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Abstract

Every year healthcare organizations suffer from several issues, such as unapropriated workflow, thousands of deaths caused
by medical errors, counterfeit drugs, and increasing costs. To offer better patient care and increase profit, hospitals could
adopt solutions that help remedy these problems. Real-Time Location Systems have the potential to deal with many of
these issues, as well as offering means for developing new and intelligent solutions. This kind of system enables tracking
assets and people, allowing several improvements. Even though the benefits of such solutions are well known and desired
by healthcare providers, their large scale adoption is still distant. In this article, we surveyed Real-Time Location Systems
usage in hospitals. While developing this survey, we observed a need for organizing important aspects of healthcare-oriented
Real-Time Location Systems. Therefore, we analyzed challenges regarding this topic and a taxonomy proposed. This survey
offers researchers and developers ways to comprehend the challenges surrounding this area while proposing a classification
of aspects that a Real-Time Location System for healthcare environments must assess for it to be successful.
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Introduction

Resulting in more deaths than AIDS or airplane crashes,
medical errors are the cause of nearly 500.000 deaths yearly,
according to the Food and Drug Administration (FDA) [55].
Additionally, the Institute of Medicine (IOM) estimates that,
only in the U.S., 44.000 to 98.000 deaths are caused due to
medical errors yearly [32]. The World Health Organization
calculates that counterfeit drugs cause a deficit of over $40
billion for the pharmaceutical industry [49]. Theft of equip-
ment and supplies cost up to $3.9 billion annually to
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healthcare providers in the U.S [55]. Furthermore, health-
care costs are expected to rise to $4.4 trillion in the United
States this year [1].

By reducing these numbers, healthcare providers can
decrease their waste, offer patients better services and safety
as well as increase profit. One of the technologies that has
the potential to deal with the aforementioned problems is
Real-Time Location Systems (RTLS) [5, 37, 55]. RTLS are
systems that enable identifying and tracking a given entity
at near-real-time or real-time [4]. While working in a simi-
lar fashion to Global Positioning Systems (GPS), RTLS are
usually local solutions. In healthcare environments, RTLS
can be used in several ways, such as: tracking assets, person-
nel and patients; correlating location data with other data,
such as Electronic Health Records (EHR) [24, 44]; enabling
workflow improvement by mining data in unobtrusive
means [2, 13].

These systems have long caught the attention of health-
care providers. Back in 2008, a research conducted with
hospital administrators from the U.S. found that 15% of
them already had some kind of tracking system imple-
mented, and 43% were interested in implementing one in
their respective hospitals [15]. Six years later, a research
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conducted with 81 health directors from the largest public
health system in Florida showed that healthcare entities are
still enthusiastic towards RTLS [56].

Other academic surveys regarding RTLS in healthcare
environments exist. In [37], a literature review regarding
healthcare-oriented RTLS is conducted, however, the
authors state that the study is not exhaustive literature
research. In [15] a qualitative study with several hospitals
is presented, pointing several issues that arise when using
RTLS in healthcare environments, while in [4] a more
technically driven survey regarding this topic is conducted.
In the work of [22], recent patents for such systems are
reviewed. Focused on Iran technologies, in [16] the authors
reviewed specific works regarding RTLS in hospitals from
2006 to 2017.

Considering the scenario described above, this review
aims to comprehend the current state-of-the-art regarding
RTLS applied to healthcare, presenting a view of the chal-
lenges, technologies, and future research opportunities. By
analyzing and understanding the challenges that arise in the
development and deployment of such technologies, a taxo-
nomy classifying important aspects of a RTLS for health-
care environments must assess is presented.

The remainder of this work is structured as follows:
Section “Method” describes the methodology used on this
survey, detailing the strategy used literature corpus and fil-
tering results; Section “Literature analysis” presents the
literature review; a discussion is conducted on Section “Dis-
cussion”; finally, Section “Conclusion” concludes the
review.

Method

This review analyses the development and deployment of
RTLS in healthcare, focusing on understanding the key
factors holding back its adoption. In order to develop this
review, the following steps were followed:

1. Definition of the research questions to be answered;
Obtaining literature corpus;

3. Filtering the acquired articles to review only relevant
studies.

These steps will be detailed in the subsections next.
Research questions

Research questions are the most important part of a
systematic review [26], therefore their definition is the first
step of this study. One main question (MQ) and five specific
questions (SQ) were used as guides. These questions are
described in Table 1.
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Table 1 Research questions

MQ: What are the challenges faced while developing and deploying
Real-Time Location Systems for hospitals?

SQ1: Which sensors are used on this type of application?

SQ2: Which of the used sensors are interesting options for
employing RTLS in healthcare environments?

SQ3: What are the main components and localization techniques of a
Real-Time Location System?

SQ4: How can the aspects of a healthcare Real-Time Location
System be classified?

SQS5: What are the future research opportunities on this area?

Search process

For the literature selection, a set of keywords were defined
in order to create a search string that would allow
the identification of relevant articles. With the chosen
keywords, the following search string was created:

rtls A(healthcareV hospital) A(locationVtracking Vv
identification) A(rfid VvV uwbV bluetoothV blev wifivVv
zigbee V nfcVinfrared Vv ultrasound)

This string was used in the following literature databases:
ACM Digital Library, IEEE Xplore, Google Scholar,
Science Direct, Springer and PubMed.

In Figure 1, the strategy used for obtaining the literature
corpus for this review is detailed. First, relevant literature
databases regarding the topic of this review were chosen.
Afterwards, the literature corpus was extracted from the
databases using the search string, resulting in a total amount
of 1692 papers. Finally, five filters were used to select rele-
vant studies, resulting in 47 papers. The filters are described
next.

Filter 1 - date restriction

In order to guarantee that this analysis will review the
most recent studies, as well as understand the most recent
technologies and issues, the scope of this review is restricted
to the last decade.

Filter 2 - duplicate removal

The duplicates of studies contained in the literature corpus
are disconsidered.

Filter 3 — impurity removal

Results that are not full length research articles fall under
our impurity criteria and are removed.
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(ACM Digital Library)

IEEE Xplore

Filter 1
Date Restriction
2008 - 2018

Initial Search

Google Scholar

Filter 2
Duplicate
Removal

Filter 3
Impurity
Removal

Filter 4
Title and
Abstract Review

Filter 5
Full Text Review

Search String

Science Direct 1697 results 1545 results

Springer

PubMed

Fig.1 Literature corpus extraction process

Filter 4 - title and abstract review

If the title and the abstract of the work do not reflect the
goals of this review, the entry is removed.

Filter 5 - full text review

As the last filter, a full text review of the remaining studies
is conducted in order to select only relevant studies.

Literature analysis

The analysis of the literature collected using the methods
described in Section “Method” is presented in this section.
The obtained literature corpus is presented in Table 2
together with the study description, respective used tech-
nology and RTLS accuracy level, if stated by the study.
Regarding accuracy level, three accuracy levels are consid-
ered: Zone level (tracking if an entity is in a given large
area), Room level (tracking in which room is a given entity)
and Subroom level (tracking where in a given room an entity
is). In order to perform the literature analysis, each research
question is answered in its respective subsection.

Main question — what are the challenges faced while
developing and deploying real-time location
systems for hospitals?

The main question of this systematic analysis addresses the
challenges that still hinder the development and deployment
of RTLS in healthcare environments. Several studies focus
on this topic aiming at proposing possible solutions. Most
of them are academic works that propose methods and con-
duct pilot experiments. They detail the challenges faced
during development and present solutions and novel strate-
gies. Some offer insight on the difficulties found while
deploying RTLS in healthcare environments, such as hospi-
tals. However, most of these studies are proofs of concept

52 Papers

1527 results 922 results 1583 results 52 results

and are not deployable in real healthcare environments [37].
And, considering that business cases of RTLS are rare [4],
only a small amount of studies describing real use cases of
RTLS on healthcare are expected to be found.

According to Okoniewska et al. [34], back in 2009, Aero-
Scout (Stanley Healthcare) arose as the leading solution
for RTLS in healthcare, holding 45% of the market and
having being implemented in more than 500 organizations.
Together with IBM and AeroScout itself, the authors of the
study evaluate the solution. It was found out that the nurses
that used the system grew discouraged of using it due to its
lack of accuracy, while asking colleagues was a faster and
more viable option.

In Fisher and Monahan [15], the authors conducted a 3-
year study with 23 U.S. hospitals that implemented RTLS
solutions. It was noticed that, overall, the systems would
constantly fail to provide the promised precision and the
majority of them have medium to low levels of accuracy and
functionality. Also, the study states that a collective discon-
tentment with the hospitals’ experience with RTLS exists. It
is important to note that some of the systems observed were
old and the study does not detail the systems used by the
hospitals, whether they were industrial solutions or not.

A study aiming at understanding the staff and patient
adoption and acceptance of RTLS in two healthcare sites
was conducted by Bowen et al [5]. The study describes
four lessons learned while deploying and using the system:
(a) additional time and effort should always be expected in
the deployment of the application; (b) there will be staff
and patient mistrust towards the technology; (c) difficulty
in perceiving benefits, even though management staff may
understand the benefits of the service, nurses and other staff
members may be suspicious towards the solution, rising up
the need for team maintenance with staff training; (d) many
unexpected site-specific issues may affect the deployment
of the solutions, so the RTLS provider should be aware and
ready to adapt to changes that may be required.

Analyzing the three studies described earlier, some
noteworthy points are already raised and described next.
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Table 2 Literature corpus studies description

Study Description Year Technologies Accuracy
RFID BLE WiFi Zigbee UWB Infrared

[20] A case study of RTLS contact tracing of 2017 v -
potentially infected individuals.

[54] An analysis on the integration of blood 2013 v -
supply chain and RFID.

[46] Comparison of a commercial and custom- 2015 v v Room
made tracking systems for patient tracking
in an ambulatory clinic.

[28] Proposal of an agent based model of a 2010 v Room
hospital emergency department for RTLS.

[48] Analysis of the performance of three differ- 2016 v v v Room
ent tracking systems in a healthcare site.

[24] Description of operational methods for com- 2014 - - - - - - -
bining RTLS and EHR data for workflow
improvement.

[33] Implementation of two prototypes: (a) asset 2011 v -
tracking; (b) patient control.

[23] Conduction of a pilot study that presents 2014 v Room
effectiveness of RTLS for time use estima-
tion by nursing personnel.

[36] Methodology proposal for optimizing asset 2010 v -
tracking in a system with limited number of
RFID readers.

[10] Proposal of an approach for improving 2017 - - - - - - -
patient flow using RTLS.

[39] Presentation of the design, implementation 2012 v Room
and testing of a RTLS based on RFID.

[45] Analysis of the impact of a WLAN-based 2014 - - - - - - -
RTLS on patient satisfaction in a Level I
trauma-center.

[42] Framework proposal for dealing with major 2017 v -
privacy issues regarding RFID healthcare
systems.

[9] Design of a real time risk alert and location 2017 v Room
system for increasing patient safety and
reducing medication administration errors.

[57] Description and result analysis of a centime- 2010 v Subroom
ter precise 3D tracking system.

[19] Development of a proximity based tracking 2015 v Room
system for use in the operating room.

[3] Development of a solution for tracking and 2015 v Room
monitoring patients on psychiatric wards.

[27] Proposal of a thermal based tracking system. 2008 v Subroom

[41] Study regarding the challenges and design of 2010 v
gamma-resistant RFID tags.

[32] Implementation of an asset tracking and 2007 v Room
managing system in a 120-bed hospital.

[18] Analysis of a Participatory Design for 2015 v Room
support design and implementation of a
RTLS in an OR.

[30] Implementation of a secure real time 2016 v Zone
tracking application.

[31] Implementation of a health center personnel 2017 v Zone

and asset tracking using an IoT environment.
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Table2 (continued)

Study Description Year Technologies Accuracy
RFID BLE WiFi Zigbee UWB Infrared

[43] Proposal of a highly secure RTLS model for 2012 v -
tracking patients and personnel.

[38] Proposal of an optimization framework for 2013 - - - - - - -
planning the position of a sensor network in
healthcare environments.

[13] Presentation of a tool and mining-based 2015 - - - - - - -
methodology for process tracking using RTLS.

[34] Evaluation of a commercial RTLS deployed 2012 v Room
in a clinical setting.

[35] Description of a participatory design of RTLS, 2017 - - - - - - -
conducted on two nursing home organizations.

[6] Study that analyzes the impact of the adoption 2010 v Room
of RFID asset tracking system in a general care
hospital.

[50] Conduction of a review of papers from 1997 to 2012 v -
2011 regarding RFID healthcare applications.

[59] Survey on IoT applications for healthcare 2016 - - - - - - -
environments.

[8] Comparison between different indoor localiza- 2012 - - - - - - -
tion systems.

[12] Review of recent wireless indoor localization 2013 - - - - - - -
techniques and systems.

[51] Comparison of RFID and Wifi technologies for 2013 v v -
use in healthcare RTLS applications.

[29] Analysis of the advancements on UWB 2009 v Subroom
positioning systems.

[47] Assessment and classification of electro- 2008 v -
magnetic interference of RFID with care
equipments.

[25] Analysis of electric magnetic interference 2011 v -
with RFID in healthcare settings.

[21] Study on understanding the deployment of 2015 v -
RFID on healthcare settings.

[55] Literature review on the use of RFID by 2012 v -
hospitals and healthcare settings.

[49] Presentation of barriers and success factors 2008 v -
for understanding RFID adoption on south-
east asian healthcare.

[1] Study conducted on understanding RFID 2017 v -
adoption on United Arab Emirates.

[37] Literature review aiming to identify com- - - - - - -
mon features for successful healthcare RTLS
features in common RTLS technologies.

[51 Description of staff and patient adoption of 2013 v Room
RTLS in two healthcare sites.

[44] Development, proposal and testing of a 2012 v Room
tracking system using RFID in a hospital.

[14] Evaluation of RTLS implementations in 23 2008 - - - - - - -
U.S. hospitals.

[56] Survey on understanding hospital perspec- 2014 - - - - - - -
tives of real time information technologies.

[4] Survey on RTLS technologies, applications 2012 - - - - - - -

and benefits in healthcare environments.
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Table2 (continued)

Study Description Year Technologies Accuracy
RFID BLE WiFi Zigbee UWB Infrared

[17] Overview of the UWB technology for 2016 v Subroom
healthcare systems.

[53] Survey comparing the deployment of RTLS 2018 - - - - - - -
on nursing homes against other healthcare
sites.

[16] Work reviewing RTLS literature and propos- 2019 - - - - - - -
ing a model for Iranian hospitals.

[58] Study analyzing the deployment of a BLE- 2018 v v Room
based asset tracking system on a tertiary care
hospital.

[22] Survey of recent patents on technologies 2016 - - - - - - -

enabling IoT solutions for healthcare.

Human factors can be considered one of the major challen-
ges in deploying such technologies since people are reluc-
tant to accept them due reasons: (a) privacy concerns; (b)
unfamiliarity with new technology; (c) usability, engaged
users feedback indicate that they are sensible to system com-
plexity; (d) difficulty in perceiving benefits, even though
the advantages of this solution seem to be clear, many
participants still cannot perceive benefits regarding its use
and adoption. It is also noticeable that, overall, the RTLS
solutions failed to effectively perform their most basic and
desired functionality, which is providing the correct location
of a given entity when needed, showing that the solutions
lack satisfactory precision. In the second study [14], admi-
nistrators, clinicians and non-clinical staff of the majority
of the 23 hospitals surveyed, pressed the authors on giving
details on how other hospitals were leveraging their RTLS
applications, showing general discontentment with the solu-
tions. This may be one of the most critical challenges faced,
considering that low level of reliability may repel user
acceptance [35]. Also, challenges regarding infrastructural
needs also appear. Hospitals usually work non-stop, there-
fore they are unlikely to block access to its facilities in order
to handle maintenance or install RTLS components.

On the other hand, successful business cases of RTLS
on hospitals also exist. In Christe et al [6], the authors
surveyed the impact of using a RFID asset tracking system
on Southeastern Regional Medical Center (SRMC), a 337
bed hospital in North Carolina, U.S. The study indicates
that the system had a strong acceptance within the nursing
and clinical engineering staff. Surveys conducted with both
teams indicate that the system improved the workflow and
all staff members agree that it made looking for equipments
easier. Also, the study shows that there is a huge financial
impact on implementing this technology. Most of the cost
savings comes from nurses spending less time looking
for equipment. However, this study did not analyze the

@ Springer

deployment process of the system, which was meant only to
track assets and not humans, thus offering little insight into
challenges that arise from tracking persons.

From what was learned while analyzing the literature
corpus of this review, nearly all aspects that compose the
development and deployment of an RTLS for Healthcare
environments have challenges that still lack definitive ans-
wers or solutions. The academic works revealed several
development and even some deployment barriers, while bu-
siness cases studies described many other issues related to
organizational factors of the hospitals. Some of the observed
challenges are simply technical and eventually will be over-
come, such as data management and security aspects (inter-
ference, privacy). However other aspects include human fac-
tors, which may not find optimal solutions, considering that
this kind of issue may raise ethical discussions. In Table 3,
the challenges found while analyzing the literature corpus
are presented.

Specific question 1 - which sensors are used on this
type of application?

Several sensors are currently used and studied for imple-
menting RTLS solutions. Since GPS fails to reproduce its
success in indoor environments [4], several sensors are stud-
ied as alternatives for indoor tracking. In this study, focus is
kept in sensors used in RTLS for healthcare environments.
Figure 2 presents the identified sensing technologies and the
number of times they appeared in surveyed studies.

RFID [52] is the technology present in most of the
studies. The RFID global market is expected to grow up
to $2.03 billion this year [1], therefore a huge market inte-
rest exists behind it. Several other technologies are also pre-
sent in the obtained literature corpus and appear as inte-
resting choices. Bluetooth Low-Energy (BLE) offers low
energy consumption and small tag size [12]. WiFi [7] is a
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Table 3 Observed challenges

regarding RTLS in healthcare Pointed Challenges Study
Development
Implementation
Complexity [8, 12, 16, 48]
Data management and integrity [38, 50]
Interference [16, 25, 47]
Scalability [37, 42, 44]
Security [16, 37,42, 43, 50, 53, 59]
Standardization [16, 59]
RTLS Manufacturers Organizational Factors
Cost Several
Financial Stability [4]
Deployment
Application Reliability
Functionality [12, 35, 44]
Precision [12, 35, 37, 51]

Healthcare Providers Organizational Factors

Bureaucracy

Comfort

Cost

Difficulty in Perceiving Benefits
Privacy Concerns

Shallow Tech Knowledge

Staff and Patient Reluctancy
Usability

Infrastructure

Constant Maintenance

Installation Complexity

[13, 35]

[5, 37, 58]

Several

[5, 15]

[5, 15, 16,42, 53, 59]
[5, 15, 58]

[5, 15, 53]

[5, 15,51, 53, 58]

[4, 16, 37, 44, 51, 58]
[4,12, 16, 37, 38, 44, 48, 51, 53]

technology that is present in nearly all organizations, and
is a particularly interesting choice regarding RTLS because
the applications can take advantage of the existing WiFi
infrastructure already installed in the organization [37, 45].
ZigBee [12], similarly to BLE, is also a wireless commu-
nication technology that is an interesting choice for appli-
cations that require low energy consumption [11].

RFID
WiFi
UWB
BLE
Infrared
ZigBee

0 5 10 15 20 25

Fig.2 Technology usage in literature corpus

Other used technologies are: the Ultrawide Band [17, 40]
(UWB), Infrared and Ultrasound. Even though Infrared is
precise, it is limitated by Line of Sight (LoS). Ultrasound
has low cost and is energy efficient, but offers poor scalabi-
lity. UWB is one of the most promising choices of sensors,
offering high precision level, strong resistance to multipath
propagation, low energy consumption, small tag size and
working on high frequencies [29, 51, 57]. However, it is still
restricted due to its high cost.

Specific question 2 — which of the used sensors
are interesting options for employing rtls
in healthcare environments?

As observed in Section “Specific question 1 — which sensors
are used on this type of application?”, several sensors are
used and studied for developing RTLS for healthcare envi-
ronments, RFID being the most used. How ever some of
these sensors have downsides that discourage and limit their
use. For instance, RFID has interference problems with
several medical equipments [47]. Many of the interferences
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observed while using RFID are hazardous. Also, RFID
based systems show privacy and security concerns [42].
Despite known issues, RFID is an interesting option for
deploying RTLS in healthcare sites with reduced scope and
in applications that require Zone or Room level accuracy.

We observed that most of the business cases of healthcare
RTLS used WiFi. Considering that infrastructural issues are
one of the hugest challenges in deploying such applications,
WiFi is an exciting option considering that many hospitals
already have WiFi installed. This enables applications to
benefit from the existing infrastructure and extend it for
obtaining the desired accuracy. Using this strategy, it is
possible to overcome some of the infrastructural issues
faced while deploying RTLS. ZigBee and BLE offer similar
functionality and results, with low energy consumption and
cost but are less precise [48]. BLE has shown decent results
on real scenario case studies. Reports from users of such
technology for asset tracking classify it as being useful and
would be eager to further use it [58].

UWB appears to be one of the most prominent choices
among the used sensors. Offering high precision, low energy
consumption, small tag size and working on frequencies
from 3.1 GHz to 10.6 GHz, this technology stands as an
interesting choice that could be safe regarding interference
and offers high precision tracking, down to 20 centime-
ters [12]. However, its widespread usage still depends on
higher market availability and lower cost.

Other technologies such as Infrared and Ultrasound also
appear as options for implementing RTLS in healthcare.
Infrared offers high precision, however has privacy and
security issues [12], LoS restrictions and high cost [27].
Despite having lower cost, Ultrasound is the technology
with least use, considering that it is not suitable for tracking
several moving objects at the same moment, it also lacks
satisfactory scalability [21].

Specific question 3 — what are the main components
and localization techniques of a real-time location
system?

In order to provide a broader view of RTLS, the main com-
ponents and used localization techniques will be detailed.
Similarly to satellite navigation systems, RTLS consist of:
a set of anchors, which work similarly to satellites on GPS;
a set of tags attached to entities to be tracked; and a location
engine, which estimates the tag position based on the data
collected from them by the anchors, the estimates are made
by applying a localization technique.

In Figure 3, the basic components and the data flow
of a basic distance-based RTLS is presented [48]. The
tag constantly emits it’s signal, which is captured by the
anchors. The RTLS Server contains a localization engine
that estimates the position of the tags by consuming the
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data collected by the anchors. The collected data is used
as parameter for the localization techniques implemented in
the RTLS Server localization engine.

In Haute et al [48], the authors organize the techniques
into three different categories: Proximity, Range Based and
Scene Analysis. The idea behind Proximity localization
strategies is to locate an entity using the highest intenstiy
signal obtained on a single anchor. This approach is easy to
implement and is cheap, however has low accuracy. Usually
the main technique used on this strategy is the Received
Signal Strength Indicator (RSSI). Second, the Range Based
strategies, use the distance of the tag to the anchors in
order to estimate it’s position. This approach can be divided
into two categories, Direction Based and Distance Based.
Under the Direction Based category, there is the Angle of
Arrival (AoA), and on the Distance Based techniques there
are the Time of Arrival (ToA), Time Difference of Arrival
(TDoA) and RSSI Multilaterion. Generally speaking, these
techniques convert some kind of data (time, angle) into
distance and then apply Multilateration in order to transform
this data into coordinates. All of these Range Based strate-
gies usually yield high accuracy and precision, at the cost
of expensive hardware, therefore a trade-off between cost
and precision is observed. The last category is the Scene
Analysis, which consists of mapping the real world into a
database and, afterwards, the obtained read wireless data is
compared with the mapped data from the database. While
highly accuracte, these kind of methods are impracticable
for healthcare environments, due to the known chaotic
nature of them and this kind of technique requiring that
each change on the real world to be manually recorded into
the database. The most typical example of Scene Analysis
technique is Fingerprinting.

Specific question 4 - how can the aspects of a
healthcare real-time location system be classified?

After reading through the corpus and evaluating the challen-
ges and requirements of such applications, it was noticed a
huge need for organizing and formalizing important aspects
of a healthcare RTLS. In Figure 4, a taxonomy is proposed
specifying the key aspects that must be assessed for a
successful deployment of RTLS in a hospital. The taxonomy
was developed after analyzing both barriers and success
factors of RTLS in healthcare environments. Basic features
of the system, such as accuracy levels, tracked entities and
used sensors were identified and added to the taxonomy.
Further, several requirements identified while developing
and deploying such systems were organized into Hardware,
Application and Maintenance requirements.

Many times, solutions would end having poor design
and integration, and would not accommodate specific client
requirements [35]. With this taxonomy is expected to
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Fig.3 Real-Time Location
System basic components and
dataflow. The Anchors collect
the Tag signal, the location
engine inside the RTLS Server
consumes the Anchors data and

Anchor

estimates the tag position using Eb

. L . Anchor
a given localization technique

3

1

S

ey g

D

offer easier ways for developers to understand what the
application must assess, while also offering means for
healthcare providers to understand what features can be
offered by the solution.

Specific question 5 — what are the future research
opportunities on this area?

Several points still need to be addressed when talking
about this kind of application. Even though RTLS for

healthcare environments have been long desired, after
analyzing the current state-of-the-art, it is noticeable that
it is still facing its early days, and its adoption must
be taken slowly by hospitals. Further studies analyzing
business cases of RTLS employed in healthcare sites
need to be developed in order to understand issues that
may still not be clear to the current date. Considering
that cost appears to be one of the main barriers holding
back the large adoption of such systems, studies that
understand how much installation and maintenance cost

Fig.4 Taxonomy of important aspects of a healthcare RTLS

Zone
Accuracy Room
Level
Interference
Resilience Subroom
Low Energy
Consumption Hardware
Precision
Hybrid
Privacy RFID
Security Wifi
Usabilit
sapility o , Healthcare RTLS uws
— Application Requirements Sensors
Adaptability Aspects Zigbee
Scalability BLE
Infrared
Calibration Ultrasound
Installation
Maintenance
Battery
Replacement .
Staff Patients
— Tracked Personnel
Entities
Assets
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to the hospitals may offer interesting success factors for
RTLS.

Regarding sensors, more studies are required with
technologies besides RFID as observed in Section “Specific
question 2 — which of the used sensors are interesting
options for employing rtls in healthcare environments?”. It
is a technology that is trending for more than 10 years,
having lots of studies exploring its potential. Aside from
academic studies, RFID is a widely used technology in the
market. Other technologies are interesting choices for Real-
Time Location Systems, such as the UWB and WiFi, which
started receiving more attention in the later years due to
specific factors such as increased accuracy [17, 58].

Understanding that infrastructural issues are huge chal-
lenges, studies similar to Pietrabissa et al [38] are partic-
ularly interesting. Enabling applications to blend in with
the existing infrastructure or planning optimal position for
the sensor network seems to be an interesting approach for
arranging large scale deployment of RTLS, thus reducing
effort and cost of installation and maintenance.

Discussion

This section discusses some noteworthy topics raised while
answering the research questions of this systematic analysis.

Healthcare organizations and RTLS

Healthcare entities are complex and each healthcare
provider has different organizational structure [15]. These
differences demand customizable RTLS that fit each hospi-
tal particular needs. Developing customizable and functio-
nal RTLS that assesses each customers need is a real chal-
lenge. Realistically, a hospital that is willing to adopt such
solution should precisely identify their needs and demand
an application that fits their own necessity. The adoption of
such system should be taken slowly and thoroughly planned
together with the RTLS vendor, possibly working directly
with a member of the vendors team. The development and
deployment of this application is time consuming and the
staff should be trained. This is important because human
factors are one of the toughest barriers to overcome, as pre-
viously stated. While looking for a vendor, hospitals should
be aware that many RTLS providers may facing financial
instability and may be desperate for revenue [4]. Sometimes
the marketing strategies of some providers may not reflect
what the solution actually offers. Finally, it is of vital impor-
tance for the application to be reliable since, as already
mentioned, it is one of the key factors for the its acceptance.

In order to better understand the aspects that surround
the development of a healthcare RTLS and classify desired
characteristics, a taxonomy is proposed in Section “Specific
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question 3 — what are the main components and localization
techniques of a real-time location system?”. With it,
it expected to offer means for clients to choose the
solution that better fits their demand and for vendors to
understand important requirements of the RTLS, which is
one the key success factors in its deployment in healthcare
environments [4].

Sensor choice

As discussed in Section “Literature analysis”, several
sensors are used for implementing RTLS in healthcare
environments. By analyzing the many studies that conduct
experiments with different types of sensors, it is clear that
the sensor choice for each application is related to the
scope that the client wants the application to work. If the
hospital wants to track inventory, a RTLS using RFID is
the optimal choice for it, on the other hand, if the client
wants to precisely monitor the workflow of doctors in
an operating room, UWB seems like a most interesting
option. Meanwhile, WiFi offers good cost-benefit regarding
tracking in huge zones in applications that require medium
precision levels.

Infrastructural issues are major in the deployment of
healthcare RTLS. Therefore, a solution that uses the exis-
ting hospital infrastructure without the need of major mod-
ifications is likely a good approach. As observed in the
literature review in Section “Literature analysis”, many of
the analyzed business cases of healthcare RTLS use tech-
nologies that take advantage of the existing WiFi infrastruc-
ture, thus reducing cost. If there is a demand for an RTLS
that covers huge areas with different levels of precision,
even though it is risky, a hybrid sensor approach is most
likely to succeed.

While analyzing the literature corpus of this review, it
was noticed that the desired precision of the RTLS appears
to be related to the system cost. For instance, UWB offers
a tracking precision in the magnitude of centimeters at
a high cost [29, 57]. RFID, on the other hand, offers
smaller precision but at lower costs. However, the literature
indicates that it is possible to obtain higher precision level
with less precise sensors, in exchange of cost (increased
amount of sensors and readers) and system complexity
(tracking complexity and computational cost). In Figure 5,
a draft comparing RFID, WiFi, BLE and UWB cost and
precision is presented in the same fashion as presented
in [29], with the addition of a Cost axis. Noteworthy to
mention, the cost axis does not contain any values, all the
growth in the technologies cost are meant to demonstrate
the expected cost growth associated with the precision.

With UWB, one can obtain precisions on the house of
centimeters [29] a high cost. WiFi does not offer good
precision levels but has a coverage of up to 100m [11], how-
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Fig.5 Draft relating RFID, WiFi, BLE and UWB cost and precision

ever as aforementioned, in exchange of cost and complexity
it is possible to obtain precision up to a meter [48]. Similarly
to WiFi, BLE also does not offer high precision levels,
but covers areas up to 200m [2], and it is possible to
obtain precisions of a meter with it [48]. RFID has the
lowest cost among all the sensors on this analysis, yet it is
possible to develop a system with RFID with centimeter-
wise precision [44]. However, a large scale deployment of
such RFID system in healthcare environments is unfeasible
due to known interference [25] and costs that would revolve
around the amount of tags and readers.

Conclusion

This article presents a systematic review about the use of
RTLS on healthcare environments. The interest for RTLS
applications in healthcare is not new. The potential benefits
of such a technology are known and grow more desirable
each year, due to the increase of issues and expenses in
hospitals, as explained in Section “Introduction”. However,
RTLS are still far from being vastly used by hospitals, and
the causes behind the shallow adoption of this technology
are explained throughout this survey.

The development of RTLS is still a challenge to the
present date, especially for use in critical environments such
as hospitals. Its development is expensive, demands time
and must be customizable, for each hospital has different
organizational structure. The sensor choice is a key point in
the development of such solutions, considering that is still
no optimal sensor, but several that enable different tracking
methods.

Many difficulties also appear during the deployment
in hospitals. Lack of proper infrastructure, reluctant and
mistrustful staff, and patient rejection are some problems
faced while implementing and using some of the business
cases of healthcare RTLS. Another noteworthy point is that,

even considering the known benefits of this technology,
some healthcare providers still cannot perceive advantages
that could be attained with its use [15]. Cost is a
persistent issue that is most likely to continue being a huge
problem, considering that not only the development and the
application costs are a problem, but many other aspects also
aggravate it, such as: hardware used by the solution, need of
infrastructure remodel, installation, maintenance and staff
training. While having huge financial and organizational
benefits, barriers may persist regarding patient and staff
tracking due to known low usability that such systems have
and known human factors, such as privacy concerns, this
should always be taken into account when adopting such
system.

Concluding the review, RTLS applied to healthcare envi-
ronments are still in their early days [45] and its adoption
should be taken slowly. This technology has already been
implemented in several hospitals, but successful cases are
the ones where the application works with reduced scope
and its adoption was thoroughly planned. Sensor technolo-
gies are widely recognized as one of the most impacting
and promising technologies in several sectors of the indus-
try. And, as seen in this review, it’s adoption on RTLS brings
concrete benefits to healthcare providers in sites such as
hospitals and nursing homes. Every year sensing technolo-
gies become more accessible and effective, and several
studies show that it’s adoption brings a plethora of benefits.
This way adoption in healthcare environments is expected
to rise in the coming years.
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