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Abstract
Underwater Wireless Sensor Networks (UWSNs) are playing a vital role in exploring the 
unseen underwater (UW) natural resources. However, performance evaluation of UWSNs 
is still a challenging research problem. Various techniques such as, in-field testing, sim-
ulation and emulation have been used for the purpose but they all have limitations. For 
example, in-field testing is expensive as well as extensive; similarly, a simulation model 
based on assumptions may not provide precise results. Consequently, it is crucial to have a 
solution that is reliable, inexpensive and requires less effort to validate the functionality of 
UWSNs and their components. In this paper, a testbed is proposed that evaluates the UW 
communication system in a controlled aquatic environment and simulates the UW channel 
and sound propagation models. The constraint of physical access to the testbed facility is 
resolved by using a web-based monitoring and controlling graphical user interface. Prelim-
inary results obtained by using the testbed in evaluating the performance of UW communi-
cation systems and the simulations done show that the proposed solution is indeed superior 
to existing solutions as it is cost-effective, requires less effort and is reliable.
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1  Introduction

Nature has bestowed the ocean bed with immense resources that offer a great potential 
towards the economic growth. Advancement in technology is facilitating the researchers to 
explore oceans, leading to a breakthrough in industrial and military communication and other 
applications. To explore marine life, several Underwater Wireless Sensor Networks (UWSNs) 
have been proposed [1]. Despite the efforts, research in UWSNs is slow due to the challenges 
posed by undersea communication medium as compared to the Wireless Sensor Networks 
(WSNs) used in terrestrial communication [2, 3]. Testing of UWSNs and their components in 
a real environment is still a challenge owing to high deployment cost and time-consumption. 
Simulators offer an inexpensive solution; due to low setup time and cost but with the trade-off 
of low accuracy because they use a subset of environmental variables. Another technique is 
the emulator-based network, deployed using a combination of hardware and software. The 
test results of emulator-based networks are better as compared to simulator-based setup. 
However, in order to use emulator based networks, physical access is required [4].

In recent years, several efforts have been made in designing the UW communication test-
beds, some of them have been explained in this article. Depending on the requirement, the 
UW testbeds are designed both for specific as well as general purpose applications. These UW 
testbeds are categorized based on size i.e., small, medium, and large; and the cost of develop-
ment and deployment which can be either low, medium or high. The dynamic nature of an 
underwater channel remains a challenge for the scientific community designing various UW 
testbeds [4]. The deployment of such networks is not only expensive but requires a lot of time 
and effort to setup. As a result, the systems deployed at the moment have limitations. Exten-
sive research is being carried out to design a suitable testbed. However, factors such as mod-
eling time, cost, deployment resource and, reliability etc., hinder any major breakthrough.

In this article, UW acoustic communication testbed and simulation platform is proposed and 
its performance has been evaluated, both as an emulator and a simulator. In emulator mode, the 
initial testing has been done by using two low-cost UW acoustic modems [5] communicating 
in a controlled aquatic environment setup in a laboratory. The temperature in °C and salinity 
in Parts per Thousand (PPT) is acquired using UW sensors and transmitted acoustically using 
UW modem in the water channel. Data is successfully received by another UW modem and 
graphically displayed. Similarly, various UW algorithms have been simulated using the pro-
posed simulation platform. The parameters can be configured locally as well as remotely in the 
beginning or during simulation to get the desired results. Minimum development time and low 
cost with remote monitoring facility is novelty of the proposed design. It can be easily modified 
to evaluate various kinds of UW communication systems and algorithms.

The article is organized as follows. In Sect. 2, we provide background information neces-
sary to grasp the paper. Section 3 explains related research work. In Sect. 4 architecture of 
the proposed underwater acoustic communication testbed is described. Experimental results 
and discussion are explained in Sect. 5. Finally, Sect. 6 presents concluding remarks.

2 � Background

This UWSNs have been an area of interest for researchers for the past few decades. Despite 
their commercial and military importance, their practical deployment and testing remains 
an open research area. Due to this reason, several network simulation software have been 
developed to validate the UW algorithms and protocols [6].
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Some simulation tools have been designed specifically to fulfill the requirements of UW 
scenarios. On the other hand, there are many other tools which were actually developed 
for terrestrial communication but can be modified to be used in UW applications. Some 
simulators are open source e.g., Network Simulator (NS-2), Aqua-Sim, etc. [6]. There is 
another category of licensed software with additional features of simulation and emulation 
e.g., SUNSET [7], DESERT [8] etc. These simulators evaluate various UW network pro-
tocols such as Medium Access Control (MAC) and Multiple Access with Collision Avoid-
ance (MACA) [9]. They can be categorized at different levels, e.g., low-cost platforms are 
designed for small-scale UW scenarios, while medium to high-cost platforms are used for 
large-scale testing. To access the experimental facilities remotely, heterogeneous platforms 
are used which are costly and used for large-scale developments [10].

Underwater acoustic (UWA) modems are the backbone of emulator-based platforms. 
Commercial modems e.g., LinkQuest [11], Teledyne Benthos [12] and Evologics [13] that 
are mainly designed for long distance reliable UW communication are being used in the 
testbeds. Research modems such as Sea Modem [14] and WHOI Micro-modem [15] are 
economical to be used in the same setup with the tradeoff of Bit Error Rate (BER). UW 
modems use several modulation schemes such as Frequency Shift Keying (FSK), Orthogo-
nal Frequency Division Multiplexing (OFDM), Direct Sequence Spread Spectrum (DSSS) 
and Sweep Spread Carrier modulation scheme (S2C) [16] etc. Usually, emulators are used 
to evaluate actual UW communication systems before deployment in real environments. 
Compared with simulators, the emulator-based systems are more accurate and require less 
setup time than real-aquatic environment. They can be used to test various kinds of UW 
communication systems, Autonomous Surface Vehicle (ASV), Autonomous Underwater 
Vehicle (AUV), and Remotely Operated Vehicle (ROV) etc.

The proposed testbed software is developed in Laboratory Virtual Instrument Engineer-
ing Workbench (LabVIEW) which is a graphical programming language [17]. LabVIEW, 
with built-in mathematical and analysis functions and graphical front-end controls and 
indicators, provides a platform that reduces the development time as compared to other 
software and applications. This helps in quickly creating the required Graphical User Inter-
face (GUI). With the available instrument drivers, it is convenient to connect and acquire 
data from standard test equipment, sensors and other test devices. LabVIEW uses icons 
instead of text-based coding. Its front panel is used to create GUI, while the code is written 
in a block diagram using icons connected by wires. The file format used by LabVIEW is 
Virtual Instrument (VI). Web server is used to convert a VI into Hypertext Markup Lan-
guage (HTML) document and embed front panel images to be monitored and controlled 
using Hyper Text Transfer Protocol (HTTP) in a web browser.

3 � State‑of‑the‑Art Underwater Communication Testbeds

Several testbed designs for UW acoustic communication systems have been proposed 
recently. They are used to evaluate various aspects of UWSNs for UW acoustic communi-
cation including hardware, software, protocols, and mathematical models. They are avail-
able in different sizes e.g., small, medium and large, and categorized as simulator, emulator 
or both. These testbeds are deployed in a controlled laboratory as well as in real-world 
environments. Some existing UW communication system testbeds are discussed in the fol-
lowing section.
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An underwater acoustic testbed is presented in [9] to examine the performance of cross-
media networking by combining UW acoustic communication and wireless communica-
tion. The testbed consists of a UWA modem based on DSSS modulation and operates in 
the frequency band of 13–18 kHz. A group of underwater sensor nodes is deployed in a 
lake to collect environmental data and pass it to a sink node which transmits the data to a 
terrestrial station. Field trials are conducted in a lake by using six nodes including three 
sensor nodes, a data generator node, a sink, and an off-shore sink node. Two networking 
protocols, ALOHA and MACA, have been examined using the testbed. From the experi-
ments, it has been found that the delay between the nodes is very short and some errors in 
data have been observed during wireless transmission. ALOHA, which does not have any 
collision avoidance system, works better than MACA in this setup because of simple net-
work topology with minimum load.

Du et al. [18] have designed a UW acoustic testbed to investigate water quality of the 
Qinghai Lake. The testbed consists of a server and various sensor nodes deployed in water 
and equipped with an OFDM modem for UW communication. Micro-ANP software is 
running on each of the nodes to provide an interface between network transport layer and 
physical layer. The testbed has been used in UW protocol evaluation and aquatic environ-
ment monitoring of various parameters such as temperature, salinity, and conductivity. In 
protocol assessment, throughput of the proposed system becomes steady when payload 
exceeds 100 bytes. Network performance of the testbed degrades with an increase in the 
time interval between two packets. Software design of the testbed facilitates researchers to 
use their own UW network protocols in real underwater environments.

The SUNSET framework, which is a customizable testbed for testing of UWSNs is pre-
sented by Petrioli et al. [7]. It is developed using NS-2 for simulation, emulation and in-
field testing. The SUNSET core modules include (a) utilities unit that makes framework 
transparent to the client in simulation and emulation modes, (b) timing unit to introduce 
delays and overheads usually ignored during simulation, (c) debug unit to log and process 
debug information based on given precedence and (d) statistics unit that provides a tool 
to gather readings to investigate protocol performance. Some of the features of SUNSET 
framework are, (1) it is capable of simulating various UW acoustic channel models, (2) the 
code can be reused after suitable modifications and (3) it supports five different types of 
commercial UW acoustic modems and uses different sensors for the measurement of tem-
perature, pressure, salinity, conductivity, etc. The energy efficient SUNSET framework can 
run on small-size, low-priced hardware platforms such as ARM processors.

DESERT is a customizable platform that has been designed to perform experiments 
on UW network protocols to promote the experiments in UW networking [8]. Its modular 
architecture allows researchers to reuse their codes with slight modifications. This research 
targets the grasp on C language libraries to support UW networking protocols. It can be 
used as an emulator as well as a simulator. Evologics and WHOI Micro-modem have been 
tested in emulator configuration using the system running NS-2 Miracle. A similar sce-
nario can be created using simulation. The performance of the system has been success-
fully tested during single and multiple hop configurations. The DESERT architecture is 
open source but resource hungry and consumes high energy.

WaterCom is a multi-function testbed designed to perform UW experiments at small, 
medium, and large scales [19]. The prototype supports UW acoustic and optical com-
munications in three configurations; (a) small-scale UW experiments are performed in a 
water tank using two modems to test the UW transmission in a reflective environment, 
(b) medium-scale experiments can be conducted in a dock with one mobile and two sta-
tionary nodes to test MAC and Network Protocols and (c) in large-scale configuration, the 
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testbed can be used to evaluate multi-hop UW communication and node movability in the 
aquatic environment. The testbed is fundamentally designed for small and medium level 
UW experiments, although, as mentioned above, it can be used in large scale configuration. 
Currently, point-to-point communication at small-scale configuration is implemented and 
test results are presented in the paper. The testbed can be accessed online for configuration 
and UW experiments.

The Porto University testbed has been designed by Martins et al. [20], under SUNRISE 
project. The main objectives of SUNRISE testbed include UW protocol evaluation such as 
MAC and routing protocols, UW environment monitoring, ecological data collection, UW 
localization, and investigation of control algorithms with UW robots. The testbed include; 
AUVs equipped with UW acoustic modems, UW acoustic localization system, ASVs to 
be used as mobile UW gateways, ROVs for UW inspection, gateways to support UWSNs, 
buoys, sensors and shoreline control station. Neptus software toolchain provides complete 
command and control foundation for all operations. The testbed is compact and versatile 
with the web enabled clients able to control vehicles and resources through IP suit.

A testbed for UW communication and networking is developed by Alves et al. [21] to 
evaluate hardware and software of UW communication systems near to conditions as in 
the real environment. Major blocks of the testbed include (a) the commercial UW acoustic 
modem placed at the seabed, (b) an acoustic system to generate an arbitrary waveform, (c) 
some instruments to collect oceanographic data, and (d) command system to provide an 
interface between other systems and to run experiments. Star topology is used in the test 
setup equipped with Evologics and WHOI Micro-modems using S2C and FSK modula-
tions respectively. Some observations during test include recording of sound speed at vari-
ous time periods. Experimental results show a reduction in the transmitter sensitivity by 
20 dB due to bio-fouling. The testbed facility can be used by the scientists and is remotely 
accessible to the collaborating institutions.

A testbed for UWSN based on ARM9 processor is developed by Kim et al. [22]. The 
authors used and recommended ARM9 processor to be used in UW applications because 
of its high speed, pipelining feature and energy efficiency. The experimental setup is built 
in a laboratory using a small water tank and six waterproof UW nodes, one each gate-
way and sink nodes and four sensor nodes. These are deployed at distances of 30–100 cm 
to measure the temperature and salinity. Data is transmitted from testbed to the PC using 
Code Division Multiple Access  (CDMA) data transmission scheme. Authors highlighted 
several challenges during the experiments including power consumption due to long propa-
gation delays, and packet retransmission due to collision.

The UW network testbed Aqua-Lab designed in [23] is used to investigate UW algo-
rithms and protocols in the actual aquatic environment as well as in lab facilities. It con-
sists of (a) a low-power WHOI Micro-modem, (b) water tank filled with around 2000 liters 
water, (c) hydrophone used to receive acoustic signals, (d) UW speakers to transmit acous-
tic signals in water, (e) sound mixer that can combine various acoustic signals and ecologi-
cal noises to mimic real marine environments, and (f) a server to communicate and control 
the functionality of UW modem. Initial experiences of Aqua-Lab results are encouraging 
with some constraints e.g., SNR that can be adjusted locally because the sound mixer can-
not be accessed by a remote user.



1176	 M. Y. I. Zia et al.

1 3

4 � Platform Architecture

In this section, the implementation of underwater acoustic communication testbed and sim-
ulation platform is presented. The testbed combines the hardware and software techniques 
to implement state-of-the-art virtual instrumentation. This UW acoustic testbed is cost 
effective, easy to setup and use as compared to the available platforms [4]. The two main 
parts of the proposed system include (1) hardware interface, to evaluate the performance 
of UW acoustic communication systems and (2) software components, based on graphical 
user interface for testing the functionality and simulation of existing algorithms.

The details of hardware interface and software components are as under:

4.1 � Hardware Interface

Proposed UW testbed as shown in Fig. 1, consists of a tank that can hold around 400 L of 
water to test the UW communication system. Low-cost UW acoustic modems operating in 
the range of 30.5–32.5 kHz frequency band with FSK modulation are used in this testbed 
as a physical layer [5]. Each modem is equipped with UW transducers TX and RX for 
acoustic transmission and reception in water channel. Temperature and salinity sensors are 
attached with the Modem A to obtain the real-time data in controlled laboratory environ-
ment and transmit acoustically using TX transducer in UW channel. Modem B receives the 

Fig. 1   Proposed UW communication testbed architecture
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data from UW channel using RX transducer and pass it to the LabVIEW server running VI 
for further processing [17]. The LabVIEW server is connected to the local network/Internet 
to share information with clients.

The sensors connected with Modem A measure the temperature and salinity of water. 
Modem A transmits the values using acoustic transducer TX in water channel. The values are 
received by the RX transducer attached with the Modem B which is connected with the Lab-
VIEW server via standard communication port. The LabVIEW server running the VI pro-
cesses the data and presents it for monitoring and storing at local terminal as well as remote 
clients. This data is available on the local network/Internet clients via the web browser.

4.2 � Software Components

The testbed software is designed in LabVIEW which is a graphical programming language 
[17]. LabVIEW has built in functions for controlling instruments using General Purpose 
Interface Bus (GPIB), Universal Serial Bus (USB), Serial, Local Area Network (LAN), 
Inter-integrated Circuit (I2C), Serial Peripheral Interface (SPI) and Joint Test Action Group 
(JTAG) etc., interfaces. The available mathematical, statistical and signal processing func-
tions can be used for data and signal analysis. Acquired data can also be displayed using 
front panel and stored via MS Access and other databases. LabVIEW also provides inter-
face for various Source Code Control applications, data validation systems and other man-
agement tools. Test results can also be generated using MS Office and Hypertext Markup 
Language (HTML) templates and reports. The LabVIEW code can be deployed on target 
computers by creating standalone executables and installers. LabVIEW applications can 
also be controlled and monitored remotely.

LabVIEW applications can be created using three sets of programming objects which 
are tools palette, control palette and indicator, and functions palette. Tools palette is avail-
able on both front panel and diagram window while controls are available on front panel 
and indicator and functions palette are available on diagram window only. The functions 
and controls are connected to each other based on the datatype. There are debugging tools 
available in LabVIEW. The VI Analyzer tool help in improving and fault finding the VI’s. 
Diagram window functions include loops, error handlers and other data structures.

5 � Experimental Results and Discussion

5.1 � Testbed as an Emulator

To demonstrate the functionality of proposed testbed as an emulator, we use two low-
cost UW acoustic modems [5], as has been shown in Fig. 1. The transducers, and tem-
perature and salinity sensors are submerged in an aquatic environment. Modem A col-
lects ecological data using sensors and transmits this data by means of TX transducer 
in water channel. Modem B receives data using RX transducer from the aquatic envi-
ronment and transfers it to the Personal Computer (PC) working as a LabVIEW server. 
Finally, the real-time temperature and salinity values are monitored on a GUI.

Figure  2 shows the front panel indicators displaying instantaneous temperature and 
salinity values running on LabVIEW server. This is also called local monitoring. The tem-
perature range on the scale is − 5 to 35 °C, while the salinity range is between 20 and 40 
PPT. On/off switch is used to start and stop the testing process.
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Figure  3 shows the front panel indicators displaying instantaneous temperature and 
salinity values published by LabVIEW web server and monitored by clients in a web 
browser. The temperature range on the scale is − 5 to 35  °C, while the salinity range is 
between 20 and 40 PPT. A number of clients available on the same network can monitor 
the temperature and salinity values using the web address.

Figure 4 is the LabVIEW front panel which shows the graphs plotted between tempera-
ture (in °C) and salinity (in PPT) vs time (in minutes). The data is collected for a duration of 
60 min interval. The initial value of temperature is recorded as 5 °C, that increases up to 17 °C 
during 60 min. The salinity is recorded from 25 to 29 PPT for the same duration of time.

5.2 � Simulation Platform

The proposed UW acoustic simulation platform is based on a graphical development envi-
ronment LabVIEW [17] commonly used by the scientific community. It is flexible, scalable 
and requires less programming skills as compared to state-of-the-art simulation platforms 
[4]. Researchers can easily design, implement, simulate, test and evaluate the performance 
of UW algorithms. System parameters can be configured in run-time to obtain the desired 
results. The graphical results of simulations can be monitored and controlled locally as 
well as remotely using web services. The proposed simulation platform has been tested to 
evaluate the following UW acoustic algorithms.

Fig. 2   Underwater real-time data (local monitoring)
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Fig. 3   Underwater real-time data (web based monitoring)

Fig. 4   UW temperature and salinity measurements versus time (LabVIEW front panel)
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(a)	 UW Sound Propagation.

To calculate the underwater sound propagation, several mathematical relationships have 
been formulated by real-world experiments as well as in controlled laboratory conditions. 
Mackenzie used following simple nine-term equation to determine the sound speed in UW 
environments with the typical error of 0.07 m/s [24, 25].

where c is speed of sound in m/s, T is temperature in °C in the range of − 2 ≤ T ≤ 30 °C, S 
is salinity in parts per thousand (PPT) in the range of 25 ≤ S ≤ 40, and D is depth in meters 
from 1 ≤ D ≤ 8000 m.

Speed of sound in UW is a function of temperature, salinity and depth. Figure 5 shows 
the relationship between UW speed of sound in m/s and depth in meters. The four graphs 
are plotted for salinity values of 25, 30, 35, and 40 PPT for a temperature of 4 °C that can 
be seen on the thermometer. The temperature value can be adjusted any time before or 
during the simulation within the range of − 5 to 30 °C using the control knob available at 

(1)
c =1448.96 + 4.591T − 5.304 × 10−2T2 + 2.374 × 10−4T3

+ 1.340(S − 35) + 1.630 × 10−2D + 1.675 × 10−7D2

Fig. 5   Underwater sound speed versus depth (LabVIEW front panel)
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bottom of the graph. The simulation allows to hide one or more graphs to improve visibil-
ity and the user may choose suitable values to get desired results.

Figure 6 shows the diagram window of LabVIEW VI. This is implementation of the 
Equation used by Bjørnø  [24]. The VI consists of two for loops. The outer loop is executed 
four times to generate salinity values that are offset by 5 to bring salinity values within the 
range of 25–40 PPT. The inner nested for loop runs 5000 times to generate depth values in 
meter. Each time the loop executes, the depth value is incremented by 1 m. The constant 
temperature value is used as an input inside the inner loop. 

(b)	 UW Ambient Noise.

Ambient noise is an undesirable sound in aquatic environment that causes interference 
during acoustic communication. To model the ambient noise in UW environment we use 
Eqs. 2a–2e in the frequency range from few Hz to several kHz [25, 26].

where Nt is the noise due to turbulence and is less than 10 Hz. Ns represents the noise gen-
erated by shipping activity. The range of shipping factor is from 0 to 1, i.e., 0 for no ship-
ping, 0.5 as moderate shipping, and 1.0 as high shipping activity from 10 to 100 Hz. Waves 
play a major role to the noise in the wide region of 100 Hz–100 kHz. Finally, thermal noise 
is beyond 100 kHz. The overall effect is presented in Eq. 2e.

The relationship between UW ambient noises in dB vs frequencies in kHz is shown in 
Fig. 7. The four graphs show the behavior of turbulence, waves, shipping and thermal noise 

(2a)10 logNt(f ) = 17 − 30 log f

(2b)10 logNs(f ) = 40 + 20(s − 0.5) + 26 log f − 60log(f + 0.03)

(2c)10 logNw(f ) = 50 + 7.5w0.5 + 20logf − 40 log (f + 0.4)

(2d)10 logNth(f ) = −15 + 20 log f

(2e)N(f ) = Nt(f ) + Ns(f ) + Nw(f ) + Nth(f )

Fig. 6   Underwater sound speed versus depth (LabVIEW block diagram)
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as a function of frequency. The total ambient noise shown in the Fig. 7 is obtained by add-
ing all the four types of noise. For simulation, the frequency range can be selected from the 
control using LabVIEW. The shipping factor can also be set between 0 and 1. Similarly, the 
wind speed can be set in the range of 0–50 m/s.

Figure 8 represents the diagram window designed in LabVIEW. This is basically the imple-
mentation of the four noise Eqs. 2a–2d and their combined effect 2e, mentioned above. The 
code is inside a “for loop” which generates the frequency values selected by the knob. The loop 
is incremented by 1 kHz within the range of 50–1000 kHz. The four noise values are plotted 
individually as a function of frequency. All the four noise values are also combined to plot the 
fifth graph which is the ambient noise in dB. The number of times the for loop is executed is 
based on the frequency knob setting. While generating the Waves noise the value of the Wind 
speed is taken into account and similarly shipping factor value is used for shipping noise. The 
values of Frequency, Wind speed and Shipping factor can be set before or during the simulation. 

(c)	 UW Sound Attenuation.

The attenuation in underwater acoustic channel is a function of distance l for a signal 
of frequency f and is given by Eq. 3a. The first term is spreading loss and second term is 
absorption loss.

Fig. 7   Underwater ambient noise versus frequency (LabVIEW front panel)
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where the spreading factor k depicts the propagation geometry. For spherical spreading, the 
value of k = 1, for cylindrical spreading k = 2, while k = 1.5 for practical spreading [25, 27].

The absorption coefficient �(f ) can be calculated by Thorp’s formula given below.

The UW sound attenuation based on spreading loss and absorption loss is illustrated in 
Fig. 9 using Eqs. 3a, and 3b. The total attenuation in dB/km is plotted against a frequency 
range of 0–1000 kHz and is shown using red color, while the individual losses i.e., spread-
ing loss and absorption loss are shown by green and dotted blue colors respectively. The 
transmission range can be controlled from 0 to 10 km, while the spreading coefficient k can 
be adjusted in the range of 1–2.

The diagram window of UW sound attenuation designed in LabVIEW is shown 
in Fig.  10. This is the implementation of Eqs.  3a and 3b using for loop running in the 
frequency range of 0–1000 kHz, with the increment of 1 kHz. The individual values of 
spreading loss, absorption loss and their combined effect is calculated inside the loop. The 
array function outside the loop is used to display all values on the same graph. Transmis-
sion range in km and spreading coefficient k in the range of 0–2 can be adjusted before or 
during the simulation to get the desired graph.

5.3 � Web Interface Platform

LabVIEW is used as the platform to implement web interface. Web publishing tool enables 
the LabVIEW VI’s to be controlled and monitored using a webpage. The remote client can 
change parameters to generate required results. Multiple clients can monitor the simula-
tion at the same time. If control is required then a client can request control of the VI to 
change parameters. To monitor or control data, the client first establishes a connection with 

(3a)10 logA(l, f ) = k.10 log l + l.10 log a(f )

(3b)10 log �(f ) = 0.11
f 2

1 + f 2
+ 44

f 2

4100 + f
+ 2.75 × 10−4f 2 + 0.003

Fig. 8   Underwater ambient noise versus frequency (LabVIEW block diagram)
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Fig. 9   Underwater sound attenuation versus frequency (LabVIEW front panel)

Fig. 10   Underwater sound attenuation versus frequency (LabVIEW block diagram)
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the web server through webpage. In monitor mode, the webpage is refreshed automatically 
when the VI is updated. The LabVIEW web server generates a URL for the VI to control or 
monitor remotely. An example of a LabVIEW web server generated URL is given below.

Remote user can access the VI through webpage by either using the server name or 
IP address. Depending on the requirement, a secure connection (https) can be established 
instead of normal (http) protocol. Server name or IP address is followed by a unique 
port number which is used by LabVIEW web server. Port number can be changed if it is 
engaged by another application. Different port number can also be used if the port is not 
available or busy with another application.

(a)	 Web Based Monitoring of UW Sound Speed.

(4)http://{IP_address or name} ∶ {port number}∕{VI_name.html}

Fig. 11   Underwater sound speed versus depth (Web based monitoring)
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Web based monitoring of UW sound speed simulation is shown in Fig.  11. The four 
graphs are plotted for salinity values of 25, 30, 35, and 40 PPT for the temperature 4 °C to 
obtain sound speed in m/s versus depth in meters. The temperature value can be adjusted 
any time before or during the simulation within the range of − 5 to 30 °C using the control 
knob available at bottom of the graph. The temperature can be varied from LabVIEW server 
and the response can be observed on clients accessing the VI in their browser using URL:

(b)	 Web Based Controlling of Ambient Noise.

Web based controlling of UW ambient noise simulation in client browser is shown in 
Fig. 12. The four graphs show the relationship between Turbulence, Waves, Shipping and 

(5)http://192.168.1.7 ∶ 8000∕simulation.html.

Fig. 12   Underwater ambient noise versus frequency (Web based controlling)
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Thermal noise responses in dB vs frequencies in kHz. The total ambient noise graph com-
bines the effect of each factor and displays on the same graph. A remote client can change 
the frequency range, wind speed from 0 to 50 m/s and shipping factor in the range of 0–1 in 
real-time to obtain desired results. The parameters can be adjusted by the client and the VI 
can be observed and controlled by the client in its browser using URL.

5.4 � Discussion

A qualitative comparison of proposed design and state-of-the-art UW communication test-
beds is presented in Table 1. From the scalability point of view, the testbeds are divided 
into three groups and arranged according to the testing environment and scalability. The 
first group includes two large-scale testbeds, i.e., SUNRISE project [20] and SUNSET 
framework [7]. Both are deployed and evaluated in a real aquatic environment, however, 
they can also be used in laboratory testing and have simulation facilities. The second 
medium-scale group comprises of three UW communication testbeds i.e., cross-media net-
work [9], ecological monitoring [18] and UW communication and networking [21]. These 
are also tested in real aquatic environment i.e., a Lake and harbor, but as compared to the 
above two they have limited features. The third group of four testbeds DESERT [8], UW-
ASN [22], Aqua-Lab [23], and WaterCom [19] are listed along with the proposed testbed, 
classified as small-scale. Details of the testing environment i.e., real-aquatic environment 
or laboratory testing and simulation facilities of each group are described below. Table 1, 
also provides information related to commercial and research UW modems used as part of 
these testbeds. Finally, the remote accessibility feature of the testbeds for monitoring and 
controlling is also compared.

The first group consists of two testbeds, SUNRISE project [20] and SUNSET framework 
[7] used in large-scale scenarios. Both testbeds are deployed in a real-aquatic environment 
to collect ecological data, and testing of UW networking protocols such as MAC, rout-
ing, and cross-layer protocols etc. The testbed hardware supports commercial modems e.g., 
Evologics using S2C modulation, and research modem such as Micro-modem with FSK 
and PSK modulations for UW acoustic communication. The SUNSET framework also sup-
ports other commercial modems e.g., Kongsberg and Teledyne Benthos. Laboratory testing 
in a controlled environment i.e., emulation and simulation of UW acoustic channel model 
and other empirical formulae are the common features of SUNRISE project, SUNSET 
framework and the proposed testbed. The performance of proposed testbed has been suc-
cessfully evaluated during environmental data collection e.g. temperature and salinity as 
an emulator in a laboratory environment using two low-cost UW acoustic modems [5]. We 
used inexpensive modems that we designed ourselves but other types of modems can also 
be interfaced with the proposed testbed via standard communication ports. SUNRISE pro-
ject [20] and SUNSET framework [7] provide a number of features and consists of AUVs, 
ASVs, ROVs, Buoys, sensor, commercial and research modems and coastal control station, 
almost a complete solution, available in huge cost. In contrast, our proposed solution which 
is a subset of above-mentioned facilities is an inexpensive and reliable tool for the research 
community. Our design is based on LabVIEW which can be used to test UWSNs com-
ponents, communication systems and UW acoustic modems in a laboratory environment. 
However, it can be used in real environment with suitable modifications. Simulation of UW 

(6)http://lenovo.home:8000/simulation.html.
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empirical formulae and remote accessibility for monitoring and controlling are common 
features of above-mentioned testbeds and our proposed design.

The second medium-scale group has three testbeds. i.e., cross-media network [9], eco-
logical monitoring [18] and UW communication and networking [21]. The UW acoustic 
network testbed [9] is used to evaluate cross-media networking and to examine UW net-
working protocols ALOHA and MACA using DSSS UW acoustic modem. The testbed in 
[18] collects ecological data such as temperature, salinity, and electrical conductivity using 
sensors. An OFDM acoustic modem is used for UW communication. Remote access fea-
ture is used to present online results. The UW communication and networking testbed [21] 
is used to evaluate the hardware and software of UW communication systems in conditions 
similar to a real aquatic environment. Evologics modem using S2C modulation and an FSK 
version of Micro-modem are used in the testbed for UW communication. It has a simula-
tion facility and can be accessed remotely for monitoring and controlling from the collabo-
rating institutions. Performance of the first two testbeds has been evaluated in a Lake, while 
the third one has been tested in a harbor. Compared with these testbeds, the performance of 
proposed testbed has been examined by obtaining UW ecological parameters i.e., tempera-
ture and salinity using two low-cost UW acoustic modems [5] in a controlled laboratory 
environment. The aforesaid testbeds have been used in field testing and no details are avail-
able in the research work to use them in a controlled laboratory environment. The proposed 
testbed has a feature of simulation of UW algorithms and empirical formulae which is not 
available in these medium scale testbeds excluding the UW communication and network-
ing [21]. Another additional feature of our design is its remote accessibility that enables 
several clients to monitor and selected clients to control the emulation and simulation in 
real-time. Only the UW communication and networking testbed has similar features [21]. 
However, the testbed used for ecological monitoring [18] offers clients to monitor the work 
and in cross-media network [9] remote accessibility is unavailable.

Finally, the third group of four UW testbeds DESERT [8], UW-ASN [22], Aqua-Lab 
[23] and WaterCom [19] are classified as small-scale scenarios. The common feature in 
all designs is the testing procedure using a small water tank inside a laboratory. Among 
the four testbeds, DESERT [8] uses Evologics and Micro-modem for UW communica-
tion, while our testbed uses low-cost UW acoustic modem [5] to obtain the UW ecological 
data. Another common feature of DESERT and proposed testbed is the simulation of UW 
algorithms. However, the additional feature of remote accessibility during monitoring and 
controlling as an emulator and a simulator makes our design superior to DESERT. Another 
design UW-ASN [22] uses ARM9 processor-based sensor nodes to deploy UWSN testbed 
in water tank along with temperature and salinity sensors. Our testbed setup and testing 
procedures are similar to UW-ASN except for the number of nodes, which are more in 
UW-ASN, while we use two low-cost UW acoustic modems [5]. Our design is superior 
due to two features namely, simulation and remote accessibility. None of these is present in 
UW-ASN architecture. In the end, Aqua-Lab [23] uses Micro-modem and WaterCom [19] 
uses AquaSeNT OFDM modem for UW communication. Similar to our case, the perfor-
mance of both testbeds has been evaluated in a laboratory environment using a water tank. 
WaterCom is designed to operate at different levels, but preliminary results are provided 
using a small-scale configuration. Again our proposed UW acoustic communication test-
bed offers an edge over the two designs due to the simulation facility which is not available 
in these testbeds. WaterCom offers the remote accessibility similar to our design for both 
monitoring and controlling but this is restricted in case of Aqua-Lab in which only moni-
toring is allowed and no control is available. In addition, development of software-defined 
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networking (SDN) based experimental testbed [27] and simulation software [28] are at 
their preliminary stages for evaluating the performance of UWSN.

6 � Conclusion and Future Work

An underwater acoustic communication testbed is designed. The implementation 
includes both the simulation and emulation options. An important feature include 
remote connectivity for the user to run various tests as required. The simulation option 
is useful in evaluating the system performance and its limitation, while emulation pro-
vides real hardware-software test facility in a controlled laboratory environment. As 
compared to the state-of-the-art underwater acoustic communication testbeds that are 
usually implemented using high level programming languages, the proposed solution 
uses GUI designed in LabVIEW. The main features include less development time, low 
cost and remote monitoring facility. This design can be easily modified and reused to 
test various types of UW communication systems and algorithms. The remote users can 
monitor and evaluate the performance of the low-cost UW acoustic modems in real-time 
using the LabVIEW server based testbed. The platform is used to analyze various UW 
algorithms. The real-time data and results can be published locally as well as remotely 
using web browser. The simulation parameters can also be adjusted both locally as well 
as remotely by authorized users for a given period of time.

In this work, we implemented the testbed as a small-scale configuration. In future, 
we would like to extend its capacity to evaluate different types of UWSN components, 
UW acoustic communication systems and UW modems. We would like to include more 
libraries of UW algorithms for simulation.

Acknowledgements  This work has been supported by the University of Malaga (Universidad de Málaga), 
Malaga, Spain.

References

	 1.	 Felemban, E., Shaikh, F. K., Qureshi, U. M., Sheikh, A. A., & Qaisar, S. B. (2015). Underwater 
sensor network applications: A comprehensive survey. International Journal of Distributed Sensor 
Networks, 11(11), 896832. https​://doi.org/10.1155/2015/89683​2.

	 2.	 Bansal, R., Maheshwari, S., & Awwal, P. (2018). Challenges and issues in implementation of 
underwater wireless sensor networks. In Optical and wireless technologies (pp. 507–514). Springer.

	 3.	 Poncela, J., Aguayo, M., & Otero, P. (2012). Wireless underwater communications. Wireless Per-
sonal Communications, 64(3), 547–560. https​://doi.org/10.1007/s1127​7-012-0600-z.

	 4.	 Luo, H., Wu, K., Ruby, R., Hong, F., Guo, Z., & Ni, L. M. (2017). Simulation and experimentation 
platforms for underwater acoustic sensor networks: Advancements and challenges. ACM Comput-
ing Surveys (CSUR), 50(2), 28. https​://doi.org/10.1145/30409​90.

	 5.	 Zia, M. Y. I., Otero, P., & Poncela, J. (2018). Design of a low-cost modem for short-range under-
water acoustic communications. Wireless Personal Communications, 101(1), 375–390. https​://doi.
org/10.1007/s1127​7-018-5694-5.

	 6.	 Das, A. P., & Thampi, S. M. (2016). Simulation tools for underwater sensor networks: A survey. 
Network Protocols and Algorithms. https​://doi.org/10.5296/npa.v8i4.10471​.

	 7.	 Petrioli, C., Petroccia, R., Potter, J. R., & Spaccini, D. (2015). The SUNSET framework for simula-
tion, emulation and at-sea testing of underwater wireless sensor networks. Ad Hoc Networks, 34, 
224–238. https​://doi.org/10.1016/j.adhoc​.2014.08.012.

https://doi.org/10.1155/2015/896832
https://doi.org/10.1007/s11277-012-0600-z
https://doi.org/10.1145/3040990
https://doi.org/10.1007/s11277-018-5694-5
https://doi.org/10.1007/s11277-018-5694-5
https://doi.org/10.5296/npa.v8i4.10471
https://doi.org/10.1016/j.adhoc.2014.08.012


1191Design of a Web Based Underwater Acoustic Communication Testbed…

1 3

	 8.	 Masiero, R., Azad, S., Favaro, F., Petrani, M., Toso, G., Guerra, F., et  al. (2012). DESERT 
underwater: An NS-miracle-based framework to design, simulate, emulate and realize test-beds 
for underwater network protocols. In 2012 Oceans-Yeosu, 2012 (pp. 1–10). IEEE. https​://doi.
org/10.1109/ocean​s-yeosu​.2012.62635​24.

	 9.	 Zheng, S., Wang, X., Jiang, W., & Tong, F. (2017). Lake trial of an underwater acoustic cross-
media network testbed. In 2017 IEEE international conference on signal processing, communica-
tions and computing (ICSPCC), 2017 (pp. 1–4). IEEE. https​://doi.org/10.1109/icspc​c.2017.82426​
13.

	10.	 Raj, C., & Sukumaran, R. (2015). Modeling UWSN simulators—A taxonomy. World Academy of 
Science, Engineering and Technology International Journal of Computer, Electrical, Automation, 
Control and Information Engineering, 9(2), 585–592.

	11.	 LinkQuest: SoundLink underwater acoustic modems. Retrieved September, 2019, from http://www.
link-quest​.com.

	12.	 Teledynemarine: Teledyne Benthos ATM-9xx underwater acoustic modems. Retrieved September, 
2019, from, http://www.teled​ynema​rine.com.

	13.	 EvoLogics: S2C underwater acoustic modems. Retrieved September, 2019, from, https​://www.
evolo​gics.de/.

	14.	 Cario, G., Casavola, A., Lupia, M., & Rosace, C. (2015). SeaModem: A low-cost underwater acous-
tic modem for shallow water communication. In OCEANS 2015-Genova, 2015 (pp. 1–6): IEEE. 
https​://doi.org/10.1109/ocean​s-genov​a.2015.72717​21.

	15.	 WHOI Micromodem. Retrieved September, 2019, from, https​://acomm​s.whoi.edu/micro​-modem​/.
	16.	 Sendra, S., Lloret, J., Jimenez, J. M., & Parra, L. (2015). Underwater acoustic modems. IEEE Sen-

sors Journal, 16(11), 4063–4071. https​://doi.org/10.1109/JSEN.2015.24348​90.
	17.	 LabVIEW. Retrieved September, 2019, from, http://www.ni.com/downl​oad/labvi​ew-devel​opmen​

t-syste​m-2018/7406/en/.
	18.	 Du, X., Liu, X., & Su, Y. (2016). Underwater acoustic networks testbed for ecological monitoring 

of Qinghai Lake. In OCEANS 2016-Shanghai, 2016 (pp. 1–4): IEEE. https​://doi.org/10.1109/ocean​
sap.2016.74855​70.

	19.	 Goldrick, C. M., Matney, M., Segura, E., Noh, Y., & Gerla, M. (2015). Watercom: A multilevel, 
multipurpose underwater communications test platform. In Proceedings of the 10th international 
conference on underwater networks & systems, 2015 (p. 14). ACM. https​://doi.org/10.1145/28312​
96.28313​36.

	20.	 Martins, R., de Sousa, J. B., Caldas, R., Petrioli, C., & Potter, J. (2014). SUNRISE project: Porto 
university testbed. In 2014 underwater communications and networking (UComms), 2014 (pp. 
1–5): IEEE. https​://doi.org/10.1109/ucomm​s.2014.70171​43.

	21.	 Alves, J., Potter, J., Zappa, G., Guerrini, P., & Been, R. (2012). A testbed for collaborative develop-
ment of underwater communications and networking. In MILCOM 2012-2012 IEEE military com-
munications conference, 2012 (pp. 1–8). IEEE. https​://doi.org/10.1109/milco​m.2012.64156​91.

	22.	 Kim, Y.-P., Namgung, J.-I., Yun, N.-Y., Cho, H.-J., Khan, I. A., & Park, S.-H. (2010). Design and 
implementation of the test-bed for underwater acoustic sensor network based on arm9 processor. 
In 2010 IEEE/IFIP international conference on embedded and ubiquitous computing, 2010 (pp. 
302–306). IEEE. https​://doi.org/10.1109/euc.2010.49.

	23.	 Peng, Z., Cui, J.-H., Wang, B., Ball, K., & Freitag, L. (2007). An underwater network testbed: 
Design, implementation and measurement. In Proceedings of the second workshop on underwater 
networks, 2007 (pp. 65–72). ACM. https​://doi.org/10.1145/12878​12.12878​26.

	24.	 Bjørnø, L. (2017). Applied underwater acoustics. Amsterdam: Elsevier.
	25.	 Harris III, A. F., & Zorzi, M. (2007). Modeling the underwater acoustic channel in ns2. In Proceed-

ings of the 2nd international conference on performance evaluation methodologies and tools, 2007 
(p. 18). ICST (Institute for Computer Sciences, Social-Informatics and and Telecommunications 
Engineering). https​://doi.org/10.4108/nstoo​ls.2007.2024.

	26.	 Coates, R. F. (1990). Underwater acoustic systems. New York: Macmillan International Higher 
Education.

	27.	 Luo, H., Liu, C., & Liang, Y. (2019). A SDN-based testbed for underwater sensor networks. http://
doi.org/10.1145/33214​08.33214​10.

	28.	 Wei, L., Tang, Y., Cao, Y., Wang, Z., & Gerla, M. (2017). Exploring simulation of software-defined 
underwater wireless networks. In Proceedings of the international conference on underwater net-
works & systems, 2017 (pp. 21). ACM. https​://doi.org/10.1145/31486​75.31487​20.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1109/oceans-yeosu.2012.6263524
https://doi.org/10.1109/oceans-yeosu.2012.6263524
https://doi.org/10.1109/icspcc.2017.8242613
https://doi.org/10.1109/icspcc.2017.8242613
http://www.link-quest.com
http://www.link-quest.com
http://www.teledynemarine.com
https://www.evologics.de/
https://www.evologics.de/
https://doi.org/10.1109/oceans-genova.2015.7271721
https://acomms.whoi.edu/micro-modem/
https://doi.org/10.1109/JSEN.2015.2434890
http://www.ni.com/download/labview-development-system-2018/7406/en/
http://www.ni.com/download/labview-development-system-2018/7406/en/
https://doi.org/10.1109/oceansap.2016.7485570
https://doi.org/10.1109/oceansap.2016.7485570
https://doi.org/10.1145/2831296.2831336
https://doi.org/10.1145/2831296.2831336
https://doi.org/10.1109/ucomms.2014.7017143
https://doi.org/10.1109/milcom.2012.6415691
https://doi.org/10.1109/euc.2010.49
https://doi.org/10.1145/1287812.1287826
https://doi.org/10.4108/nstools.2007.2024
http://doi.org/10.1145/3321408.3321410
http://doi.org/10.1145/3321408.3321410
https://doi.org/10.1145/3148675.3148720


1192	 M. Y. I. Zia et al.

1 3

Muhammad Yousuf Irfan Zia  received the bachelor degree in Elec-
tronic Engineering from the Sir Syed University of Engineering and 
Technology, Karachi, Pakistan in 1999 and Master degree in Computer 
Systems Engineering from the N.E.D. University of Engineering and 
Technology, Karachi, Pakistan in 2002. He worked as an R&D engi-
neer at Advance Electronics International for 2 years. He served as a 
faculty member at Sir Syed University of Engineering and Technology 
and National University of Computer and Emerging Sciences for 
10 years. He joined Umm Al-Qura University, Saudi Arabia as a fac-
ulty member in 2011. Currently, he is enrolled as a Ph.D. student at the 
University of Malaga, Spain. His research interests include the embed-
ded system and underwater acoustic communication systems.

Pablo Otero (S’84–M’93)  received the M.Sc. degree in Telecommuni-
cations Engineering from the Polytechnic University of Madrid, Spain, 
in 1983, and the Ph.D. degree from the Swiss Federal Institute of 
Technology (EPFL), Lausanne, Switzerland, in 1998. From 1983 to 
1993, he was with the Spanish companies Standard Eléctrica, E. N. 
Bazán, and Telefónica, where he was involved with communications 
and radar systems. In 1993, he joined the University of Seville, Spain, 
where he was a Lecturer for 2 years. In 1996, he joined the Laboratory 
of Electromagnetism and Acoustics, EPFL, where he was a Research 
Associate, working under a Spanish Government grant. In 1998, he 
joined the University of Málaga, Spain, where he is currently an Asso-
ciate Professor. His research interests include communications and 
wireless systems in oceanic engineering.

Atif Siddiqui  received the bachelor degree in Electronic Engineering 
in 1998, and Master degree in Telecommunications Engineering in 
2001, both from the Sir Syed University of Engineering and Technol-
ogy, Karachi Pakistan. He brings an extensive experience of more than 
20  years working with global CEM, OEM, Aerospace and Defense 
companies with expertise in designing and implementing Automated 
Test Equipment using LabVIEW leading to cost reduction and 
resource optimization. He has a track record of training and developing 
skilled teams in the field of Electronics, Automation and Telecommu-
nication. He has been actively involved in process improvement to 
reduce waste and increase yield. He focus on continuous improvement, 
increasing test quality, coverage, capacity and yield through lean tech-
niques. His research interest include communication systems.



1193Design of a Web Based Underwater Acoustic Communication Testbed…

1 3

Javier Poncela  received the M.Sc. degree in Telecommunications 
Engineering from the Polytechnic University of Madrid, Spain, in 
1994 and the Ph.D. degree from the University of Málaga, Spain, in 
2009. He worked in Alcatel Spacio before joining the University of 
Málaga in 1997, where he is currently an Associate Professor. He has 
actively collaborated with multinational companies (Nokia, AT4wire-
less) on formal modeling and system testing in Bluetooth, UMTS and 
satellite systems. He is the Head of several Mobility Programs between 
the University of Málaga and Universities in Pakistan, France, and 
Denmark. His current research interests include methodologies for effi-
cient development of complex communications systems, analysis of 
end-to-end QoS over heterogeneous networks and systems and models 
for the evaluation of QoE.


	Design of a Web Based Underwater Acoustic Communication Testbed and Simulation Platform
	Abstract
	1 Introduction
	2 Background
	3 State-of-the-Art Underwater Communication Testbeds
	4 Platform Architecture
	4.1 Hardware Interface
	4.2 Software Components

	5 Experimental Results and Discussion
	5.1 Testbed as an Emulator
	5.2 Simulation Platform
	5.3 Web Interface Platform
	5.4 Discussion

	6 Conclusion and Future Work
	Acknowledgements 
	References




