to vertical altitude. Therefore, its communication channel quality depends on the 

distance between USVs. Accordingly, the model is simplified by assuming that the 

communication link between USVs is Line of Sight (LOS) model. 

The channel power gain from USV i  to j  in a certain period of time follows the free-

space path loss model, which can be expressed as equation (7): 

0 0
2 2

=

q
ij

iji j

h
dq

 
=

−

 (7) 

where 0  is the unit distance channel gain, 
2
ijd  is the distance between USV i  and j . 

When the USV node i  transmits data to node j , the signal-to-interference and noise 

ratio SINR can be expressed as equation (8) [24]: 

2

ij i ij i

ij kj k

k I

h P h P
SINR

I N h P 


= =
+ +

 (8) 

where P  represents the power of the USV node to send data, and 2 is the communication 

environment noise. kj k

k I

h P


 represents interference items, and set I represents the set of 

nodes that cause interference during sending data.  

In the above expression, it is difficult to estimate the set of nodes I in the 

communication networks process. However, it can be obtained using probability estimation 

techniques, assuming that the Media Access Control (MAC) layer of the communication 

device in the USVs’ nodes follow the Time Division Multiple Access (TDMA) protocols. 

This allows multiple nodes to use frequency resources simultaneously in different time 

intervals. 
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Supposing nodes randomly send data, independent of each other, with probability r , 

The expected interference in the process of data transmission from node i  to node j  can be 

estimated using expression (9). 

, ,

kj k

k N k i j

rh P
 

  (9) 

The signal-to-interference and noise ratio can be expressed as Equation (10). 

2

, ,

ij i

kj k

k N k i j

h P
SINR

rh P 
 


+

 (10) 

To obtain the result in dB , Equation (10) can be written as. 

2

, ,

10lg
ij i

ij

kj k

k N k i j

h P

rh P



 

=
+

 (11) 

The packet error ratio can be estimated expression (12). Where, the value of ,n na g  

depends on the hardware conditions in that SINR and noise ratio of packet error ratio is less 

than one [25]. 

1                             
( )

exp( )         

ij pn

ij
n n ij ij pn

PER
a g

 

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
= 

− 

 (12) 

Finally, the end-to-end network delay under signal interference and environmental noise 

conditions can be obtained as formula (13). 

1

end to end
ij

ij





− −=
−

 (13) 

Hence, USVs formation communication networks algorithm is developed. The 

evaluation of the QoS indicators for the packet error ratio, end-to-end network delay and node 

connectivity ratio is achieved obtained. QoS indicators can be calculated during data 

transmission based on Line of Sight communication model. USVs formation communication 

networks algorithm and QoS evaluation method is shown in Fig. 4. 
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Fig. 4 USVs formation network and QoS estimation algorithm flow chart 

The description of algorithm in flowchart as follows: 

Step 1: Generate nodes according to formation position and assign random number, and 

set type as ‘N’. 

Step 2: Compare the random values of all nodes with type ‘N’. 

Step 3: If random number is greater than the threshold value, the cluster head is 

selected and set to ‘C’. 

Step 4: Calculate the Euclidean distance between common nodes and all cluster heads 

to form the distance matrix. 

Step 5: Using min function to find the cluster head nearest to the normal node and 

connect them. 

Step 6: Calculate the interference matrix, SINR matrix, QoS indicators and energy 

consumption and record these parameters. 

Step 7: Return to Step 1 to start the next round of clustering. 
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5. Simulation Verification 

5.1 Simulation setup 

To verify the effectiveness of the USVs’ formation network algorithm and to analyze 

the QoS indicators, numerical simulations are carried out under the simulated field 

experiments. First, several USVs need to be equipped, Second, suitable communication 

module needs to be obtained to realize the function of physical layer and data link layer and 

open source routing algorithm layer for modification. Third, communication test tool needs to 

be equipped to verify the accuracy and scientific of evaluation results. By considering the 

constraints of the conditions described above, the simulation experiments are designed as 

follows. 

1) About the scenario and model, USV is taken as a point distributed in the range of 

100m*100m with a certain initial energy. The communication model adopts LOS 

(line of sight) link [26]. 

2) About the implementation of simulations, the simulation program runs in a cycle, 

and each cycle will drive the LEACH algorithm and calculate energy consumption 

and QoS indicators shown as the flowchart in Fig. 4. Detailed configuration about 

the simulation experiment is shown in Table 2. 

Table 2: Detailing simulation and experiment design parameter settings 

Platform Method USV model Communication 

model 

Range Round 

MATLAB Custom code Point with 

energy 

LOS link 100m*100m 1200 

5.2 Simulation results for improved LEACH algorithm 

In order to check the improved LEACH algorithm, 100 random nodes and energy 

control parameters are chosen as A= 0.3, B=0.2, C=0.5. A, B, C parameters represent 

different energy factor terms. The larger the parameter, the greater the impact of this energy 

factor on the communication energy consumption. When the number of nodes is large, the 

impact of communication energy consumption of base station may be lower than that of 

members. In this case, parameters A and B should be increased. According to different 

scenarios and energy consumption requirements, different parameters can be combined to 

optimize energy consumption. 

The simulation results record the number of surviving nodes, the average value of the 

node’s remaining energy and other indicators during the networking process. Comparison of 

improved LEACH with correction factors and traditional LEACH algorithm is shown in Fig. 

5. 
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Fig. 5 Comparison of changes in the number of surviving nodes of USVs 

The horizontal axis in Fig. 5 represents the communication networks rounds of the 

USVs’ formation nodes. Each communication round can be a certain multiple of USVs’ 

formation control cycle. After each round, the USV nodes will re-elect cluster head according 

to the clustering algorithm and regenerate network topology. By comparing the simulation 

results in Fig. 5, it is observed that the LEACH clustering algorithm with correction factor can 

save node energy, balance network load and improve network life cycle as compared to the 

traditional LEACH algorithm in the process of large-scale node networking communication. 

By quantifying the simulation results, it shows that after the 1200th round, the node survival 

ratio of the improved LEACH algorithm is 59% whereas as the same is 38% for the 

traditional algorithm. 

5.3 Simulation results for evaluating QoS indicators of USVs formation 

QoS indicators in USVs formation network are evaluated through simulation for two 

different scenarios. In the first case, geometric configuration of the USVs formation is 

different with a certain number of USV nodes. In the second case, the shape of the USVs’ 

formation is fixed as diamond and the number of USV nodes is variable. The QoS index is 

evaluated and analysed as follows. 

5.3.1 QoS evaluation for different formation structure 

In the actual application scenario, USVs formation is usually need to be maintained 

during surface operations. Diamond formation is suitable for encirclement, triangle formation 

is more suitable for patrol, and column formation is mainly used for passing through narrow 

waters and avoiding obstacles. Simulation evaluation for above different formation shape are 

carried out. Parameter settings for the given case are listed in Table 3. 

Table 3: Parameters under different formation geometry shape 

Number of 

nodes 

Formation 

shape 

Unit channel 

gain 

Environmental 

noise 

Interference 

ratio 

Transmission 

power 

19 Random, 

Triangle, 

Diamond, 

Column 

0 =-60dB  2 =-110dB  0.001 30mW 
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The simulation results provide the network topology of the USVs’ formation network, 

average delay, packet error ratio and connectivity ratio of each communication round. The 

network topology of four different USVs formation is shown in Fig. 6 and Fig. 7.  

 

Fig. 6 Network topology diagram of random formation and triangle formation (The horizontal axis represents the 

X coordinate and the vertical axis represents Y coordinate. Nodes connected by same colour belong to one 

cluster, and the cluster head node is highlighted in black) 



Communication network and QoS evaluation for Shaoze Zhang, Xianbo Xiang, Shaolong Yang 

formation control of unmanned surface vehicles  

31 

 

 

Fig. 7 Network topology diagram of diamond formation and column formation (The horizontal axis represents 

the X coordinate and the vertical axis represents Y coordinate. Nodes connected by same colour belong to one 

cluster, and the cluster head node is highlighted in black) 

It can be seen in Fig. 6 and Fig. 7 cluster network topology is unlike the traditional 

network topology such as star, bus or circle structures. Cluster head node can organize normal 

nodes. Ordinary nodes are added to the nearest cluster head node through distance judgment 

according to the algorithm described in Fig. 4, thereby forming robust scalability and more 

flexible and controllable network topology. The simulated results related to the 

communication QoS indicators of different formations for packet error ratio, average time 

delay and connectivity are shown in Fig. 8, 9 and 10 respectively. 
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Fig. 8 Average packet error ratio curve under different formation shape 

The average packet error ratio for four different communication networks topology of 

formation nodes i.e. diamond, triangle, column and random formation nodes, are depicted in 

Fig. 8. The same are distinguished with different colour coding. The horizontal axis represents 

the rounds of networking and the vertical axis represents the packet error ratio. The average 

packet error ratio of diamond formation nodes varies from 0.01% to 1.04%, with an average 

of 0.35%. The average packet error ratio of triangle formation nodes varies from 0.01% to 

17.78%, with an average value of 7.6%. The average packet error ratio of the column 

formation nodes varies from 0.01% to 18.49%, with an average value of 5.86%. The average 

packet error ratio of random nodes varies from 0.02% to 2.88%, with an average value of 

1.13%. 

 

Fig. 9 Average time delay curve under different formation shape 

The average delay variation curve for four different communication networks topology 

of formation nodes i.e. diamond, triangle, column and random formation nodes, are depicted 

in Fig. 9. The horizontal axis represents the rounds of networking and the vertical axis 

represents the average network delay. At the start of the vertical axis, 0.1 second represents 

the end-to-end time delay required to transmit certain control data between LOS link USV 
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nodes without interference. The average network delay of the diamond formation node is 0.1 

to 0.101s with an average value of 0.100s. The average network delay of triangle formation 

nodes varies from 0.1 to 0.127s with an average value of 0.111s. The average network delay 

of the column formation node varies from 0.1 to 0.618s with an average value of 0.156s. The 

average network delay of random nodes varies from 0.1 to 0.103s with an average value of 

0.101s. 

 

Fig. 10 Connectivity curve under different formation shape 

The connectivity ratio of different formation structure is shown in Fig. 10. It can be seen 

connectivity ratio of diamond formation and column formation is 100%. So, using the 

algorithm in Fig. 4 can guarantee diamond formation and column formation communication 

networks effectivity.  

Simulation results reveal that different formation shapes have an impact on QoS 

indicators of the network. The packet error ratio and network delay of random formation 

nodes are lower than that of the triangle and column formation nodes. Triangle and column 

formation nodes are relatively scattered and the increase in distance affects the channel gain 

and thus not considered beneficial to QoS guarantee. In addition, random nodes sometimes 

appeared to be disconnected. QoS indicators such as time delay, packet error ratio depend on 

Signal to Interference and Noise Ratio. If USV nodes distance is too large, Signal will be 

weak. While, if USVs nodes distance is too close, Interference will be strong. Diamond shape 

is less dispersed than triangle, column shape. Hence the QoS parameters of diamond type 

formation are better. Consequently, stable geometric topologies such as diamond formation 

nodes are considered to be beneficial for guaranteed communication QoS. Therefore, the 

communication QoS indicator of USVs’ networks under diamond formation shape is further 

investigated. 

5.3.2 QoS evaluation of diamond formation structure with different number of nodes 

In section 5.3.1, it shows that the diamond formation has better performance. Parameter 

settings for diamond formation are listed in Table 3. QoS indicators of diamond formation 

with 20, 28, 36, 44 nodes are evaluated. Packet error ratio, average time delay and 

connectivity curve are shown in Fig. 11, 12 and 13 respectively. 
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Fig. 11 Packet error ratio curve of diamond formation under different number of nodes 

Fig. 11 depicts the change in the average packet error ratio for the communication round 

of USVs’ formation network having number of nodes 20, 28, 36, and 44 with diamond shape. 

The horizontal axis represents the rounds of networking and the vertical axis represents the 

packet error ratio. It indicates that in the same formation configuration, the more nodes, the 

higher average packet error ratio. The details are as follows. When the number of nodes is 20, 

the average packet error ratio of the diamond formation nodes varies from 0.01% to 1.04% 

with an average value of 0.35%. When the number of nodes is 28, the average packet error 

ratio of diamond formation nodes varies from 0.01% to 14.15% with an average value of 

2.49%. When the number of nodes is 36, the average packet error ratio of diamond formation 

nodes varies from 0.01% to 20.79% with an average value of 4.15%. When the number of 

nodes is 44, the average packet error ratio of the diamond formation nodes ranges from 0.02% 

to 17.94%, with an average value of 5.15%. 

 

Fig. 12 Average delay curve of diamond formation under different number of nodes 

Fig. 12 illustrates the change of the average network delay for the communication round 

of the USVs’ formation network with number of nodes 20, 28, 36, and 44 with diamond 
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formation shape. The horizontal axis represents the rounds of networking and the vertical axis 

represents the average network delay. 

It shows that in the same formation configuration, the more nodes, the higher average 

time delay. The details are as follows. When the number of nodes is 20, the average delay of 

the diamond formation nodes varies from 0.1 to 0.101s with an average value of 0.100s. 

When the number of nodes is 28, the average delay of the diamond formation nodes varies 

from 0.1 to 0.263s with an average value of 0.119s. When the number of nodes is 36, the 

average delay of the diamond formation nodes varies from 0.1 to 1.136s with an average 

value of 0.121s. While the node number is 44, the average delay of the diamond formation 

nodes ranges from 0.1 to 0.562s with an average value of 0.134s. 

 

Fig. 13 Connectivity of diamond formation under different number of nodes 

If the node number increases to certain value, the communication disconnection among 

USV nodes may occur under diamond formation as shown in Fig. 13. However, as the node 

number increases, the coverage of the surface operations can be improved based on the 

premise of network delay, packet error rate and other QoS indicators. Thus, evaluating QoS 

indicators of USVs formation can provide basic criterion for expanding the scale of USV 

formation and improving surface operation efficiency under the premise of ensuring 

communication demand. 

6. Conclusion 

In order to establish an efficient and reasonable communication networks for the 

formation control of multiple USVs, a hybrid communication networks architecture and 

communication networks algorithm are proposed. Moreover, QoS indicators are also 

considered in this paper, and QoS assessment method related to the communication model of 

USV fleet is presented. Numerical simulations to evaluate QoS indicators of USVs formation 

network are carried out. As the result, different formation shape of USV have different 

impacts on QoS indicators, and stable formation shape like diamond formation is beneficial to 

achieve the guaranteed QoS. With the increase of the node number, QoS indicators will be 

decreased. This can provide a criterion to select suitable number of USVs in formation to 

accomplish the mission in actual application scenario. Future work can be extended to the 

optimization problem between the geometric formation structure of the USV and the related 

QoS indicators. 
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