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Abstract – The wireless communication as a key technology
for the underwater robot will implement the underwater observing,
cooperation or collaboration. This paper focuses on the
Underwater Acoustic Communication (UWAC) for the thirdgeneration spherical underwater robot (SUR III) which has the
advantages like good flexibility, convenience and wide spread. An
UWAC system is established for the SUR III. Considering that
UWAC needs to overcome the multi-path effects, time-varying
effects, narrow available bandwidth and doppler effects, a Micron
data modem is chosen as the communication module. This modem
uses the CHIRP signal which can change the frequency with time
to achieve the acoustic communication. The hardware of the
UWAC system is established by using the eZdsp board. This
system as a subsystem serves the overall control of the SUR III.
With the relative movement of the underwater robot in actual
work in mind, the mobile acoustic communication is proposed.
The influence of the Doppler shift and propagation loss
underwater for the SUR III are analyzed. The experiments for the
mobile modem underwater and multi-path effect are carried out
to verify its communication performance. And there is no Bit
Error Rate (BER) in a specific range.
Index Terms – Underwater Acoustic Communication (UWAC),
mobile communication, spherical underwater robot, CHIRP signal,
Doppler effect

I. INTRODUCTION
The evolution of the exploration and discovery in the ocean
is flourish recently. The autonomous underwater vehicles
(AUVs) are used in oceanographic study at large [1]-[2]. The
underwater vehicles with different configuration, size,
propulsion methods and shape are developed for different
application [3]-[4]. With the increasing demand, more
additional functions like underwater wireless communication,
positioning and navigation are applied to the underwater
vehicles [5]-[7]. Common underwater wireless communication
methods include electronic, acoustic, optical and laser
communications [8]. Li et al. [9]in Kagawa University designed
a blue LED-based underwater optical communication system
for a Father-son robot system. Although the electromagnetic
wave is greatly attenuated underwater, researchers in Peking
University is inspired by the weakly electric fishes and designed
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an artificial electrocommunication system for small underwater
robots [10]. The laser usually enables high-speed and long
distances underwater wireless communication, Wu et al.
employs a 450-nm blue GaN laser diode to implement its
maximal transmission capacity up to 10 Gbps [11]. Among
these underwater communication methods, the UWAC with the
advantages of flexibility, convenience and wide spread is payed
more attention and used in the underwater wireless
communication research. The complexity and uncertainty of the
underwater acoustic channel make it as the key technology of
this research. Ren et al. proposed an acoustic communication
method with low Bit Error Rate which used a hybrid dynamical
system to generate a chaotic signal and a corresponding chaotic
matched filter to offset the effect of multipath propagation and
noise [12]. For multiuser underwater acoustic communication,
the multi-chirp rate signals which can be separated from each
other by fractional Fourier transform was raised by researchers
in Xiamen University [13]. For underwater acoustic
communication, the boundary reflections and Doppler shift
effects need to be taken into account, Gutiérrez et al. present a
modified Rayleigh fading communication channel model [14].
In our previous research, the first-generation spherical
underwater robot equipped with multiple vectored water jetbased thrusts was proposed at the beginning [15]. Some
evaluation simulation and experiments were carried out to proof
the basic motions of a prototype robot [16]. On this basis, the
second-generation Spherical Underwater Robot (SUR-II) was
described by Yue et al. [17]. The hydrodynamic analysis and
Computational Fluid dynamics (CFD) simulation were
conducted to obtained the estimated parameters such as the
velocity vectors, pressure contours and drag coefficient [18][20]. In addition, the propulsive thrust was measured from the
underwater experiments and verified the theoretical
calculations and simulation results [17]. The SUR II also has an
enhanced the electrical and control system [21]. In the followup study, a father-son underwater intervention robotic system
was proposed to realize the underwater manipulation [22]-[23].
The next development of the SUR was that Li et al. [24]-[27]
proposed the third-generation spherical underwater robot (SUR
III) with four vectored water-jet thrusters. At this time, the

acoustic communication methods were also employed for SUR
III [28]. The performance of the propulsion system for SURIII
were evaluated to verify its increased stability [29]. To increase
motivation of the SUR, a hybrid propulsion system was realized
in the next job [30].
In this paper, an UWAC system for the SUR III is developed.
By analyzing the general UWAC system, the difficulties as
multi-path effects of channels, time-varying effects, narrow
available bandwidth and doppler effects are considered to
prevail over for SUR III. The Micron data modem is employed
as the communication module. The hardware of the UWAC
system is introduced in Section II. The whole control circuit
including upper side and lower side is also mentioned.
Considering about the relative movement between the
underwater robot, the underwater mobile acoustic
communication characteristic is analyzed in Section III. In
order to evaluate the UWAC system in SUR III, some
experiments which includes the UWAC mobile transmission
and transmission with obstacle are carried out and the
experimental results display that the BER is 0.

Fig. 1 A general UWAC system

II. UNDERWATER ACOUSTIC COMMUNICATION SYSTEM
A.

The general UWAC system

The UWAC as a kind of wireless underwater
communication methods has the similar process with other
methods. The Fig. 1 illustrates a general UWAC system which
includes a signal generator, a transmitter, a receiver and a signal
processor. The main discrepancy between these different kinds
of wireless communications is the communication channel. In
UWAC system, the signal will transmit through the underwater
acoustic channel.
The UWAC is very difficult to achieve, mainly due to the
multi-path effects of channels, time-varying effects, narrow
available bandwidth and doppler effects. The Fig. 2 can help us
better understand the underwater communication environment.
In a robot communication system, multi-path and time varying
effects which affects the performance of the system mainly
come from the relative movement between robots, the creature
underwater and the reflection from the moving water surface
and bottom. Of course, the movement of the source and the
receiver will also increase the Doppler effect. Although UWAC
has such difficulties, its superior performance as flexibility,
convenience and wide spread makes researchers try to
overcome these difficulties.
B.

Fig. 2 Sound propagation in the acoustic channel
20kHz with time as the CHIRP signal. The modem also has the
tolerance of the Doppler effect at the range of ±5m/s. And
only a pair of Micron data modems can be connected between
two serial devices in order to transfer data between them
acoustically. Either modem of this pair can transmit to and
receive from the other one.
The Micron data modem just has the RS232 serial port and its
logic “1” is from -3v to -15v as well as logic “0” is from 3v to
15v. The eZdsp board with a RS232 and TTL conversion chip
is employed to debug with the modem. The baud rate is 9600 in
this system.

The UWAC system for the SUR III

According to the description in the previous content, an UWAC
system is established for the SUR III. The Fig.3 shows the
components of the UWAC system, including two Micron data
modems and two eZdsp development boards. The Micron data
modem is the product from Tritech International Ltd. It can
provide a means of robust spread spectrum data transmission
acoustically through CHIRP signal in the water. The details of
this modem are listed in the Table I. The frequency will be
increased up to the maximum of 28kHz or decreased down to

Fig. 3 The hardware of UWAC system
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Table I Basic parameters of Micron data modem
Frequency band

20-28kHz

Data rate
Transmitter source
Doppler tolerance

40 bit/s (spread spectrum)
169dB re 1μPa at 1m
±5m/s

Fig. 5 The Doppler shift of the UWAC system for SUR III
where c is the velocity of the sound wave underwater; vx is the
velocity of the receiver underwater, if the receiver is close to
the transmitter, the velocity is positive, otherwise negative; vy
is the velocity of the transmitter, if the transmitter is close to the
receiver, the velocity is negative, otherwise positive.
The Fig. 5 is a simple physical model used to analyze for
the Doppler shift of the UWAC system for SUR III. Before the
specific analysis, there is two assumptions, the master robot is
stationary underwater at position “O” and the slaver robot
moves at uniform speed underwater. In order to simplify the
model, only two dimensions movement is considered and the
slaver robot can move anywhere in the plane. The “X1” respects
the position where the slaver moves close to the master, at this
time, L1<L. The “X2” respects the position where slaver moves
far from the master and L2>L. Due to the velocity of the mater
robot is zero, the equation 1 can be simplified as following:

Fig. 4 The hardware architecture of the SUR III
The hardware architecture of the SUR III is illustrated in Fig. 4.
The eZdsp as the upper side with a variety of sensors to timely
adjust the attitude of the robot, so the acoustic communication
as an extension function is attached to the upper side. And the
ATMega2560 as the lower side to control the servo motors and
DC motors.
III MOBILE UNDERWATER ACOUSTIC COMMUNICATION
The cooperation and collaboration between underwater
robots usually produce relative movement, which will
aggravate the Doppler shift. At this time, the signal carrier shifts
and deviates from the center frequency of the filter, resulting in
a decrease in the amplitude of the output signal, thereby
affecting the detection performance. In addition to the multipath
propagation effect of the acoustic channel, this frequency shift
is called Doppler frequency spread which has a great influence
on the underwater acoustic communication decoding.
A.

f =(

(2)

In our previous research, the maximum velocity of the SUR
III is 0.15m/s in surge motion and 0.083m/s in the heave motion
[27]. The velocity of the sound in the water usually is 1500m/s.
The maximum relative velocity between two robots is 0.3m/s.
As this situation, the frequency difference can be calculated by
equation 2. And the result reveals that the influence of the
frequency difference is less than 0.02% for the SUR III motion
and can be ignored.

The Doppler effect of the UWAC system for the SUR III

When a sound wave moves underwater at a constant speed
in a certain direction, the distance difference between the sound
wave and receiver will lead to changes of wavelength and
frequency and this phenomenon is called Doppler effect [31].
Meanwhile the difference between the transmitted and received
frequencies is Doppler shift. A general equation that can
explain the relationship between the received frequency f and
transmitted frequency f0 is expressed as following:

c ± vx
f =(
) f0
c  vy

c ± vx
) f0
c

B.

Propagation loss underwater

The path loss in the UWAC channel can be expressed as an
equation of distance l and transmitted frequency f0 [32],

A (l , f 0 ) = A0 l k a ( f 0 ) l

(3)

where A0 is a constant as the coefficient; k is the propagation
factor; a(f0) is the absorption coefficient which is related to the

(1)
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all bytes are received. The experiment is repeated for 10 times,
and the BER is equal to zero every time.
The second case is illustrated in Fig. 9 which add a square
obstacle between two modems. The side length of the obstacle
is 18cm and not higher than the water surface. The distance
between two modems is 50cm, the transmitter will also send a
30bytes command for 10 times. After all bytes are received, the
BER is recorded as zero. In this experiment, the shortest straight
acoustic communication channel is cut off, so that the signal
will choose other channels to be transmitted. This experiment
proves that within a certain range, the multi-path effect has no
influence on the UWAC system in this paper.

frequency f0 and distance l. Take the logarithm on both sides
of the equation 3 to get the equation 4,

log A(l , f 0 ) = log A0 +k log l + l log a ( f 0 )

(4)

where
∙ 10
represents the propagation loss and ∙
)) represents the absorption loss. The acoustic
10
radiation pattern of the Micron data modem is approximately
omni-directional, and the modem will operate in both horizontal
and vertical attitudes. So that the propagation factor k is equal
to 2 for spherical spreading. The frequency band of the Micron
data modem is from 20kHz to 28kHz, therefore the Thorp’s
formula which can explain the l·loga(f0) in the frequency in kHz
is given by,

l ⋅ loga( f 0 ) = 0.11

f02
f02
+
0.44
1 + f02
4100 + f 0 2

(5)

+2.75 ⋅ 10 −4 f 0 2 + 0.0003
so the range of the absorption loss of the Micron data modem is
from 4.13dB/km to 7.39dB/km. In this way, the equation 4 can
be simplified as following,

log A(l , f 0 ) = log A0 + 2 log l + (4.13 ~ 7.39)

(a) UWAC experimental setup without obstacle

(6)

IV EXPERIMENT AND RESULTS
In order to evaluate the performance of the UWAC system
for SUR III, some experiments are carried out. The schematic
of the experimental setup is illustrated in Fig. 6 and there are
two different cases. The experimental setup schematic in Fig.
6(a) is to test the transmission between two mobile data
modems and in Fig. 6(b) is to test the transmission between two
data modems with obstacle. The transmitter modem is
connected with a eZdsp which can emit the signal to the
modem. Another eZdsp board is employed to receive and
process the signal from the receiver modem. A computer is
connected with the received board to display the signal. Table I
gives a part of parameters of the Micron data modem. The data
rate is 40bit/s and its internal buffer is 256bytes. So, the data
rate can be expressed as 5bytes/s. The size of the tank used for
the experiment is 55cm at length, 30cm at width and 35cm at
depth. The Fig. 7 is the side view of the experimental setup.
Fig. 8 shows the first case of the experiment which the
receiver will move far from the transmitter underwater while
receiving the signal. At the initial position, the distance between
transmitter and receiver is 20cm which is shown in Fig. 8(a).
The transmitter modem is stay in the initial position and the
receiver moves approximate at a constant speed of 10cm/s
artificially. The transmitter will send a communication
command including 30bytes. After the receiver arrived at the
limited position which the distance between the pairs of the
modem is 50cm at 3 second shown in Fig. 8(d), the signal has
not been completely transmitted. The BER is recorded after the

(b) UWAC experimental setup with obstacle
Fig. 6 The experimental setup schematic

Fig. 7 The side view of the experimental setup
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V CONCLUSIONS
This paper presented a UWAC system for the third-generation
spherical underwater robot (SUR III). First of all, the general
underwater is proposed to explain the basic theory of the
UWAC. Due to the better performances as good flexibility,
convenience and wide spread, a pair of Micron data modems
are employed as the communication modules for the SUR III.
The hardware of the UWAC system is introduced, also with the
whole control system for SUR III. Then the Doppler effect is
analyzed and the result reveals that the influence of the Doppler
shift in SUR system is less than 0.02%. The underwater
propagation loss is also described in the paper. Finally, some
acoustic communication experiments are carried out to verify
the UWAC subsystem of the SUR III. Whether the modem is
moved in the tank or there is obstacle between modems, the
BER of the received signal is equal to 0.
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