
A Moving Underwater Communication System with Bio-
Inspired Fish Robots 

 
Jun-Ho Jeon1, Nam-Yeol Yun2, Heungwoo Nam3, Chang-Gi Hong1, 

Sung-Joon Park1,†, Soo-Hyun Park2, Sunshin An3, Chang-Hwa Kim1, 
Gi-Hun Yang4, Young-Sun Ryuh4 
1 Gangneung-Wonju National University 

2 Kookmin University 
3 Korea University 

4 Korea Institute of Industrial Technology 
musician1222@nate.com, anuice@kookmin.ac.kr, hwnam@dsys.korea.ac.kr, hongs_idea@hanmail.net, 

 psj@ieee.org, shpark21@kookmin.ac.kr, sunshin@dsys.korea.ac.kr, kch@gwnu.ac.kr, 
yanggh@kitech.re.kr, ysryuh@kitech.re.kr 

 
 

  

ABSTRACT 
Recently, there has been large interest on short and medium range 
underwater communication systems for various applications. In 
this work, we investigate a moving communication system 
equipped with bio-inspired fish robots. A protocol stack 
encompassing physical layer, medium access control layer and 
network layer is designed for a packet-based hierarchical 
underwater acoustic communication and the related hardware is 
implemented. The developed components and system prototype 
are verified and evaluated in the Han River. Since this system 
provides high mobility and real-time monitoring service, it could 
be utilized for pollution monitoring and surveillance in rivers and 
oceans. 

Categories and Subject Descriptors 
H.4 [Information Systems Applications]: Communication 
Applications; C.3 [Special-Purpose and Application-Based 
Systems]: Real-time and embedded systems 

General Terms 
Algorithms, Management, Measurement, Performance, Design, 
Experimentation. 

Keywords 
Underwater wireless sensor network, underwater acoustic 
communication, underwater mobile communication, bio-inspired 
robot 

 

1. INTRODUCTION 
Underwater wireless sensor network (UWSN) has been a rapidly 

growing research area for the last few years owing to its wide 
range of aquatic applications [1,2]. Typically, UWSN covers short 
and medium working range and consists of sensor nodes, sink 
nodes and gateway. Since sensor and sink nodes are deployed in 
underwater, wireless acoustic communication is a necessity for 
these devices. Up to now, several hardware platforms have been 
implemented, pursuing high data rate, low power consumption 
and long distance [3,4,5,6]. The experimental study on 
development and deployment could be found in the literature such 
as [7]. 

Unlike the previous UWSN prototypes with no support or 
limited support of mobility, in this paper, we investigate a moving 
underwater communication system equipped with bio-inspired 
fish robots. In our target system, each fish robot possessing high 
mobility takes a role of sensor or sink nodes by means of 
embedded sensors, navigation module and communication 
module. A protocol suite for the moving underwater acoustic 
sensor network is also studied in depth throughout physical to 
network layer, which is essential to packet-based system. By 
identifying the requirement and functionality of each layer 
thoroughly, we design and implement hardware for acoustic 
modem, medium access control (MAC) board and gateway. 
Experiments in a river are conducted in order to verify the 
feasibility of our system and experimental results are discussed 
fully in various respects. 

The remainder of this paper is organized as follows. In Section 2, 
system target and operation scenario are introduced. Design and 
implementation of physical (PHY) layer and acoustic modem, 
MAC, and surface gateway are described in detail in Section 3, 4, 
and 5, respectively. Experimental environment and results are 
discussed in Section 6 and conclusion and future direction of this 
work are presented in Section 7. 

2. SYSTEM CONFIGURATION 
2.1 System Model 

Figure 1 describes the system model to monitor underwater 
environment with mobility which consists of a floating docking 
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station and three bio-inspired fish robots. The docking station 
containing a gateway and an acoustic modem is in charge of not 
only radio frequency (RF) communication to terrestrial networks 
but also acoustic communication to fish robots. It is also equipped 
with docking, cleaning and drying, and recharging devices for fish 
robots. In order for the robots to recognize their position, an ultra 
short baseline (USBL) transducer is installed at the docking 
station. Meanwhile, each robot has on-board thrust device, 
acoustic modem, underwater sensors, global positioning system 
(GPS) module, USBL transponder, battery packs, etc. 

 
Figure 1. System model 

2.2 Scenarios 
The scenario for acoustic communication between the docking 

station and robots is as follows. Whenever the docking station 
wants to send data to robots or receive data from robots, it sends a 
broadcasting message for synchronization between the docking 
station and robots. After the broadcasting period, four time slots 
are allocated to the gateway, the first robot, the second robot and 
the third robot sequentially and exclusively. In this way, each 
entity sends control or monitoring data during its own period via a 
common acoustic link. 

The operational scenario could be explained with the illustration 
of Figure 1. Once a user located on shore gives a command for 
underwater monitoring, the command is delivered to the gateway 
located in the docking station via RF communication link. Then, 
three robots start to swarm toward a designated waypoint near the 
surface of the water. After arriving at the point, they submerge 
deeply in the water, gather sensing data and send them through 
acoustic link. The robots may return to the docking station or 
navigate to another place according to user’s command. 

3. PHY AND ACOUSTIC MODEM 
3.1 Physical Layer 

For the support of hierarchical packet-based communication, a 
physical layer frame format is designed as shown in Figure 2. 
Preamble, the leftmost field, is used to obtain frame and symbol 
synchronization and composed of four bytes having the 
hexadecimal value 0xAAAAAAAA. Start of frame delimiter 
(SFD) is one byte field indicating the end of preamble and the 
start of the data. The following field is a frame length field which 
informs the length of payload, i.e., physical layer service data unit 
(PSDU). In our frame format, each frame can carry data up to 255 
bytes, which requires one byte for frame length field. Lastly, a 
variable length data field is reserved for actual data, PSDU. 

 
Figure 2. Physical layer frame format 

When transmitting data, physical layer frame, i.e., physical 
layer protocol data unit (PPDU) is generated based on PSDU 
obtained from MAC layer. On the other hand, when the modem is 
on receiving status, received data sequence is compared to the 
prestored preamble for frame and symbol synchronization. If both 
sequences coincide each other, the subsequent data are interpreted 
as the rest fields of a PPDU and then PSDU is delivered to the 
upper layer. 

A symbol structure for modulating digital signal is illustrated in 
Figure 3. Since the size of acoustic modem should be maintained 
as small as possible for being loaded in a fish robot, a binary 
modulation with noncoherent detection is chosen. Also, to 
mitigate the effect of intersymbol interference (ISI) caused by 
long delay spread in underwater acoustic channels, each symbol 
lasting TS is followed by guard interval TG. 

 
Figure 3. Symbol structure 

For pulse shaping, a sinusoidal waveform is used as follows 

( ) ( ) sc Tttfts ££= 0,2cos p   (1) 

where fc is a carrier frequency at transducer which is equal to 74 
kHz. Since binary amplitude shift keying is applied for the 
implementation of acoustic modem, the signal in (1) is generated 
for the information bit ‘1’ during TS whereas no signal is 
generated for ‘0’. Even though spectrum efficiency is not 
considered importantly for this work since one channel is required 
for this application, it could be improved by adopting another 
pulse shaping like a raised-cosine signal. 

3.2 Implementation of Acoustic Modem 
Figure 4 illustrates a block diagram of the acoustic modem. The 

process for data transmission through an underwater acoustic 
channel is as follows. First of all, the raw data generated from 
MAC layer are delivered to micro-controller unit (MCU) via 
serial peripheral interface (SPI). At MCU, PPDU is generated and 
then modulated. After digital to analog conversion, the analog 
signal is amplified and sent to the transducer at transmitter. 
Acoustic wave is generated at the transducer from electric signal 
and emitted through an underwater channel. 

On receiving mode, once the transducer at the other acoustic 
modem detects acoustic wave, it is transformed into electric signal. 
Then, digital signal is obtained by amplification, filtering, 
envelope detection. After MCU regenerates an estimate of original 
PSDU, it transfers data to MAC layer and finishes its operation. 



 
Figure 4. Block diagram 

The implemented acoustic modem is depicted in Figure 5. 
Cylindrically shaped acoustic modem consists of three circular 
boards: a digital layer, an analog transmission layer and an analog 
reception layer. The acoustic modem is equipped with STM32 as 
a main processor and SPI and universal asynchronous receiver 
transmitter (UART) communication ports for interlocking with 
upper layer or other device. The detailed specification is given in 
Table 1. 

 
Figure 5. Acoustic modem (top view) 

 
Table 1. Specification of acoustic modem 

Feature Description 
MCU STM32 

Carrier frequency 74 kHz 
Size 70Í35 mm (ØÍH) 

Interface SPI, UART 
Data rate 1 kbps 

 

4. MAC 
Recently developed MAC protocols are focused on decreasing 

node conflicts, end-to-end delays and bit error rates, however they 
can support only limited amount of nodes. If the number of nodes 
frequently increases, the network is prone to be unstable. That is 
why we adopt an approach to make our network dynamically 
scaled and design an interrupt-driven mechanism for use in our 
MAC base-board. Our MAC base-board shown in Figure 6 can be 
directly connected to an acoustic modem for communication and a 
personal computer (PC) for control. 

 
Figure 6. MAC base-board 

The connection between the MAC base-board and a PC is 
established by RS232 connection. The main operation of the 
MAC base-board includes receiving MAC layer information from 
the physical layer and exchanging preamble information between 
acoustic modems. The MAC base-board was also designed on 
ARM Cortex-M3 platform, so it can operate based on firmware 
which supports an interrupt-driven mechanism. This mechanism 
enables it to receive data when an interrupt handler returns a 
signal. The technical specifications can be found in Table 2. 

Table 2. MAC base-board specification 

Feature Description 
MCU Cortex-M3 (STM32F103CB) 

OS Firmware 
Software Interrupt driven mechanism 

Size 30Í30 mm 
Battery 3.3 V or 5 V 

 

We designed and implemented an interrupt driven mechanism 
[8], which is a modified firmware based on adjusted MAC 
protocol [9] suitable for the robot control and data monitoring in 
the same cluster. 

Figure 7 shows the architecture of our system with an interrupt 
driven mechanism. Interrupts for a Cortex-M3 application are 
handled through the interrupt handlers. Interrupt is a signal that is 
generated by hardware which indicates event occurred and should 
halt the currently executed program. Interrupt handlers are 
portions of code that are registered with the processor to execute 
once a particular interrupt has occurred. 

 
Figure 7. Interrupt driven mechanism [8] 

We also analyzed an environmental impact to design an 
adaptive MAC protocol for mobile ad-hoc network as shown in 



Figure 8. In underwater acoustic communication, data 
transmission is strongly influenced by environmental impacts, 
such as signal strength, hydraulic pressure, water temperature, 
noise, and others. Above all, the signal strength of underwater 
acoustics has an interdependent relationship between the distance 
and the power. 

 
Figure 8. Architecture based on mobile ad-hoc network 

We proposed a signal strength table based on distance to design 
an adaptive MAC protocol for mobile ad hoc network by using 
variation of signal strength in underwater acoustic communication 
[10]. This MAC protocol uses a database table to transmit 
accurate signal strength. 

Our goal is to design underwater MAC protocol considering the 
effect of signal strength on data transmission. To achieve this, we 
need to calculate the distance among nodes. This information will 
be important to make table of signal strength. Nowadays the 
mobility of nodes and the real-time communication is required in 
many fields. Therefore, with this table, we can guarantee a 
reliability of data, which is transmitted via moving underwater 
vehicle. We can also transmit data efficiently through the distance 
information updated every time. 

We designed Sync MAC protocol [11] to control underwater 
vehicle based on underwater acoustic communication. The 
reference architecture for underwater vehicle control system is 
shown in Figure 8. Sync MAC protocol has a life cycle which 
consists of followings: 

∙ Initialization period: surface gateway generates Sync messages 
and broadcasts them during constant time interval. Underwater 
vehicle nodes estimate the status and the arrival time of received 
messages. 

∙ Local synchronization period: surface gateway can estimate 
each propagation delay of underwater vehicle through arrival 
time of join messages. Surface gateway then makes MAC 
scheduling polices. 

∙ Data transmission period: With the periodically transmitted 
Sync messages, underwater vehicles consistently estimate the 
information of channel and then transmit underwater 
environment information. Therefore surface gateway can keep 
the accumulated information of channel and propagation delay. 

∙ Joining period: If a new underwater vehicle hears the Sync 
message from the surface gateway in Initialization period, it 
sends a short Join message in this period. 

5. Surface Gateway 
In this section, we explain the architecture of our developed 

surface gateway in terms of hardware. Also, the software for the 

surface gateway is explained from the viewpoint of packet 
structure and operation. 

5.1 Hardware for the surface gateway 
The surface gateway plays the role of transmitting data between 

the base station and the underwater sensor networks, and vice 
versa. So, it requires two function modules for the terrestrial and 
underwater communications. To be more specific, in our gateway, 
a code division multiple access (CDMA) communication module 
is used for the terrestrial communication and an acoustic modem 
board described in Section 3 is used for the underwater 
communication. Thus, our gateway is located in the Docking 
station or in the surface as shown in Figures 1 and 8. 

Our developed surface gateway consists of a MCU module, a 
CDMA communication module, and two interfaces for both a 
MAC board and a PHY board. To explain these modules, the 
block diagram of the surface gateway is shown in Figure 9. The 
MCU module is based on Cortex-M3 which is a low power 32-bit 
micro-controller. It has a flash memory of 512 kbytes, a SRAM of 
64 kbytes, 5 UARTs, and 2 SPIs. Two UARTs are allocated to a 
CDMA communication module and a MAC board, respectively. 
Also, for debugging or testing it can be connected to the serial 
port on a PC. The CDMA communication module is based on 
Qualcomm MSM6050 chipset and connected to the MCU through 
the UART. This module performs wireless data transmission by 
the protocol of CDMA2000. Establishing connection is done by 
calling correspondent CDMA module which sends a dial number 
to target CDMA module. After the connection is established, each 
CDMA module transmits data through a full duplex link. 

 
Figure 9. Block diagram of surface gateway 

Figure 10 is the photo of the surface gateway. The area 1 is the 
MCU module and the area 2 is the CDMA communication 
module as explained in Figure 9. 

 
Figure 10. The picture of the surface gateway 



5.2 Software for the surface gateway 
5.2.1 Packet structure  

A packet structure was developed to transmit data between the 
transmitter and the receiver. Figure 11 shows the packet structure 
used in the experiments whose length is 12 bytes. It is composed 
of two flags, a header, and a payload. Here, two kinds of flags are 
used to indicate the start and the end of a packet, and the header 
performs the function of network layer header which is divided 
into a sender identification and a receiver identification. The 
payload consists of the information of the coordinates (x, y, z) and 
the sensing data, such as temperature, pH and dissolved oxygen. 

 
Figure 11. Packet structure 

5.2.2 Operation of the surface gateway  
First, through our gateway, we constructed the virtual 

environment monitoring system for performing an environment 
monitoring application. Thus, the gateway transmits the sensed 
underwater data to the base station.  

The operation of the gateway is based on the network layer to 
demonstrate the performance of underwater sensor networks. To 
be more specific, its operations are divided into two functions. 
First, if the gateway receives beacon or control messages from the 
base station, it adds network layer header into the messages, and 
sends them to a MAC board. The packet structure is shown in 
Figure 11. Second, if the gateway receives the sensing data from 
the MAC board, it sends them to the base station. In operating our 
virtual monitoring system, the data transmitted by the gateway are 
as follows.  

● Instant data: As soon as the gateway receives the sensing data, 
the gateway transmits them without delay to the 
base station. 

● 5-minute data: After the gateway computes the average value 
of the instant data collected during 5 minutes, the 
gateway transmits the average value to the base 
station.  

● Hour data: After the gateway computes the average value of 
the 5 minutes data collected during one hour, the 
gateway transmits the average value to the base 
station.  

Our developed gateway is operated by battery power. Hence, 
the method that can improve the energy efficiency of our gateway 
is needed. Also, according to an application, the used data can be 
different. In our case, three kinds of data are used. Thus, through 
an appropriate combination of the transmitted data, we aim at 
attaining the energy efficiency of our gateway. In our experiments, 
if the 5-minute data and hour data are used more often than the 
instant data, the energy efficiency of our gateway can be improved. 
Thus, we will manage the performance evaluation in our 
experiments.  

6. EXPERIMENTS 
6.1 Experimental Environments 

For verification of various components of our target system and 
a whole prototype, experiments have been done at the Han River 
shown in Figure 12. As shown in Figure 12 (a), test spot is located 
at the slightly upper region of an upstream from the confluent 
point of two upstreams and a downstream. So, the current is not 
too fast except when there is a heavy rain or a strong wind, i.e., 
the flow velocity in murmuring state is normally 1 knot. The 
width of the river is about five hundred meters and the maximum 
depth is about 15 meters. As usual, the depth of water becomes 
shallower as approaching riverside. Figure 12 (b) is the actual 
photo taken at the test spot. A small pier at the riverside is utilized 
as a main base for experiments. 

 
Figure 12. Test environment 

6.2 Results 
A prototype of the system model described in Section 2 is 

developed and evaluated at the annual integration test on August 
27~31, 2012. First of all, a functional test on underwater acoustic 
communication system has been done with a surface gateway and 
three underwater nodes without fish robots, and underwater 
networking based on the designed protocol stack has been verified 
from end to end. Secondly, a communication test with the 
gateway and one fish robot equipped with acoustic modem has 
been conducted to confirm underwater acoustic communication 
for a moving object. Finally, system level experiment has been 
executed to verify the whole scenario described in Section 2. 

In order to verify the performance of the developed acoustic 
modem, point-to-point communication tests are executed. For 
experiments, one modem is placed at the pier and the other 
modem is at the ship. For ease of handling, only transducers are 
put below 1.5 meters from the surface. Each modem is powered 



by 14.8 volts battery pack from which the voltage at the 
transmitting transducer is boosted up to 200 volts in peak-to-peak. 
Data rate is fixed to 1 kbps and one hundreds frames, carrying 255 
bytes information data per frame, are sent to obtain each result at 
a given experimental condition. 

Figure 13 is a plot of bit error rate (BER) with respect to 
communication distance between two modems. Up to 200 meters, 
there was no errors. But, from the fact that 204,000 bits are 
transmitted for each test and the maximum resolution for the 
measured BER becomes 4.9·10-6 (=1/200,400), the BER of 
4.9·10-6 is plotted in the figure instead of zero. As expected, it is 
observed that BER performance is degraded with the increase of 
range. The protruding result at 350 m could be attributed to the 
limited data samples, underwater topography and temporal 
variations. 

 
Figure 13. BER versus distance 

Figure 14 shows the received signal strength (RSS, Vr) 
measured at the receiving transducer as a function of 
communication distance. According to the results, RSS is almost 
inversely proportional to distance. From Figure 13 and Figure 14, 
it is noticed that the developed modem recovers data with the 
error probability of 10-5 roughly if RSS is more than 2.5 mV. 

 
Figure 14. Received signal strength versus distance 

We now describe the overall performance evaluation of the 
developed surface gateway in terms of energy efficiency. This was 

accomplished through a series of experiments. The gateway 
transmits the following data, that is, the instant data, the 5-minute 
data, and the hour data, during 10 rounds, where one round is 
defined as the time required to transmit the data from the gateway 
to the base station. So, it is set to 6 hours. We used the energy 
consumption as a metric, which denotes the amount of energy 
consumed by the gateway due to data transmission. The gateway 
generates 61-byte packets that are sent to the base station, where 
the intervals of the instant data, the 5-minute data, and the hour 
data are set to 15 seconds, 5 minutes, and 1 hour, respectively. 
Also, we measured the power consumption of the developed 
gateway and the CDMA communication module. The power 
consumption and the power supply by these modules are 300 mA 
and 3.7 V, respectively.  

In this experiment, we aim at attaining the energy efficiency 
through an appropriate combination of the transmitted data, that is, 
the instant data, the 5-minute data, and the 1 hour data. To 
perform the experiments, we define three kinds of applications 
which are listed below.  

● 1-Hour Application (1HA): The instant data are transmitted 
for only one hour in one round. Both the 5-minute data and the 
hour data are transmitted every interval during one round.  

● 3-Hour Application (3HA): The instant data are transmitted 
for only three hours in one round. Both the 5-minute data and the 
hour data are transmitted every interval during one round. 

● 5-Hour Application (5HA): The instant data are transmitted 
for only five hours in one round. Both the 5-minute data and the 
hour data are transmitted every interval during one round. 

The experiment results are shown in Figure 15. In this figure, 
the energy consumption increases gradually with the increasing 
number of rounds. We can see that the 1HA has the lowest energy 
consumption of the applications, followed by 3HA and 5HA. 
From this experiment, we can know the fact that the energy 
efficiency of our gateway can be attained by controlling the 
appropriate combination of the transmitted data, that is, 
decreasing the number of the instant data transmissions. Thus, in 
case of environmental monitoring application, the performance 
improvement of the gateway can be attained via controlling the 
appropriate combination of the transmitted data. 

 
Figure 15. Energy consumption at surface gateway 



7. CONCLUSION AND FURTHER WORKS 
In this work, a noble moving underwater communication 

system has been investigated. Bio-inspired robots acting as 
moving nodes and a gateway performing the role of bridgehead 
between underwater and RF communications have been designed 
and implemented. Also, a protocol stack has been suggested for 
the support of the underwater acoustic communication from 
physical to network layers. In order to verify the feasibility of the 
designed system, we have installed a testbed in the Han River and 
made various experiments with regard to separate modules and a 
whole prototype. 

Since the proposed system possesses high mobility innately, it 
covers large working area with small number of moving nodes, 
which means it could be substituted for numerous static nodes and 
translated into system and cost efficiencies. As further work, we 
will focus on system integration and stabilization by conducting 
long-run tests at various underwater and meteorological 
conditions. We also try to improve each module in terms of 
functionality and performance. 
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