
Available online at www.sciencedirect.com

Procedia Engineering  00 (2009) 000–000 

Procedia 
Engineering 

www.elsevier.com/locate/procedia

 

8
th

 Conference of the International Sports Engineering Association (ISEA) 

Mobile sensor communications in aquatic environments for sporting 

applications 

Daniel A. James
a,b

*, Amir Galehar
a,c

, David V. Thiel
a,b

  

aCentre for Wireless Monitoring and Applications, Griffith University, Brisbane 4111 Australia 
bCentre of Excellence for Applied Sport Science Research, Queensland Academy of Sport, Brisbane 4111 Australia 

cSchool of Electrical and Computer Engineering, RMIT University, Melbourne 3001, Australia 

Received 31 January 2010; revised 7 March 2010; accepted 21 March 2010 

Abstract 

The use of mobile sensor platforms to monitor an athlete’s performance is well reported. Using wireless technology its now 

possible to broadcast, store and analyse this data in near real time. The athletic environment is considered electrically harsh and 

for aquatic sports there are considerable challenges for the wireless transmission of athlete data. This paper outlines some of the 

recent developments in radio based technologies. Power consumption, antenna design, frequency selection, communications 

protocols, product selection and human comfort, together with some examples are reported. A range of licence free frequencies 

were investigated in the air/water interface and the antennas characterised. 
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1. Introduction 

Athletic and clinical testing for human performance analysis and enhancement has tradition-ally been performed in 

the laboratory where the required instrumentation is available and environmental conditions can be easily controlled. 

In this environment, the dynamic characteristics of athletes are assessed using treadmills, rowing and cycling 

machines and even flumes for swimmers. In general these machines allow for the monitoring of athletes using 

instrumentation that cannot be used in open training environments but instead requires the athlete to remain quasi 

stationary thus enabling a constant field of view for optical devices and relatively constant proximity for tethered 

electronic sensors, breath gas analysis etc. By taking advantage of the advancements in microelectronics it is 

possible to build instrumentation that is small enough to be unobtrusive for sporting applications [1]. A key 

challenge is to be able to access that data in real time. The development of wireless communications for all athlete 

environments is a vital component of this monitoring strategy. 

1.1. Sensor Systems 

Physiological and other sensors usually require some form of communications interface to facilitate their intended 

function. The nature of this interface varies widely depending on the type of sensor as well as its intended 

application. Utilization of a sensor platform greatly simplifies the process of measuring an event and turning it into 

some-thing useful by providing, support for the sensor, basic signal conditioning, storage, data transmission and 

application specific processing of the data. In the case of sporting applications this modular approach allows rapid 

system customisation and modification. Thus technical expertise, understanding and expectations of sport scientists 

can be accommodated. For example accelerometers when used in such a system have enabled the recording of 

athlete activity and the storage and/or transmission of data. 

This type of platform is used widely in our research group for swimming assessment [2]. The device supports the 

acquisition and processing of tri-axial accelerometers using data acquisition rates of up to 250 samples per second 

per channel. Timeliness of feedback is an important consideration and real-time feedback is preferred for many 

applications. This is a particular challenge for the aquatic environment and the focus of this work. 

Real time feedback has great value in both the coaching and training environment and has been greatly facilitated by 

the advent of low cost wireless technologies. Wireless technologies have advanced considerably in recent years 

giving rise to many communications protocols that target different balances between throughput, power 

consumption and complexity. Many of these protocols are open standard whilst other proprietary standards are 

vying for market share with competing manufacturers. 

2. Wireless Communications 

Wireless technologies allow communication between sensor nodes and host systems, which can not easily be 

networked via traditional wired means. A wireless network of sensor nodes can potentially be deployed quickly and 

easily, allowing near real time feedback of collected data. A wireless network appropriate for sensing applications 

must be able to handle the required data throughput, support the required number of nodes and use a minimum 

amount of power to conserve battery life. Wireless sensor networks that are deployed on mobile objects must cope 

with temporary data dropouts and must reconfigure the network when appropriate. 

Wireless sensor networks can have a number of configurations and are either designed to directly send data back to 

a fixed receiving node (single hop networks) or can adopt a mesh networking style topology where the data is routed 

back to a fixed receiving node via multiple mobile sensor nodes (multi-hop network). Single hop wireless sensor 

networks are typically easier to set up and maintain, however they limit the range of the wireless sensor network to a 

single radio link. Multi-hop networks have the provision for a greater number of sensor nodes and allow greater 

sensing distances to be achieved, but are much more complicated to implement. Routing nodes in a multi-hop 

network can find a new path if an individual node drops out. Configuration, such as limiting the number of routing 

nodes, multiple redundancies and reducing network overheads such as re-configuration time are important 

considerations. 

There are essentially two approaches to implementing a wireless network. Utilising an off the shelf wireless protocol 

solution or the custom design a wireless protocol for the specific application. Existing protocols reduce the 

3018 D.A. James et al. / Procedia Engineering 2 (2010) 3017–3022



 D.A. James et al. / Procedia Engineering 00 (2010) 000–000 3 

development time of a wireless sensor network considerably and more time can be dedicated to analysis of the 

retrieved data, however a custom design can create a more specific and hence better overall solution. Given project 

lifespan for many research endeavors it is likely that any chosen technology will be updated and out of date or 

obsolete by the time any working network is complete. This is an important consideration when choosing between a 

stable technology from a well known manufacturer or developing cutting edge technology from a small start-up 

company. A new protocol must be upgraded regularly whereas existing protocol will be developed by the 

manufacturer. 

Existing wireless protocols can again be divided into two different categories; global standards ratified by a 

standards body and proprietary wireless networks implemented by a single company. The risk of using proprietary 

radio standards to implement a wireless sensor network solution is that support and supply of radios can be limited if 

only one company produces them. The ratified standards are passed by members from many companies which 

ensure that the specification is robust and usually ensures that many vendor options are available. 

2.1.1. Regulatory Requirements 

Communications in wireless sensor networks typically operate in one of a number of unlicensed communications 

bands such as the Industrial, Scientific and Medical (ISM) bands. Some example frequencies are 433MHz, 900MHz, 

1.8GHz and 2.4GHz. Communications in these frequency bands must conform to strict transmit power and 

bandwidth guidelines that are regulated by each country’s government regulatory bodies. Communication 

restrictions in the unlicensed bands vary from country to country. Before a wireless network is set up it is necessary 

to investigate the relevant national communication regulations. 

For example changing the antenna on a wireless module can cause a legal wireless network to breach the power 

regulations set for the unlicensed band. Communications in the unlicensed band are governed by the ACMA 

(Australian Communications and Media Authority) in Australia [3], the FCC (Federal Communications 

Commission) in the USA [4] and the ARIB (Association of Radio Industries and Businesses) in Japan [5]. Because 

of the emerging popularity of RF devices many of these regulations are under revision.  

Once the range requirements and transmission power are determined, a suitable power source must be selected.  

This power source must be small enough for the desired application and must be able to provide the required power 

for the desired period of operation. The period of operation can also be greatly increased by selecting a wireless 

network technology that utilises low power modes of operation.  The majority of power in a wireless sensor network 

is used by the radio transceivers. Putting these in a low power state or even shutting them down for period of time 

greatly increases the sensing time of the wireless node. 

Synchronisation of data between wireless sensor nodes is critical to get an accurate analysis of a wireless sensing 

environment. Time stamping of the sensed data ensures that once the data is collected and collated the various 

sensor nodes data is synchronised. Packet time stamping may already be implemented depending on which wireless 

technology was chosen to implement. In some cases a real time clock can be added to the wireless sensing platform 

and the time value can be added to the wireless sensing data when transmitted over the wireless sensor network. In 

this scenario it is critical that clock synchronisation packets be transmitted periodically to ensure synchronisation 

between clocks on each wireless sensing node. 

3. Experimental 

The aim of this project was to design a real time sensor for monitoring swimming athletes. There are two main 

communication links required: the first is between the sensors positioned on different parts of an athlete (such as 

wrist, sacrum, head, lower leg) with a maximum transmission distance of 2.5m, the second link is a communication 

link between a transponder on the athlete to a receiver connected to a computer on the edge of the pool 

(approximately 10m). The 3 main frequency bands that were investigated were the ISM bands 433MHz, 900MHz 

and 2.4GHz. The aim was to study the effects of environment on these frequencies and find the most suitable band. 

In order to achieve reliable radio communication below the water and near the surface, it is important to consider 

how this environment will alter the properties of the antenna. Several experiments were carried out on a monopole 

PCB track antenna, in order to characterise these effects.  

The effect of environment on printed antenna can be divided in to two main groups:  
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• Near-Field effect: the input impedance of the antenna is changed significantly which causes miss match, 

frequency shift and poor transmission.  

• Far-Field effect: the radiation pattern is distorted, depolarized and there is propagation loss. 

3.1.1. Near Field Effects 

There is maximum radiated power when the output impedance of the generator is matched to the antenna 

impedance. The antenna impedance is strongly influenced by the near field environment. Commonly, an antenna is 

designed to be self-resonant at the frequency of operation. If the resonant frequency of the antenna changes with the 

environment, the radiation power decreases substantially. Consider a half wave dipole antenna with a perfect 

impedance match in free space. When the antenna is positioned over fresh water (σ = 0.001 S/m εr=80), the resonant 

frequency of the dipole is affected.  

The input impedance of the antenna responds to the presence of objects in the near and intermediate field. The 

near field is defined as the area close to the antenna where kr < 1 where the k is a wave number (= 2π/λ) and r is the 

distance from any part of the antenna structure. The near field region of the antenna increases with the reduction of 

frequency. If one can keep the water some distance from the near field, then the antenna will have an input 

impedance independent of the location of the water.  

The input impedance of an antenna was measured while it was moved from air above the pool to various depths 

beneath the surface of the water. The antenna was placed in a waterproof, flexible plastic bag to prevent short 

circuiting. The antenna used for this experiment was a ¼ wavelength monopole with 1/8 wavelength ground printed 

PCB (see figure 1). The same size was applied to all three antennas operating at different frequencies. The antenna 

resonances were slightly lower frequencies than that required the required band, but the physical dimensions were 

scaled appropriately.  

  

Figure 1: (a) Printed PCB antenna used in these experiments. (b) Expanded polystyrene foam encapsulation. The two foam halves keep the water 

at a fixed distance away from the PCB antenna. 

A 1m semi-rigid, low-loss cables with 5 ferrite beads were used to feed the antennas at their centre point (the 

base of the monopole). The ferrite beads reduce the surface currently on the cable and so reduce the effect of the 

connection cabled. The first experiment at each frequency was to place the antenna in direct contact with the water 

but a plastic bag to prevent a short circuit. The second series of tests was undertaken with an air gap between both 

sides of the antenna and the water. The purpose of this experiment was to evaluate the antenna performance 

underwater when surrounded with a 1cm air cavity. The “air gap” was created using polystyrene foam cases (which 

give a good analogy to air) split into two halves for assembly (see fig 1(b)). The polystyrene foam cases were larger 

than the antenna PCB by the same amount in each dimension, and the PCB was located in the centre of each case. 

This gives 10mm clearance above and below the PCB as well as around all of the edges.  

The reflection coefficient (S11) was measured as a function of frequency for each of the three frequency bands. 

The resonant frequency is that point where the S11 value is a minimum. The S11 resonant frequency results are 

summarized in Table 1. The result of the no foam in the water seems to have increased the frequency, however the 

resonant frequency did decrease off the scale and the second resonance became closer to the band of intrest. It was 

the same case with the 2.4 GHz frequency. In 900 MHz and 2.4GHz case when the foam was applied the over the 

water and in the water case has the same result.  
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Table 1: Resonant frequency variations based on S11 results. 

Resonant in Air (MHz) Shift in the Water (MHz) Shift in the water (%) 

2100 100 5 

840 70 8.3 

410 70 17 

When no foam was used, the frequency shift of the fundamental resonance was too. This means if there is no air 

gap to separate the water from antenna, the lower frequencies have less frequency shift and so are better options. 

The higher frequencies are better protected from environmental effects by 1cm foam. This is due to the fact that 

these frequencies have a smaller near field region.

The over all conclusion is that there is a shift due to the changes in the environment and these changes are more 

significant in the lower frequencies. This means the higher frequencies are a better option for this project, assuming 

there is the same separation distance between the water and the antenna. The other option is to use a larger case to 

separate the antenna from the water. If a large case size is not a feasible option, then a more wide-band antenna 

could be used so that it functions satisfactorily both above and below the water. If the antenna is designed to be 

partially de-tuned for operation in the air, when under or near the water, the frequency tunes towards the desired 

frequency as shown in figure 2,  

Figure 2: S11 frequency sweep of a partially de-tuned antenna above and below the water. When the antenna is in the air it is tuned above the 

desired operational frequency, when the antenna is drown it experiences the maximum amount of frequency shift but is still operational.  

3.1.2. Far field effects 

The far field strength of an antenna can be calculated using the link budget formula: 

Received Power (dBm) = Transmitted Power (dBm) + Gains (dB) − Losses (dB)  (3) 

The most significant loss in the link is the free space path loss. The loss is more significant in the higher 

frequencies. If the medium is conductive, an electromagnetic wave is attenuated and the losses are worse in the 

higher frequency bands. To confirm these theories, a far field experiment was designed and conducted. The aim of 

this experiment was to observe the effect of the water on the radiating antenna in the far field. For each antenna, the 

transmission power (S21) was measured with the monopole test antenna in air and in the water while wrapped in the 

Antenna above 

water 

Antenna below 

the water 

Max Freq Shift 

Desired Frequency 

f 

D.A. James et al. / Procedia Engineering 2 (2010) 3017–3022 3021



6 D.A. James et al. / Procedia Engineering 00 (2010) 000–000 

foam. Since there is a frequency shift in the water, the power was measured at the new (i.e. shifted) resonant 

frequency. The results are summarized in Table 2.  

Table2: Far field test results showing the received power in air and water for the 3 frequencies of interest. 

 Air Water 

Lowest Band (433MHz) Frequency = 397(MHz) 

Power = -80 dB 

Frequency = 321(MHz) 

Power = -90 dB 

Mid Band (966MHz) Frequency = 853(MHz) 

Power = -57 dB 

Frequency = 764(MHz) 

Power = -87 dB 

High Band (2.4GHz) Frequency = 1800(MHz) 

Power = -78 dB 

Frequency = 1780(MHz) 

Power = -94 dB 

4. Conclusions 

Three suitable license free (ISM) band radio frequencies were investigated for suitability at the air/water interface 

for sensor communications. Custom-built quarter wave antennas were assessed using a vector network analyser at 

heights above and below the water surface. Transmission and return loss coefficient were measured for a simulated 

mobile agent to base communications. Investigations into the near field and far field characteristics facilitated the 

refinement of some final antenna design.  

We conclude that while the 2.4GHz frequency band (supported by many protocols Bluetooth, Wifi etc..) and is 

good for high data rate applications, it is not suitable for immersed applications, although where there is periodic 

exposure to the air, a burst mode transmission may be possible. The lower ISM bands (in particular 433Mhz) proved 

to be the most immune to the effects of water, although the size of the antenna may preclude wearable applications. 

Future work into novel antennas structures is currently being undertaken. 

The effects of water on both the near and far fields of an antenna were studied. It is found that the water in the 

near field of antenna causes a reduction in the resonant frequency. This reduction is dependent on the air gap (box 

size) between water and antenna and the resonant frequency. It was found a 1cm air gap between antenna and water 

is more effective at higher frequencies. This is explained by the effect of water in near field region. Additionally it 

was concluded that the resonant frequency shift can be fixed either by selecting a larger box size or designing an 

antenna with a slightly higher resonant frequency in the air or a combination of both. Therefore, it is believed that 

the near field effect of water is predictable and more importantly is preventable. 

The far field test was inconclusive and more tests are required. The expected result (according to theory) was that 

the higher frequencies will suffer larger losses than the lower frequencies. This can be due to the multipath 

reflection since these tests were done in the pool and not in an anechoic chamber. 

The required data rate is one of the most important factors of the frequency selection which has been ignored in 

these tests. 
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