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Abstract—The spatial density of wireless sensor nodes,
wearables, and other mobile devices are showing the
explosive growth. Without finding new solutions or concepts
the existing wireless sensor networks will become a
bottleneck. Healthcare and sport wearable sensors come in
great varieties regarding their power, data rate, required
quality of service, and intended use. Another issue is the
number of nodes communicating in one domain. We list the
most used wireless technologies with their properties. We
present different biofeedback application scenarios in
healthcare and sports and match them to the most
appropriate existing wireless technology that is expected to
sustain scalability in number of nodes or increased data
rates for the expected application lifetime.

Index Terms—Wireless sensor networks, Wearable sensors,
Internet of Things, Biofeedback systems, Healthcare, Sport

l. INTRODUCTION

Sensor technology and sensor networks are rapidly
penetrating various applications in healthcare, recreation,
and sports. The latter two fields are identified as one of the
most rapidly growing areas of personal and consumer
mobile applications. Although many manufacturers have
started developing such products, they seem to be slowed
down by sensor network architectural standard
deficiencies.

Biofeedback systems are important in motor learning in
rehabilitation, sports and in also in other fields of
medicine where patients in the loop use given feedback
information to influence their physiological processes.
Another area of use is tele-care and health monitoring
where the same technologies can be used. A general
architecture of the biofeedback system is presented in
Figure 1.
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Figure 1. General architecture of the biofeedback system.

In a biofeedback system user’s parameters are
measured by sensors. Sensor signals and data are
transferred to the processing unit for analysis. The results
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are communicated to the actuator that provides augmented
feedback to the user. The feedback is given through one of
the human senses; most commonly through the modalities
of vision, audition, and taction.

A selection of the most suitable set of sensors,
actuators, wireless network technologies, and services for
each biofeedback application is a demanding task. It
requires deep knowledge of properties, capabilities,
demands, shortcomings, and benefits of each of the
elements of such systems.

The remainder of the paper is organized as follows.
Section 1l presents the motivation for this paper. The
various versions and constraints of biofeedback systems in
healthcare and sport are given in Section IlIl. While
Sections IV studies the properties of sensors and actuators,
Section V presents the properties of wireless technologies
used in healthcare and sport. Section VI explains three
different application scenarios for wireless sensor based
biofeedback systems. Section V1l concludes the paper.

Il.  MOTIVATION

The main research motivation of this paper is the
identification and selection of the most appropriate
wireless communication technologies for various
biofeedback applications. As expected, there is no one-
fits-all solution to the above challenge. The sources of the
data are sensors that are very heterogeneous in many
aspects. They produce data rates from of a few bytes per
minute for measuring patient’s temperature to a few
Mbit/s for a high-resolution and high-speed camera used
in sport. Sensors can be used for measuring physiological
processes of a human (heart rate, glucose levels, blood
saturation, etc.) to measuring performance of an athlete or
sport equipment (high dynamic movement, high
frequency vibrations, bending, strain, etc.). They require
different levels of quality of service in terms of reliability,
from very reliable medical devices that monitor vital body
functions to pedometers where reliability is not an issue.
They can produce synchronized or asynchronous data
streams.

The same heterogeneity is expressed in the variety of
sensor network technologies; from technologies that cover
body area (BAN) to technologies that cover metropolitan
area (MAN), from technologies with bitrates of a few
kbit/s to technologies of a few hundreds of Mbit/s, from
frequencies of 400 MHZ to frequencies of 60 GHz, etc.

Another important problem is a growing spatial density
of wireless sensor nodes. Depending on a sensor network
technology this fact can represent smaller or bigger
problem. For example, WLAN technologies perform well
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with low numbers of nodes, but their performance
deteriorates with larger numbers of nodes. At more than
50 nodes in the same collision domain WLANSs are
practically useless.

It is obvious that the heterogeneity of sensors,
networking technologies and application demands will
yield the heterogeneity of the most appropriate solutions.

I1l. BIOFEEDBACK SYSTEMS IN HEALTHCARE AND
SPORT

The possible solutions are bound by the three most
important constraints of biofeedback systems; space
constraint, time constraint, and computation constraint.

A. Space constraint

The space constraint defines the possible locations of
biofeedback system elements. We define three basic types
of biofeedback systems: (a) personal space system, where
all system elements are attached to the user, (b) confined
space system, where the elements are distributed within a
defined and limited space, and (c) open space system,
where elements are not restricted in space. In almost all
cases sensors are attached to the user, the most diverse is
the location of the processing device. An example of
possible versions of the biofeedback system architecture
corresponding to the above space constraints are given in
Figure 2. A personal version corresponds to the personal
space system, distributed version to the confined space
system, and cloud version to the open space system.
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Figure 2. Possible biofeedback system architectures that correspond to
different types of biofeedback systems based on space constraint.

B. Time constraint

A biofeedback system can work only if the feedback
loop is closed. That means that the user receives,
understands, and possibly reacts to the feedback
information. The feedback information can be given at
different times: (a) terminal feedback is given after the
activity has been performed; (b) concurrent feedback is
given during the activity. Feedback loop delay depends on
the two given cases. It is explained in Figure 3. Feedback
loop delay consists of communication delays for the
transmission of sensor and feedback signals, processing
delay, and user reaction delay.
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Figure 3. Feedback loop delay.

C. Computation constraint

Computation constraint is closely related and dependent
on the space and time constraints as well as on the
properties of sensors and actuators. Processing in the
biofeedback loop can be done in real time or in post
processing. While the post processing mode does not
represent a computational problem to the most of the
processing devices and communication technologies, real
time operation can many times be a very difficult
problem.

For example, in the post processing mode the absolute
communication delay is not of paramount importance
providing that the processing device receives and analyzes
all the data at a specified time after the completion of the
activity. This time delay can vary from a few seconds, to
minutes, hours, days or even longer time periods. In the
real time mode the processing device has to finish the
processing within the time frame of one sensor sampling
period, which can be as low as 1 ms or even less. This task
is generally not a problem for a laptop, desktop, and cloud
based computing, but can prove too demanding for a
mobile and/or wearable device based computing.

D. Communication delay

One important parameter, that has not yet been
addressed, is the communication delay within the
biofeedback loop. This parameter is connected to all the
constraints studied above. Communication delay is
heavily dependent on the communication technology used.
For the real-time biofeedback systems the communication
delay must be only a fraction of the user reaction delay.
For the post-processing biofeedback systems the
communication delay is generally not the limiting factor.
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IV. SENSORS AND ACTUATORS

Sensors and actuators used in healthcare and sports are
heterogeneous in their properties. They can be grouped
based on different criteria, such as measured quantity, bit
rate, sampling rate, accuracy, precision, and similar
[1]-[3]. Some of the most popular sensors and actuators
used in healthcare and sports are presented in TABLE I.

TABLE I.

SENSORS AND ACTUATORS USED IN HEALTHCARE AND SPORT
Sensor/Actuator Bit rate Delay
Temperature <100 bit/s Not critical
Heart rate < 100 bit/s Seconds
Oximeter < 100 bit/s Seconds
Blood pressure <100 bit/s Not critical
ECG 20-100 kbit/s <ls
Accelerometer 1-200 kbit/s <50 ms
Gyroscope 1-200 kbit/s <50 ms
Magnetometer 1-200 kbit/s <50 ms
Altimeter < 1 kbit/s Not critical
Strain-gauge 1-50 kbit/s <50 ms
Tactile actuator < 100 bit/s <50 ms
Voice actuator 50-100 kbit/s <50 ms
Audio actuator <1 Mbit/s <50 ms
Video actuator < 10 Mbit/s <50 ms

Several sensor groups can be distinguished. Sensors for
low or high dynamic physiological processes, sensors for
low and high dynamic movement activities, sensors for
sport equipment behavior. The main parameters that
correspond to abovementioned groups are: sampling
frequency (from below 1 Hz to a few kHz), precision
(from 8 to 16 bit), and produced bit rate (from less than 1
bit/2 to tens of Mbit/s).

Actuators show less variety in their type and output, but
can vary as much as sensors in sampling frequency and bit
rate. From one-bit tactile actuator (buzzer) to high-
definition and high-speed video screen.

By combining several sensors together and actuators
within one (real-time) biofeedback system, the required
bit rates and delay constraints can be very high. The
selection of the most appropriate wireless technology is of
paramount importance for achieving high quality of
service of biofeedback system operation.

V.  WIRELESS TECHNOLOGIES

Like sensors and actuators, wireless technologies are
also very heterogeneous in their properties. TABLE II.
lists the most used wireless communication technologies
that are in use today for providing the functionalities of
BAN, PAN (Personal Area Network), LAN (Local Area
Network), and MAN. We list only the range and bit rate
properties that are the most important for our discussion.
More details about the listed technologies can be found in
[3]-[10].

The selection of the most appropriate wireless
communication technology depends on the type and
implementation of the biofeedback systems presented in
Section Ill. The heterogeneity of wireless technologies
and the variety of biofeedback system versions suggests
the use of multi-radio concepts [11].

TABLE II.
STANDARDIZED WIRELESS TECHNOLOGIES WITH POTENTIAL USE IN
HEALTHCARE AND SPORT

Technology Range Bit rate
Bluetooth 2.1 + EDR 10-100 m 1 - 3 Mbit/s
Bluetooth 4.0 + LE 10m 1 Mbit/s
ZigBee 10-100 m 20 - 250 khit/s
IEEE 802.11n 70m 600 Mbit/s
IEEE 802.11ac 35m 6.93 Ghit/s
IEEE 802.11ad 10m 6.76 Ghit/s
IEEE 802.11ah 1km 40 Mbit/s
IEEE 802.11af >1 km 1.8-26.7 Mbit/s
LoRaWAN to 100 km 250 - 5470 hit/s

The primary goal of this paper is to give the guidelines
for the selection of the most appropriate wireless
technology for a given biofeedback system. We try to
explain the selection criteria on a set of application
scenario examples presented in the following section.

VI. APPLICATION SCENARIOS

Given the heterogeneity of sensors and actuators and
wireless technologies, countless scenarios of their use in
biofeedback systems in healthcare and sport are possible.
The scenarios are explained through Figure 4 that shows
various connectivity options. We include various sensors,
from wearables to sensors integrated into medical and
sport equipment. We match the scenarios to the most
appropriate existing wireless technology that is expected
to sustain scalability in number of nodes or increased data
rates for the expected application lifetime.

Two basic network topology scenarios evident from
Figure 4 are: (a) Star, sensors and actuators each
communicate directly with the processing device, (b)
Relay, sensors and actuators communicate with a gateway
(relay) which relays the data to the processing device.
Three typical scenarios are presented in the next
subsections

A. Application scenario 1

A biofeedback application is using signals from low
dynamic physiological sensors. This application is not
demanding in terms of communication. Its bit rates do not
exceed 1 kbit/s and it can be implemented practically with
any of the wireless technologies from TABLE II. Star and
relay topologies are equally viable. It can be implemented
in any space constraint version. For example, a personal
version is implemented with Bluetooth LE, confined space
version with IEEE 802.11af, and open space version with
LoRaWAN. An example of usage in healthcare is
monitoring the blood pressure of the patient. An example
of usage in sport is monitoring the physiological
parameters of an athlete during running on a treadmill in
fitness, a track on the stadium, or in nature.

B. Application scenario 2

A biofeedback application is using signals from high
dynamic IMU. Such application is more demanding with
bit rates easily reaching several hundred kbit/s, and when
more IMU devices are used simultaneously even bit rates
of several Mbit/s are not uncommon. In the star topology
almost all discussed technologies satisfy the demands
when used in the personal or confined space version. For
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Figure 4. Some of the communication possibilities for biofeedback systems used in healthcare and sports.

the open space version a relay over the gateway or mobile
device is possible, providing a high enough bit rate is
available. An example of usage in healthcare is giving
voice feedback to the person rehabilitating its gait. An
example of usage in sport is giving auditory feedback to a
gymnast performing practice on a vaulting horse.

C. Application scenario 3

A Dbiofeedback application using signals from a
combination of high dynamic IMU, sport equipment
sensors, and actuators with video feedback can be very
demanding. Bit rates can easily exceed 10 Mbit/s. Even in
the star topology only LAN technologies can satisfy the
demands of the personal version of the biofeedback
system. Confined space versions are limited to different
ranges, depending on the LAN technology used. Open
space versions are not viable. An example of usage in
sport is giving real time high-definition video feedback
projected to a skier’s goggles in a personal version of the
system. Even more demanding scenarios are possible
when using biofeedback applications in group sports.

VII. CONCLUSION

Biofeedback systems are important in motor learning in
rehabilitation, sports and in also in other fields of
medicine. Given the heterogeneity of sensors, actuators,
and wireless technologies, countless scenarios of their use
in biofeedback systems in healthcare and sport are
possible. We matched some scenarios to the most
appropriate existing wireless technology that is expected
to sustain scalability in number of nodes or increased data
rates for the expected application lifetime. It is important
to accept that none of the existing wireless technologies
can satisfy all possible demands of different application
scenarios. We discuss the possible steps towards a
solution in terms of a compromise between the range and
bit rate. In our future work we plan to include other
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parameters such as reliability, quality of service, and
sensor device spatial density.
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