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ABSTRACT The steady increase in the number of elderly citizens represents a likelihood of an increased
burden on the family, government, healthcare, and social services since many of these elderly people cannot
live independently without assistance from a caregiver. As such, there is an increase in demand for services
in terms of technologies to address the urgent needs of the aging population. Remote monitoring, which is
based on non-invasive, non-intrusive, and wearable sensors, actuators, and communication and information
technologies, offers efficient solutions that bridge the gaps between healthcare and where elderly people
really want to live every day. The rate at which such platforms have been adopted is extremely low in
low-developed countries and rural areas, one of the main reasons being the lack or scarcity of some resources
that these systems take for granted. In other words, these systems are designed for developed countries but
are very much needed in resource-constrained environments as well. This study provides an in-depth, state-
of-the-art systematic review of the current outdoor remote pedestrian localization systems to identify their
suitability for resource-constrained environments. After checking 35 survey papers from the last ten years
to the best of our knowledge, this is the first survey that investigates the suitability of existing pedestrian
localization systems for a resource-constrained environment. This study is based on PRISMA guidelines to
provide a replicable work and report the studies’ main findings. A total of 37 works published between 2012,
and January 2023 have been identified, analyzed, and key information that described the devices and tools
used, communication technologies, position estimate technologies, methods, techniques and algorithms, and
resource optimization strategies currently used by the localization systems was extracted to help us answer
our question. The results indicate they are not fit for a resource-constrained environment as most assume the
availability of infrastructures such asWi-Fi, Internet, cellular networks, and digital literacy, among others, for
their systems to operate properly, which are limited or not available in the resource-constrained environment
described in this review.

INDEX TERMS Elderly, geolocation, constrained-environment, localization, low-power, pedestrian, posi-
tioning, systematic literature review, tracking, vulnerable, wildlife.

I. INTRODUCTION
The world’s population is increasingly aging [1]. Glob-
ally, there were 727 million persons aged 65 years or
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over in 2020. Over the next three decades, the global
number of older persons is projected to more than dou-
ble, reaching over 1.5 billion in 2050. Old age comes
with several non-communicable diseases such as car-
diovascular diseases, hypertension, cancer, diabetes, and
dementia [2].
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As the number of elderly citizens increases, there is a
likelihood that they will represent an increased burden on
the family, government, healthcare, and social services since
many of these elderly people cannot live independently with-
out assistance from a caregiver. For example, research shows
that people with dementia have at least a 60% possibility of
getting lost in open areas [3].

In order to save costs, health care policy should shift from
institutionalization to aging in place (in the community).
As such, there will be an increase in demand for services
in terms of technologies to address the urgent needs of the
aging population. Remotemonitoring, which is based on non-
invasive, non-intrusive, and wearable sensors, actuators, and
communication and information technologies, offers efficient
solutions that bridge the gaps between healthcare and where
elderly people really want to live every day [4]. Such tech-
nologies, when implemented properly, will not only ensure
appropriate quality of life among the elderly persons in their
homes but also assist the family and caregivers in providing
adequate services to these elderly people in society [5].

These remote monitoring tools can collect many different
types of information, but among all of them, we will focus on
location information as this can help us to remotely monitor
the elderly person’s behavior and infer some basic physical
activity information related to the health status (step counter,
walking speed, fall detection) [6].

In outdoor environments, location estimation has been suc-
cessfully implemented usingGlobal Navigation Satellite Sys-
tems (GNSS) technology. Today, four major Global Naviga-
tion Satellite Systems (GNSSs) are fully operational. Global
Positioning System (GPS), GLONASS, Galileo, and BeiDou
enable worldwide 24/7 positioning. Standalone positioning
services reach meter-level accuracies under open sky condi-
tions. This has made GNSS the de-facto standard for many
positioning applications [92]. Although GNSS can provide
reliable and accurate location data anywhere globally, it is
not the best solution for all localization problems.

On the one hand, the use of GNSS is mainly in out-
door environments. This is because GNSS satellites move in
MediumEarth Orbit (MEO), and given their low transmission
power, GNSS signals often cannot reach indoor environ-
ments [7]. On the other hand, GNSS technology has relatively
high energy consumption in its typical use case, which aligns
poorly with the stringent constraints of battery-powered
devices [21]. Therefore, more energy-efficient positioning
alternatives like terrestrial Low Power Wide Area Networks
(LPWANs), such as LoRaWAN and Narrow-band IoT (NB-
IoT), are gaining increasing popularity [92]. Also, in order
to mitigate these two challenges, GNSS has been integrated
with other technologies such asWi-Fi, Bluetooth LowEnergy
(BLE), or Inertial Navigation Systems (INS).

Although many pedestrian localization systems have tried
to reduce power consumption, they still assume that other
types of resources are available, such as access to electric-
ity to recharge the batteries, communication networks for

exchanging data (Wi-Fi, Internet, cellular networks), service
providers (coverage), and users with enough economic capac-
ity and digital education to acquire and properly use these
devices. In other words, these systems are designed for devel-
oped countries, yet they are very necessary for less developed
countries and rural areas with limited resources.

Some of the less developed regions include Sub-Saharan
Africa, South Asia, the Middle East, North Africa, Latin
America, and the Caribbean, among others. For example,
Sub-Saharan Africa’s rural population for 2020 was 668 mil-
lion persons, a 1.69% increase from 2019, representing about
60% of the population. Sub-Saharan Africa’s care for the
elderly is predominantly a family-centered healthcare sys-
tem. Families provide most long-term care without any orga-
nized training or support. This aging population, living in
remote regions, has been exposed to the cruelest conditions
in resource-constrained environments. Reliance on families
alone to provide this care results in inconsistent care quality
and particularly puts a heavy burden on girls who are forced
to drop out of school to look after the elderly [8]. Moreover,
it may be unsustainable given the rapidly increasing number
of older people living in rural areas, and having their children
living and working in distant urban areas, thus making it hard
for them to visit frequently and consequently monitor and
check on their health.

The main objective of this study is, therefore, to provide an
in-depth, state-of-the-art systematic review of remote pedes-
trian localization systems with the aim of identifying if they
are suitable for resource-constrained environments. For that,
different localization algorithms, devices, technologies used
for outdoor localization systems, and power-saving strategies
will be identified and analyzed. The outcomes of these analy-
ses will provide a clear view of the strengths and weaknesses
of various localization systems when applied in resource-
constrained environments. In addition, a description of what a
resource-constrained environment is will be provided. Hence
a great research opportunity that seeks energy optimization
strategies as a proposition for future research directions in
localization systems suitable for elderly persons.

Several general surveys and reviews exist related to local-
ization systems [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36],
[37], [92], [93], [94], [95], [96], [97], [98], [99], [100], [101],
[102], [103], [104], [105], [106], but none focus on investigat-
ing if the current pedestrian localization systems are suitable
for resource-constrained environments, and to the best of our
knowledge, this is the first survey to this end.

This study limits its scope to pedestrian remote location
systems designed for outdoor environments, or at least both
outdoors and indoors, published in the last decade (from
2012 to January 2023). That is, only indoor localization
systems were discarded. This is because people in rural areas
mainly live outdoors, working in primary industries such
as agriculture, forestry, fishing, and hunting [9], including
elderly people who spend most of their time outside their
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homes. Works that do not mention any power-saving strategy
were excluded. Likewise, some types of localization sys-
tems that do not fit for pedestrian monitoring in resource-
constrained environments, such as power-hungry hybrid sys-
tems using cameras or pure inertial localization systems, were
also discarded.

The review is based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [10]. We identify, analyze, classify, and discuss the
current state of the art in terms of localization devices, tech-
niques, and findings on localization systems reported in the
scientific literature indexed in Scopus or Web of Science
datasets. In summary, this article, therefore, focuses on the
following specific contributions:

(i) Systematically collecting and analyzing research works
related to remote outdoor pedestrian localization sys-
tems.

(ii) Review the current state of the art in terms of localiza-
tion devices, techniques, algorithms, and methods that
consider the scarcity of resources, mainly power.

(iii) Identifying and describing the communication networks
used.

(iv) Identifying and discussing the power optimization
strategies employed.

(v) Lastly, we give recommendations for the system(s) or
combination of systems suitable for monitoring pedes-
trians in resource-constrained environments.

The remainder of this work is structured as follows. Sec-
tion II explains what wemean by a resource-constrained envi-
ronment and shows how current surveys do not consider the
characteristics of this resource-constrained environment. Sec-
tion III introduces the research methodology used to find the
relevant articles and describes the systematic review under-
taken. Section IV presents the results from the systematic
review. Section V briefly discusses the main findings, current
challenges, and recommendations. Section VI presents the
conclusions of this review.

II. RELATED WORK
In this section, we will explain what we mean by a
resource-constrained environment and show how current sur-
veys about remote pedestrian localization systems do not con-
sider the characteristics of these resource-constrained envi-
ronments.

A. RESOURCE-CONSTRAINED ENVIRONMENT
Anderson et al. [11] define resource-constrained environ-
ments broadly (e.g., low-income communities, low band-
width environments). These environments provide unique
constraints (e.g., cultures where people are unfamiliar with
or afraid of technology, and environments where power
and network connectivity are scarce and expensive). This
is different from resource-constrained devices such as IoT
devices with limited CPU, memory, and power resources.
Resource-constrained environments provide unique infras-

tructure, and technical, and social constraints that demand
innovative design approaches. Most less developed countries
in Africa, the Middle East, South Asia, Latin America, and
the Caribbean have the same challenges and the need to
monitor their aging population remotely but have to do it in
constrained environments, as discussed below.

1) LIMITED OR NO ACCESS TO ELECTRICITY
According to the World Bank collection of development
indicators, Sub-Saharan Africa has the lowest energy access
rates globally. Electricity reaches only about half of its peo-
ple; roughly 600 million people lack electricity. Only 18%
of the rural community have access to electricity coverage.
Those with electronic devices like mobile phones that use
batteries and require periodic charging travel to town centers
with electricity coverage to charge them (about four times a
month). These town centers are often in a radius of more than
5 km walking distance from their homes. This parameter is
key to the design of the localization system, as the devices
being used need the power to operate. Even in areas with
electricity infrastructure, there is stagnated supply of electric-
ity (load shedding) due to poor maintenance of power lines,
structurally insufficient electricity production on all sources
to meet the high power demand, sudden power failures, and
downtime, or widespread blackouts. This means that systems
depending on electricity will be off for sometimes during
these blackouts exposing elderly people that are being moni-
tored.

2) LIMITED OR NO ACCESS TO THE INTERNET
According to Africa’s digital infrastructure transformation
report 2022 [12], Africa has the lowest number of Internet
connections, as fewer than one-third of Africans have access
to broadband connectivity. Of the 25 least-connected coun-
tries in the world, 21 are located in Africa. Three hundred
million Africans live more than 50 kilometers from a fiber or
cable broadband connection. At just 36%, Africa’s Internet
penetration compares poorly with the 63% global average and
92% for Europe. Connection to the stable Internet is a key
requirement for most designed remote localization systems
and technologies such as assisted GNSS.

3) LIMITED OR NO ACCESS TO CELLULAR NETWORKS
Mobile phones are the key means most people access the
Internet, an essential requirement for most designed remote
localization systems. Therefore, it is necessary to analyze
mobile (cellular) network connectivity to understand the
remaining gap. The GSMA’s state of mobile Internet connec-
tivity report 2020 [13] shows that while there has been signif-
icant improvement in mobile (cellular) network coverage and
affordability of devices, 600 million people still live outside
of covered areas, 67% of whom are from Sub-Saharan Africa.
Rural people move to raised grounds or town centers where
masts have been installed to access the stable network tomake
or receive calls. Also, these rural areas have no fixed networks
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(landlines) or fiber optics coverage. Cellular networks were
used in about 20% of the reviewed papers as a communication
network, and mobile phones were the most used devices,
especially with commercial systems. The currently designed
positioning systems require a stable network to operate.

4) LACK OF DIGITAL LITERACY
TheGSMA’s state ofmobile Internet connectivity report 2021
[14] identifies a lack of literacy and digital skills, such as
calling and texting, as well as affordability, as key barriers
to mobile Internet adoption. With this report, it is impor-
tant to note that any system designed to operate in such
environments must be in a position to operate without the
user’s technical intervention (autonomous). The same report
identifies the unconnected people as more likely to be poorer,
less educated, older, rural, and women, and thus the need to
design a low-cost positioning system that fits their purchasing
power.

5) LIMITED ACCESS TO HEALTH CARE
Rural access to healthcare remains challenging in less devel-
oped regions due to urban bias, social determinants of health,
and transportation-related barriers resulting in most health
centers being largely understaffed. For most patients in these
regions, it takes a major part of the day to reach the nearest
hospital facility, which makes it a big deterrent to undergo
regular screening and checkups. Even when patients eventu-
ally reach a hospital, many a time, due to the high patient load
and overcrowding, chances are that physicians are already
too busy to give any consultation time [15]. For example,
in Uganda, one of the best-ranked countries in Sub-Saharan
Africa, more than 70% of households are in a radius of more
than 5 km to the nearest health facility, whether public or
private. The ratio is only one doctor for every 8,300 Ugan-
dans, and 70% of the doctors’ population practice in urban
areas, where only 20% of the population lives. This makes
the coverage in rural areas much worse: one doctor for every
22,000 people compared to the UK, with 2.8 doctors for every
1000 people. Because of the distance and poor infrastructure,
elders find it quite challenging to walk this distance. Thus,
a remote healthcare monitoring solution is needed to bridge
the gap between households and healthcare providers and
easily monitor them in their homes.

6) RURAL TO URBAN MIGRATION
In addition, the inadequate services and limited access to
financial capital in the rural areas have driven educated, semi-
educated, and working people in South Asia, Latin Amer-
ica, and Africa, among others, mostly youth, to migrate to
urban centers and other countries in search of job oppor-
tunities, modern-day technology, productivity, entrepreneur-
ship, modernization, social benefits, and services [16]. These
urban centers (towns and cities) are often far away from
rural communities making it hard to visit frequently and look
after their aging relatives. This has necessitated a solution to

remotely monitor these exposed elderly people in rural areas
with nobody to seamlessly look after them.

7) POVERTY
From the Economic Development in Africa Report 2021 [17],
poverty levels declined in most African countries: On aver-
age, the proportion of African householdswith a consumption
level below the 1.9$ per day poverty line declined from 40%
in 2010 to 34% in 2019. At below 3.2$ per day, the poverty
rate fell from 63% to 59%; and at below 5.5 $ per day,
it fell from 83% to 80% compared to about 35.28 $ per day
for the U.S. This rural population who are primarily in the
low-income group and depend upon daily wages, taking a
break to visit the hospital is an economic burden. From these
statistics, we can conclude that the majority of the households
are not in a position to afford the already existing localization
solution because of their limited purchasing power.

B. EXISTING SURVEYS ON LOCALIZATION SYSTEMS
This section presents a review of the purpose and scope
of existing surveys, showing how they do not sufficiently
cover the peculiarities of resource-constrained environments.
We could not find review papers specific to our area of
interest, i.e. pedestrian localization systems for resource-
constrained environments, so we decided to look at the
reviews on pedestrian localization systems in general in the
last ten years. Some reviews and surveys have been conducted
about resource-constrained devices, but as explained in sec-
tion II-A, there is a difference between resource-constrained
environments and resource-constrained devices. Table 1 sum-
marizes the comparison between the 35 survey papers on
pedestrian localization from 2012. Most of the surveys
offered a comprehensive discussion of localization system
technologies, techniques, and methods. Additionally, some
authors provided a brief discussion of current challenges from
the point of view of indoor and outdoor localization tech-
nologies, techniques, environment, devices, coverage, and
privacy. Even though it has been noted in the introduction
that elderly people in rural areas spend most of their time
outdoors, most of the review papers targeted indoor envi-
ronments only, with only 18% covering indoor and outdoor
environments. As discussed in section II-A, there is limited
or no access to electricity in rural areas, though 62% of the
review papers considered power optimization, and still, it is
mainly about IoT devices as none of the reviews looked at
resource-constrained environments. Furthermore, only 18%
of the review papers considered cloud computing which is
emerging as the key platform for localization system data
storage, computing, processing, and analytics due to its sim-
plicity, availability, and scalability. Cloud computing helps
prolong the tracking device’s battery life by transferring all
power-hungry activities to the cloud, a major requirement for
battery-powered devices operating in a resource-constrained
place [7].

The cost of the current localization systems is one of
the limitations of their adoption in most environments and
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TABLE 1. Comparison of criteria included in existing surveys. HT: Hybrid Technologies; PC: Power Consumption; SW: Size & weight; CC: Cloud Computing;
EES: Energy Efficiency Strategies; DL: Digital Literacy; ✓: Considered; ×: Not Considered.

communities. 77% of the existing survey papers considered
the cost as one of the requirements in general without clearly
defining the real face value in terms of money. Because of
income inequality, if cost is not well defined, an affordable
product in one area might be expensive in another area.

Active localization entails a device attached to or carried
by the target, and because of that, its size and weight can
have a significant effect on the movement of the pedestrian
being tracked. However, only 10% of the papers looked at
those parameters.

In the reviews considered, 14% looked at the independence
(autonomy) of the designed systems from the user. But as
already discussed in section II-A, digital literacy is lacking in

those remote rural areas, and so this requirement needs to be
given attention; otherwise, it might lead to application failure.

Also, 62% of the reviews were done without a specific
health focus, end-user, or application. Different applications
have different requirements and constraints that need to be
considered for a positioning system.

Due to the inherent limitations of single position esti-
mation technology, it is important to consider hybridization
to provide a better position estimation in all environments.
Hybrid systems, as more explained in section IV-D6, are also
important in prolonging the battery life of the user devices.
Hybridization was considered by 47% of the existing reviews
and mostly to improve on the localization accuracy rather
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than power efficiency, a major challenge in the environments
considered for this review.

III. RESEARCH METHOD
This section introduces the procedure and methodology used
to identify studies relevant to this systematic literature review.
The methodology has been selected for its clear procedure,
which can be easily reproduced by other researchers, to com-
prehensively analyze the published research, identify current
trends, and detect the unexplored research lines on a par-
ticular topic. As part of the systematic review, we used the
PRISMA guidelines [10], consisting of a 27-item checklist
together with a flow diagram divided into four parts (identi-
fication, screening, eligibility, and included).

A. RESEARCH QUESTIONS
Setting the right research questions is a crucial stage of any
systematic review, as it is paramount to identify the anal-
ysis’s main objectives. We conducted this review with the
following main research question (MRQ): Are current pedes-
trian localization systems suitable for resource-constrained
environments? This main question is generic; therefore,
we broke it down into the following specific research
questions (RQ):

RQ1: What are the resource optimization strategies cur-
rently used by the localization systems? The question will
help us to identify the technologies, algorithms, and strategies
used to save resources, and power will be the main resource
we will focus on.

RQ2: What communication technologies are used by the
current localization systems? The question will help us to
know the different communication technologies as a require-
ment for remote localization systems: coverage areas, data
capacities, and limitations of various networks employed.

RQ3: What are the current position estimate technologies
and algorithms used? This research question will allow us
to identify the positioning technologies and algorithms, the
computing environment (on the edge/on Cloud), accuracy,
and position update rate for the systems operating in those
environments.

RQ4: How are the devices used in pedestrian localiza-
tion systems? This research question will help us iden-
tify the main characteristics of the user device: mounting
point, size, included sensors, commercial or custom-made,
and cost.

B. KEYWORDS
The number of research studies relating to indoor and outdoor
positioning has increased exponentially over the years, with
more applications requiring localization services. Thus, it is
important to define clear search queries and strategies to
pinpoint the most relevant publications related to the topic
of this systematic review. We, therefore, proceed with the
identification of keywords related to the research topic and
its objectives. The keywords were chosen according to the
infrastructure, user, and application. As already mentioned

TABLE 2. Keywords related to the topic research.

TABLE 3. Lists of electronic databases searched.

in RQ1, power is the main resource being considered in this
review since it is a major challenge for the environments we
are considering. Under application, we used keywords track-
ing, positioning, monitoring, geolocation, and monitoring
since they are closely associated with localization, and some
authors use them interchangeably. Under the users, we also
considered the wildlife keyword since wild animals also live
in constrained environments or isolated and remote areas,
places requiring the designers of the localization system for
the animals in those environments to put into consideration
the same challenges mentioned above in II-A.

Table 2 shows the keywords we have chosen in the research
process. The wildcard pattern (* in the queries) means any
number of characters. In our queries, we introduced them to
identify related concepts with the same prefix (e.g., position,
positioning, positions, etc.).

C. QUERY
Once keywords are defined, a rigorous study selection pro-
cess is carried out by first defining relevant search queries
and running them against scientific digital libraries (Scopus
and Web of Science in this work) to identify all potentially
relevant studies. Table 3 shows the URL and lists of electronic
databases searched, and table 4 shows the search queries used.
Although the term ‘localization’ or ‘positioning’ has been
used for a long time, and outdoor and indoor positioning has
been studied for many years, we limited this review to articles
published in the last ten years (from 2012 to January 2023).
We think that ten years is enough time as technology has
greatly changed compared to the early 1990s and 2000s. For
example, there have been great changes in smartphones and
satellite technology in the latest years.

D. STUDY SELECTION
The selection of relevant articles rigorously followed the
PRISMA process for study selection. This step includes
identifying relevant studies concerning the research ques-
tions, removing duplicate records, and defining inclusion and
exclusion criteria. Those criteria form the basis for the ulti-
mate decision on which works are included in the qualitative
and quantitative synthesis.
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TABLE 4. Scopus and Web of Science search queries.

1) STAGE 1: IDENTIFICATION
Scopus and Web of Science are important databases that
index works from different sources, such as IEEExplore,
SpringerLink, Elsevier, Wiley Online Library, etc. Merg-
ing the results from all datasets leads to duplicate records
that must be removed. Thus, the retrieved records and their
abstract, title, bibliography, and metadata are imported in
CSV format and stored in MS Excel software. This software
was used to remove duplicate records and classify and ana-
lyze the studies obtained from search engines.

2) STAGE 2: SCREENING AND SELECTION CRITERIA
Once we have removed duplicate records, we obtain
640 unique registries, which must be filtered to obtain only
relevant publications for this review. Thus, we defined the
following inclusion criteria (IC) and exclusion criteria (EC).

Inclusion criteria.
IC1: Research works written in English.
IC2: Each article must be related to the localization of

pedestrians or wildlife.
Exclusion criteria.
EC1: Research works that do not mention anything about

energy consumption, low consumption, low power, low
resources, or similar.

EC2: Works where cameras are used as part of the local-
ization system.

EC3: Works where only INS is used as part of the local-
ization system.

EC4: Research works proposing systems valid only for
indoor environments.

In order to select only those works that fulfill all the
requirements established in the IC and EC, we proceeded
with the manual revision of titles and abstracts for their
subsequent tagging with ACCEPTED for accepted articles
and REJECTED for rejected records. Overall, we selected
around 24% of the total number of studies obtained in the
previous stage.

3) STAGE 3: ELIGIBILITY
In this stage, we carefully read each remaining study under
the consideration of the main objective of this review and

the established IC and EC. If the article reviewed does not
accomplish the requirements established in previous steps,
it is excluded from this work.

4) STAGE 4: INCLUDED
The studies are categorized according to their conclusions
and contributions to the research field (localization sys-
tems in resource-constrained environments). This step is
the last filter to select only relevant publications for this
review.

E. MAIN FIGURES FOR THE PRISMA PROCESS IN THE
CURRENT REVIEW
Figure 1 shows the flow diagram and the results after fol-
lowing the process. Through an extensive article search per-
formed using the search engines from two curated scientific
digital libraries, namely Scopus and Web of Science, using
an equivalent search query, we identified 932 potentially
relevant studies concerning the research questions. We iden-
tified 460 from Scopus and 472 from Web of Science. When
the screening process was carried out, by first removing
duplicates, we remained with 640 unique works. We sub-
sequently screened the remaining articles’ titles, abstracts,
and keywords against the inclusion and exclusion criteria;
124 articles remained. Finally, the remaining works were
checked against the eligibility criteria in the eligibility phase
to obtain a final set of included articles. We included only
37 articles [38], [39], [40], [41], [42], [43], [44], [45], [46],
[47], [48], [49], [50], [51], [52], [53], [54], [55], [56], [57],
[58], [59], [60], [61], [62], [63], [64], [65], [66], [67], [68],
[69], [70], [71], [107], [108], [109] in our review for the
complete analysis, and this represents about 5% of the initial
number.

F. OVERVIEW OF THE SELECTED STUDIES
Although the search queries provided 932 works, only 37 ful-
filled all the criteria established in this work and were ana-
lyzed (see Figure 1). The distribution over the years of the
selected works is shown in Figure 2, where the type of article
is also differentiated.

G. DATA EXTRACTION
We collected all the relevant information from the 37 selected
studies during this process. This information includes
resource optimization strategies currently used by the local-
ization systems (RQ1), communication technologies and net-
works used (RQ2), position estimate technologies and algo-
rithms used (RQ3), and how the devices are used in pedestrian
Localization systems (RQ4). Themain outputs of this process
are reflected in Section IV.

IV. RESULTS
This section will analyze the key information extracted from
the 37 selected studies (see Section III-G) to answer the four
defined research questions (see Section III-A)
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FIGURE 1. PRISMA flow diagram.

FIGURE 2. Distribution of the articles considered in this review over the
years, grouped by type of publication.

A. POWER OPTIMIZATION STRATEGIES
Energy consumption is one of the most significant constraints
for remote localization systems in a resource-constrained
environment where access to electricity and other resources
is limited. The devices need to be powered by batteries and
alternative energy sources. This means long battery life and
low energy consumption are fundamental points for these
systems. Because battery energy is limited, there is a need
for power optimization to maximize the life of these batteries
up to many years without charging. Different strategies have
been found in this review. In this section, we will present
the different optimization strategies as deployed by different
authors.

a) Localization algorithms, methods, techniques, and tech-
nologies
Different technologies have different power challenges,
and therefore it is crucial to select the right localization
technology after understanding the energy challenges
of technology. For example, a standard GNSS technol-
ogy has a very high power consumption compared to
the other technologies, even though it offers the best
localization solution for outdoor environments. Tech-
nologies such as LPWANs were used by more than 33%
of authors for localization and 64% for communication
because of their low power consumption, as discussed
more in section IV-D4.
Furthermore, techniques such as snapshot as used
in [54], [57], [61], and [63], reduce the energy consump-
tion as it determines the position by using a minuscule
interval (about 20ms) of GNSS signal that is subse-
quently processed at the cloudwith the help of assistance
data to retrieve pseudo-range information and compute
the pedestrian position.

b) Devices
With most battery-powered devices being used in build-
ing localization systems in this review, it is essential
to use low-power devices to maximize the battery life.
Most authors in custom-made systems used low-cost
and low-energy devices to minimize power consump-
tion. For example, authors in [42], in addition to using
LPWAN technologies, used low-power consumption
devices such as the Waspmote core processor based on
the Atmel ATmega1281. End devices such as Sigfox,
LoRa, and NB-IoT are in sleep mode most of the time
outside operation, thus maximizing the battery life. The
flexibility of choosing what to use makes custom-made
devices more power efficient than commercial ones.

c) Duty cycling
Here, devices were turned off or went to sleep mode
when there was no signal or when indoors, or when other
technologies were being used. For example, authors in
[50], [53], [55], [66], and [67] turned off GPS when
there was no signal and when indoors to decrease power
consumption. For example, in [50], the authors achieve
low power consumption by the optimization of the trans-
mitter circuit of an ultra-wideband system together with
implementing sleep modes. The proposed power man-
agement technique decreased the current consumption
from 30 mA in active mode to 6.7 µ A in sleep mode.

d) Location update rate
The update rate is the frequencywith which the positions
are calculated on the device or at an external processing
facility. This rate has a significant impact on the battery
life, with high data rates leading to more on-time for the
devices and hence high energy consumption.
We categorized the update rate as periodic when updates
are regular, or at the specified interval, for example,
every after 10sec [42], [107], on request [52] when the
update is triggered by the user or by a remote device,
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and on the event, [46], [51], [52], [60], [62], [66] when
the measurement update is initiated by the local device
when a specific event occurs, e.g., when a temperature
sensor exceeds a critical threshold.
For example, the authors in [60] combined periodic
and on-event categories to minimize power consumption
since a high update rate results in high power consump-
tion and vice versa. Also, some devices have regional
regulations limiting the maximal payload size and the
airtime a transmitter is allowed to use. For example,
LoRaWAN devices in Europe must respect a duty cycle
limit of 1 % and a maximal payload between 51 bytes
and 222 bytes depending on the used spreading factors
(SF) [73].

e) Cloud computing
Cloud computing emerges as the key platform for local-
ization system data storage, processing, and analytics
due to its simplicity, availability, and scalability. Cloud
computing minimizes the energy consumption by the
devices by taking away one of the most power-hungry
activities, i.e., data process, to determine the user posi-
tion in the cloud, where sufficient energy, processing
power, and clock and ephemeris data are available in
virtually unlimited quantity. For example, under GNSS
technology, authors [51], [52], [53], [55], [56], [58],
[59], [60], [62], [64], [65], [66], [67], [68], [69], [107],
[108] designed systems that send GNSS coordinates
(PVT) to the cloud for user access and other authors [54],
[57], [61], [63] further reduce the power consumption by
sending the raw measurements (snapshots) to the cloud
for the PVT determination. The cloud-based method
also decreases the localization latency by providing stor-
age, computational, and processing power. Therefore,
received data will be accessible for real-time positioning
and monitoring.

f) Communication network
Since most efficient localization technologies use cloud
computing and in this review, we are looking at remote
monitoring, it is very important to select a low-power
communication network. More than 90% of the papers
in this review used the cloud for processing and user
access. Communication technologies such as cellular
and Wi-Fi are high power consumption networks, and
this explains why more than 64% of the authors in this
review used LPWANs such as LoRaWAN and Sigfox.

g) Hybridization of technologies
Hybridization, as discussed more in section IV-D6,
involves the combination of two or more localization
technologies. The hybrid method takes advantage of the
strengths of one system. It combines it with another
system that has strengths where the first system exhibits
inhibitions to compensate for the limitations of sin-
gle model positioning technologies [35]. For example,
authors in [62], [63], [64], [65], [66], [67], [68], and
[69] combined GNSS, a global technology, with other
technologies such as Wi-Fi, INS, and BLE to minimize

the relatively high energy consumption in its typical use
case. This is done by turning off GNSS receivers when
not in use or places with no access to satellite signals.
For example, the authors in [62] enhanced the battery
life by 50% compared to GNSS alone by combining
GNSS+Wi-Fi+INS.

h) Network architecture
Different authors came up with different architectures to
minimize power consumption. For example, the authors
in [49] used a hybrid tree topology to create a lay-
ered hierarchical layout with a cluster head that coor-
dinates communication and concatenates the data to
be forwarded to the central system via LoRaWAN and
thus reducing the power consumption. Instead of direct
LoRaWAN connectivity as in star topology, utilizing
data concatenation at the cluster head drastically reduced
the overall energy overhead. Packet concatenation is
proposed as an alternative to reduce the packet header
energy cost and decrease overall latency in this study.

i) Sampling rate
High energy efficiency can be achieved by reducing
the sampling rate of sensing users’ locations. A typical
location-based application usually updates the user’s
location only if the distance to the last valid location
sample is larger than a certain threshold [66]. Therefore,
a fixed and frequent GNSS location sampling policy
probably introduces a significant amount of unnecessary
GNSS samples and thus increases power consumption.
For example, in [62], the authors combined GPS with
INS (accelerometer) to determine when the pedestrian
was stationary and reduce the sampling rate. In [66],
authors select location-sensing methods between Wi-Fi
and GPS and reduce the sampling rate by utilizing the
information from the acceleration sensor and orientation
sensor.

B. COMMUNICATION TECHNOLOGIES
Most remote energy-efficient localization technologies
require exchanging data with a network to determine the
device’s position from the cloud. Different authors have used
different communication technologies to minimize power
consumption and lower costs in this review. This section
provides a brief overview of those communication technolo-
gies. Table 5 gives a summary of some of the properties of
communication technologies considered in this review, and
these include data rates, bandwidth, energy consumption, and
range.

1) CELLULAR NETWORKS
Cellular networks operate on different frequency bands,
including the 0.9, 1.8, and 2.8 GHz bands. They are based on
open, global industry standards, use licensed spectrum, and
are always operated by wireless network providers. Cellular
networks offer high bandwidths, low latency, high reliability,
and good coverage [32]. However, they are not suitable for
energy-constrained devices. Because of that, the GSMA has
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TABLE 5. Comparison of RF communication networks used in this literature review.

introduced two additional LTE standards: NB-IoT and LTE-
M. Even though NB-IoT and LTE-M are primarily designed
for LPWAN use cases to provide moderate energy efficiency,
the rollout of these networks is still in its early stages, with
patchy or no coverage in many regions.

Research studies in [47], [53], [57], [60], [62], and [63]
used cellular networks as the communication network, which
represent 18% of the reviewed papers. All the studies used
GSM networks which are pervasively available in most coun-
tries but have high energy consumption. GSM networks have
cell sizes of up to 35 km, and GSM far outreaches the cover-
age of WLAN, and WPAN [74].

2) LPWAN
LPWAN technologies include LTE-M, NB-IoT, Sigfox, and
LoRaWAN. LTE-M technologies were not used in any studies
in this review. LPWAN is increasingly gaining popularity
in industrial and research communities because of its low
power, long-range, and low-cost communication characteris-
tics. It provides long-range communication up to 10-40km
in rural zones and 1-5km in urban zones [77]. In addition,
it is highly energy-efficient (i.e., 10+ years of battery life)
and inexpensive, with the cost of a radio chipset being less
than $2 and an operating cost of $1 per device per year [33].

These promising aspects of LPWAN have prompted recent
experimental studies on the performance of LPWAN in
outdoor and indoor environments, as seen in this review
(more than 70%). These properties make the LPWAN
technology a perfect candidate for resource-constrained
environments.

Many factors should be considered when choosing the
appropriate LPWAN technology for application, including
quality of service(QoS), battery life, latency, scalability, pay-
load length, coverage, range, deployment, and cost. The
respective advantages of Sigfox, LoRa, and NB-IoT in terms
of IoT factors are demonstrated in figure 3 and briefly
explained in the following paragraphs.

Sigfox, LoRaWAN, and NB-IoT end devices are in sleep
mode most of the time outside operation, which reduces

the amount of consumed energy, i.e., long end-devices life-
time. However, the NB-IoT end device consumes additional
energy because of synchronous communication andQoS han-
dling, and its OFDM/FDMA access modes require more peak
current [33]. This additional energy consumption reduces
the NB-IoT end-device lifetime compared to Sigfox and
LoRaWAN. NB-IoT offers the advantage of low latency.
Owing to QoS and cost tradeoff, NB-IoT is preferred for
applications that require guaranteed quality of service, and in
contrast, applications that do not have this constraint should
choose LoRaWAN or Sigfox.

The significant utilization advantage of Sigfox is that an
entire city or village can be covered by one base station (i.e.,
range >40 km). By contrast, LoRaWAN has a lower range
(i.e., range <20 km), and NB-IoT has the lowest range and
coverage capabilities (i.e., range <10 km).

In terms of payload length, NB-IoT allows the transmission
of data of up to 1600 bytes. LoRaWAN allows a maximum
of 243 bytes of data to be sent. Sigfox proposes the lowest
payload length of 12 bytes, limiting its utilization on various
applications that need to send large data sizes. In addition,
the deployment of NB-IoT is limited to LTE base stations.
Thus, it is not suitable for rural or suburban regions that do
not benefit from LTE coverage.

The NB-IoT specifications were released in June 2016;
thus, the amount of commercial applications has been limited
up to now. However, the LoRaWAN and Sigfox ecosystems
are mature and are now under commercialization in various
countries and cities. LoRaWAN has the advantage of being
deployed in 42 countries versus 31 countries for Sigfox [78].
In addition, one significant advantage of the LoRaWAN
ecosystem is that it is available in Africa.

In summary, figure 3 shows a clear difference in per-
formance between licensed and unlicensed technologies.
The licensed technology (NB-IoT) offers better QoS, pay-
load length, latency performance, and scalability than
unlicensed (LoRaWAN, Sigfox). Unlicensed technologies
are cheaper, with a better coverage range and battery
life.
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FIGURE 3. Respective advantages of Sigfox, LoRa, and NB-IoT in terms of
IoT factors. [33].

TABLE 6. Different costs for LoRaWAN, NB-IoT, and Sigfox [78].

From the cost aspects in terms of the spectrum
(license), network/deployment, and end-device, Sigfox, and
LoRaWAN are more cost-effective than NB-IoT, as shown in
Table 6. In the following, Sigfox, LoRaWAN, and NB-IoT
are discussed in terms of their technical aspects in regard to
this review.
a) Sigfox

Sigfox is an LPWAN network operator that offers an
end-to-end connectivity solution based on its patented
technologies. Sigfox deploys its proprietary base sta-
tions equipped with cognitive software-defined radios
and connects them to the back-end servers using an
IP-based network [33].
Sigfox uses unlicensed ISM bands, for example,
868 MHz in Europe, 915 MHz in North America,
and 433 MHz in Asia. Even though it uses unlicensed
band frequencies, it’s a closed network and is not
available without permission from the network service
provider. Sigfox services are currently not operational
in Africa.
Sigfox uses the frequency bandwidth efficiently and
experiences very low noise levels, leading to very
low power consumption, high receiver sensitivity, and
low-cost antenna design at the expense of maximum
throughput of only 100 bps. The number of messages
sent over the uplink is limited to 140 messages (twelve
bytes each) and four downlink messages (eight bytes
each)per day [73].
Sigfox can communicate over ranges of up to 10km
in urban areas and up to 50km in rural areas. In this
review, Sigfox was used in three studies [41], [45], [61].

FIGURE 4. The SF of a LoRa signal affects the energy consumption,
required airtime, maximal payload size, and the achievable
communication range of a transmission [73].

For example, authors in [45] ran an experiment on an
LPWAN tracking platform based on Sigfox and achieved
a maximum range of 20km.

b) LoRaWAN
LoRaWAN is a physical layer technology that modu-
lates the signals in the sub-GHz ISM band. LoRaWAN
provides for long-range communications: up to three
miles (5km) in urban areas and up to 10 miles (15km)
or more in rural areas under LoS circumstances. A key
characteristic of the LoRaWAN-based solutions is ultra-
low power requirements, which allow for the creation
of battery-operated devices that can last for up to
10 years [67].
Bidirectional communication is provided by the chirp
spread spectrum (CSS) modulation that spreads a
narrow-band signal over a wider channel bandwidth.
The resulting signal has low noise levels, enabling high
interference resilience, and is difficult to detect or jam.
LoRaWAN uses six spreading factors (SF7 to SF12) to
adapt the data rate and range tradeoff. The spreading
factors of a LoRaWAN signal affect the energy con-
sumption, required airtime, maximal payload size, and
the achievable communication range of transmission
[73], [79] as shown in figure 4. For example, a higher
spreading factor allows a longer range at a lower data
rate expense and vice versa. The LoRaWAN data rate is
between 300bps and 50kbps, depending on the spread-
ing factor and channel bandwidth [21], [73].
The authors in [38], [39], [40], [41], [42], [43], [44],
[49], [52], [54], [55], [56], [58], [59], [65], [67], [68],
[69], [70], [71], [108], and [109] used LoRaWAN as
a communication network representing 64% of all the
studies in this review. For example, [49] developed a
wildlife monitoring system leveraging BLE and LoRa.
The range from transmitter at a transmit power of 4dBm,
BW of 125KHz, and SF of 12 under a flat rural envi-
ronment (open field) was 15.7km. From the experiment,
high transmission power results in higher received signal
strength, increasing the reception range.

c) NB-IoT
Narrow Band IoT (NB-IoT) was introduced by the 3rd
Generation Partnership Project (3GPP) in 2016 [33],
[78]. Unlike Sigfox and LoRaWAN, NB-IoT operates
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in licensed spectrum and synchronous communication.
Therefore, it provides higher traffic reliability and is
preferred for IoT systems that need guaranteed QoS. The
NB-IoT communication protocol is based on LTE, and
it can reduce its power consumption by reducing LTE
protocol functionalities.
It has a frequency bandwidth of 200KHz and uses
OFDMA for downlink and SC-FDMA implemented for
uplink communication. It has a 250kbps data rate for
downlink and a 20kbps data rate for uplink.
One of the main advantages of this standard is its com-
patibility with traditional cellular networks. Therefore,
it can work in LTE or GSM under licensed frequency
bands. In this review, NB-IoT was used in two stud-
ies [51], [107] and only for communication.

3) WLAN (WI-FI) COMMUNICATION TECHNOLOGIES
Wi-Fi technology is a tempting approach since Wi-Fi access
points are readily available in many environments. However,
this is not the case for resource-constrained environments.
The range can be scaled up to 1km, which Wi-Fi typically
covers outreaches that of Bluetooth or UWB, and another
advantage of using Wi-Fi is that LoS is not required. In this
review, Wi-Fi [46], [63], [66] was used in only three studies
as a communication network.

4) WPAN COMMUNICATION TECHNOLOGIES
WPAN solutions such as BLE, ZigBee, and UWB provide
short and medium-range communications and signal-range
coverage of up to 300m in free space. In this review, BLE
and UWB were used for communication by authors in [49],
[50], and [64], respectively. Since ZigBee and BLE operate
in unlicensed ISM bands, they are vulnerable to interference
from a wide range of signal types using the same frequency,
which can disrupt radio communication.

For example, [49] developed a wildlife monitoring system
leveraging BLE and LoRaWAN. The range from transmitter
under a flat rural environment (open field) was up to 200m
for BLE.

C. CHARACTERISTICS OF USER DEVICES
User devices were used to perform different functionalities
that include data collection, data transmission, and local-
ization. The main focus of our characterization is to show
external usability attributes associated with the use of specific
user devices. These include themounting point, cost, size, and
weight. We also identify user devices that are commonly used
together and also if they are commercial or custom-made.

1) COMMERCIAL OR CUSTOM DEVICE
In this review, commercial devices represent only 18% of
the user devices used by different authors, and all are smart-
phones. 82% of the reviewed work used custom devices.
Arduino and Raspberry Pi account for 25% and 11%, respec-
tively, of the development boards and platforms used to build
custom systems. 50% of the reviewed work gives a partial

FIGURE 5. The spider graph shows the comparison of the different
devices used in the commercial and custom systems.

description of the development platforms used, with 14% not
giving any description of the platforms or boards used to
develop the systems they used to conduct their experiments.
Not knowing the platforms used to make their systems makes
it hard to replicate and validate the results. The use of cus-
tom devices is attributed to the need for tailored solutions
that require technologies like LoRaWAN and combinations
(hybridization) such as GNSS + LoRaWAN that commercial
devices do not usually provide.

In figure 5, a descriptive analysis of existing commercial
and custom devices is derived as follows: 18% of the com-
mercial devices include Wi-Fi technology, while only 3% of
the custom made include it. Similarly, for BLE, 18% of the
commercial devices, and 6% of the custom made include it.
This phenomenon, where a commercial device’s existence
is more prominent compared to its custom device usage,
is also true for GNSS and IMU. The implication is that
there may be no need for the development of custom devices
using such technologies. On the contrary, technologies such
as LoRaWAN and UWB are not prominent in commercial
devices. Our study results show 0% for both technologies
under commercial devices and 33% and 3% for custom
devices, respectively. This trend shows that there is a need
for further development and testing of these technologies in
the custom setting before the commercialization takeoff.

2) COMMON SENSORS USED
Overall, 56% of the studies in this review used GNSS
sensors [51], [52], [53], [54], [55], [56], [57], [58], [59],
[60], [61], [62], [63], [64], [65], [66], [67], [68], [69]. GPS
receivers were the most used type of GNSS constellation at
70%, with 30% using multi-constellation receivers covering
GPS, GLONASS, and Galileo on a single chip. LPWAN
technologies are increasingly gaining popularity in indus-
trial and research communities because of ultra-low power,
low cost, and long-range properties. In this review, LPWAN
technologies were used for both localization and communi-
cation. 33% of the studies in this review [38], [39], [40],
[41], [42], [43], [44], [45], [46], [69], [70], [71], [109]
used the LPWAN technologies for localization and 64% for
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communication purposes. LoRaWAN [38], [39], [40], [41],
[42], [43], [44], [46], [69], [70], [71], [109] was the most
preferred for both localization and communication because
it uses open standards, and also operates in Africa in relation
to Sigfox [41], [45], and was used in only two papers. WPAN
technologies were used in 21% of the reviewed studies. The
WPAN technology included BLE sensors [46], [47], [49],
[68], UWB [65] and ZigBee [48], [50].

INS systems which commonly integrate sensors such as
accelerometers, gyroscopes, magnetometers, and barometers
were used in 18% of the studies [62], [64], [66], [67], [68],
[70]. These navigation sensors were used only to complement
other technologies such as GNSS [62], [64], [66], [67], [68],
[70] or Wi-Fi [66] as stated in EC3. This is because of the
progressive accumulation of errors over a period of time
during motion, and it also gives a relative position.

WLAN devices [62], [63], [66] were used in 9% of the
works reviewed for localization and communication pur-
poses. The authors who used Wi-Fi leveraged on the existing
infrastructures, and these do not exist in resource-constrained
environments and thus limiting the adaption of the technol-
ogy.

Hybrid systems were used in 33% of the studies, and the
most popular combinations of hardware found in the literature
were GNSS with INS [62], [64], [66], [67], [68].

3) MOUNTING POINTS
Whereas the mounting point has an effect on the performance
of the localization system, only 40% of the reviewed studies
mentioned the mounting points used. All authors who used
commercial devices mentioned the mounting points. Com-
mercial devices come with already designed and packaged
morphology that makes them restrictive and easy for it’s
designed for mounting points. Even though the authors who
used custom devices had an opportunity to redesign and
meet the targeted points as identified from different mount-
ing points adopted, only 26% mentioned their mounting
points. The most common mounting points for commercial
devices were hands [62], [66], pockets [70], bracelets [46],
and clothes [47], [64], but in addition to these mounting
points, the authors who used custom devices explored differ-
ent points like a collar [44], [48], [49], [58], animal ear [108]
and walking sticks [38]. Not knowing the mounting points
makes the adoption of these systems challenging, especially
with the group of people and environment being dealt with.
It also makes it hard to replicate the system and validate the
results.

4) SIZE AND WEIGHT
Although the size and weight of a user device are essen-
tial requirements for tracking systems, only 10% of studies
reviewed mention the size and weight of the systems used
in their experiments. Tracking applications, in particular, are
constrained by size and weight, limiting the range of species
that can be tagged. The authors in [48] and [61] give a
thorough explanation of the total size and weight of their

developed system. For example, the authors in [48] suggested
that a tracking device placed on an animal should ideally be
less than 5% of the animal’s body mass. Even though their
study was done on animals, size, and weight have a similar
constraint on the choice of tracking application to adapt for
pedestrians as well. The authors in [61] and [108] designed
small, lightweight, low-power electronic tracking tags of 2.6g
and 30g total weights, respectively, which is far less than the
average weight of a smartphone today. On average, a phone
weighs around 200g.

5) COST
The cost of the user devices or systems used is very important
since we are looking at resource-constrained environments,
as explained in section II-A. Even though our literature search
was biased toward systems designed for constrained environ-
ments, only 40% of the reviewed studies considered the cost
of their designed systems as an essential requirement. Costs
were minimized by using low-cost hardware, architecture
designs, technologies, and algorithms and also utilizing the
already existing infrastructures. The cost of a smartphone
with localization capabilities is approximately $200 or more.
Most designed custom user devices are estimated to cost
$100-$500. Though for both cases, these costs cover the user
device, there is an assumption of existing infrastructure on
which these devices operate, such asWi-Fi, satellites, cellular
networks, and the Internet. Table 7 represents the summary of
technologies, cost, and weight descriptions.

D. LOCALIZATION TECHNOLOGIES AND METHODS
This section covers the overview of the technologies, algo-
rithms, methods, and principles used for localization. Table 8
gives a summary of the localization technologies used in
the reviewed articles in terms of accuracy ranges, coverage,
throughput, percentage of the technology in the devices used,
and advantages and disadvantages of each technology. In this
review, localization technologies can be divided into Radio
Frequency(RF) based or inertial-based.

RF-Based Navigation Technologies
RF-based systems are the most adopted systems for local-

ization. This is because they offer a good balance of cov-
erage and accuracy in comparison to other wireless tech-
nologies such as infrared or ultrasonic-based localization
systems [32]. Examples on RF-based navigation technologies
include: Wi-Fi [62], [63], [66], Bluetooth [46], [47], [49],
[68], ZigBee [48], [50], UWB [65], GNSS [51]- [69], [107],
[108], and LPWANs [38], [39], [40], [41], [42], [43], [44],
[46], [69], [70], [71], [109]

RF localization methods often leverage wireless network
infrastructure that is initially deployed for communication
purposes (e.g., LPWANs, Wi-Fi). They translate signal char-
acteristics such as RSS and Time of Flight (ToF) and combine
these estimates to determine the location of a wireless device
or object.

Many localization methods exist, and generally, their per-
formance depends on error sources such as end-device-related

VOLUME 11, 2023 36877



A. Paddy Junior et al.: Remote Pedestrian Localization Systems for Resource-Constrained Environments

TABLE 7. Different costs and weights of the devices.

errors like motion diversity, environment-related errors,
for example, Non-Line of Sight (NLoS), gateway-related
errors like network geometry and time synchronization, and
data-related errors that are mainly associated with finger-
printing localization [72].

Localization can be done on either a unilateral or multi-
lateral level [73]. In unilateral systems like GNSS, a device
calculates its own location based on the measurements it
receives from multiple terminals (i.e., satellites or terres-
trial network infrastructure). Multilateral systems work the
other way around: the location of a transmitting device
is located by combining the measurements of multiple
receivers. Due to the limited downlink capacity and star
topology of LPWANs, it makes more sense to apply
the latter.

The RF localization methods used in this review can be
roughly divided into the following two categories: time-based
positioningmethods, such as time of arrival (ToA) and TDoA,
and RSS signal-based positioning methods, such as finger-
printing and signal strength ranging methods.

a) RSS signal-based positioning methods
Ranging methods
Signal strength ranging methods use RF propagation
loss models to calculate the distance between a trans-
mitter and its receivers. Generally, such models take
the distance between transmitter and receiver as well as
the transmitted power and the frequency into account
to determine the RSS [41]. The location of a transmit-
ter can be calculated with trilateration or multilatera-
tion when the distances to at least three receivers are
estimated. A common multilateration technique is to
derive an equation system from the receiver locations as
well as the estimated distances from the transmitter to
the receiver and solve this system with a least-squares
approach.
Fingerprinting
Fingerprinting, also known as scene analysis, is a
pattern-matching localization method that estimates the
location of a wireless device without having any knowl-
edge of the location of the receivers. This method con-
sists of an online step and an offline step. In the offline
step, someone collects training data in the area where
they want to locate their devices. Messages must be
transmitted from known locations all over the area of

interest to build a representative training database. In the
online step, RSS measurements of newly received trans-
missions are matched to the fingerprints in the train-
ing dataset to estimate a transmitter’s location, e.g.,
by applying a k-Nearest-Neighbors (kNN) analysis [41],
probabilistic methods, maximum likelihood estimator
(MLE) [40], decision trees, etc.
Fingerprinting has a better positioning accuracy and
performance when compared with ranging methods and
more especially if used in small ranges. However, these
fingerprint-based methods require a wide survey of the
environment to build a database and update the database
regularly to reflect changes in dynamic environments
and complex signal fading of different environment situ-
ations (e.g., weather changes). It is even more unsuitable
when the object being tracked moves in areas much
larger than the considered area during the offline phase,
and this is very likely with the objects and the environ-
ments being considered in this review.

b) Time-based methods
For time-based localization methods, the distance
between a transmitter and a receiver is estimated by
measuring the ToA between them.
Time of Arrival (ToA)
Similar to the RSS-ranging. ToA applies trilatera-
tion/multilateration to the estimated distances between a
transmitter and at least three receivers [41], [73]. How-
ever, ToA relies on the basic principle that the distance
between a receiver and a transmitter can be related to the
propagation time between them. Therefore, this method
requires very precise synchronization between the trans-
mitter and its receivers, for example, through additional
GNSS hardware. This level of synchronization is often
impractical for IoT devices and networks, so ToA can be
ruled out as a worthwhile localization method for most
applications.
Time Difference of Arrival (TDoA)
Contrary to ToA algorithms, a transmitting device does
not have to be synchronized with the gateways to imple-
ment TDoA localization. Hence, there is no need to add
synchronization hardware that would drain the battery.
With a network of precisely synchronized gateways, the
location of a transmitter can be calculated based on the
TDoA relative to a reference gateway. To eliminate loca-
tion ambiguity, at least three hyperboles are needed, and
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the transmitter location is estimated at their intersection.
Thismeans that the timemeasurements from at least four
receiving gateways are required.

In the following, different localization technologies are dis-
cussed in terms of their technical differences and known
performance characteristics.

1) SATELLITE (GNSS)
More than half of the research works included in this review
used satellite technologies for localization [51], [52], [53],
[54], [55], [56], [57], [58], [59], [60], [61], [62], [63],
[64], [65], [66], [67], [68], [69]. Satellite systems have
global coverage, and free-of-charge provision of absolute
positioning solutions [63]. It provides extremely precise,
robust, ubiquitous positioning and timing information inde-
pendent of telecommunication network infrastructure that
connectivity-based technologies lack.

There are currently four GNSS constellations in opera-
tion: GPS (USA), GLONASS (Russia), BeiDou (China), and
Galileo (Europe). In this review, BeiDou was not used. GPS
constellation [51], [52], [53], [54], [55], [58], [60], [61], [64],
[65], [66], [67], [107], [108] was the most used for satellite
navigation and localization.

In traditional GNSS-based localization approaches, the
concept of ToF is exploited to estimate the location of a
receiver. When a radio signal leaves a satellite antenna,
the current time is included in the message, enabling the
receiver to compute the travel time and convert it into a
distance measurement, incorporating clock errors. When dis-
tance measurements of four different satellites are available,
the position of the GNSS receiver on Earth can be estimated
using tri/multilateration techniques. Depending on the char-
acteristics of the GNSS receiver and the processing method,
different accuracies were obtained.

a: DEVICE VS CLOUD
Most of the studies that used GNSS technologies for local-
ization used the position, velocity, and time (PVT) (latitude
and longitude) directly offered by the GNSS receiver (local
chip), and the data was transmitted to the cloud for the final
computations and user access. In these studies [51], [52],
[53], [55], [56], [58], [59], [60], [62], [64], [65], [66], [67],
[68], [69], [107], [108], an accuracy range between 2.5m and
7.5m was achieved.

Contrary, the authors in [54], [57], [61], and [63], which
represents 12% of the studies estimated positions (PVT)
using snapshot positioning algorithm that allows ultra-low-
power, reasonably accurate global position determination
using very short (few milliseconds) sequences of GNSS data
(snapshot). Special GNSS receivers are used to capture the
GNSS signals, and then the dataset (logged data) can then be
post-processed remotely (cloud) to achieve a good estimate
of position. For example, accuracies of 6m [54], 14m [57],
27.7m [61], and 25m [63] were achieved from snapshot

lengths of the recorded signal of 20ms, 10ms, 4ms, and 20ms
respectively.

b: SINGLE VS MULTIPLE GNSS CONSTELLATIONS
The accuracy performance is a function of the satellites-to-
receiver geometry quantified by the Geometric Dilution of
Precision (GDOP) factor. A large number of satellites in view
results in a better GDOP (improved position accuracy) and
higher signal availability, particularly in urban environments
where the LoS to the satellite might be partially obscured by
buildings.

More than 70% of studies used single (GPS) constellation
receivers [51], [52], [53], [54], [55], [58], [60], [61], [62],
[64], [65], [66], [67], [107], [108]. The studies in [56], [57],
[59], [63], [68], and [69] used multi-constellation receivers.
The module had GPS, GLONASS, and Galileo constella-
tions. Multi-constellation receivers are more costly and also
consume more power [7].

The accuracy ranges achieved show no correlation between
the obtained accuracy and the number of constellations used.
For example, the authors in [51] achieved an accuracy of 2.5m
using only GPS receivers, and authors in [61] achieved 27.7m
using multi-constellation receivers.

c: SINGLE VS DUAL FREQUENCIES
Processing GNSS signals in multiple (dual) frequencies pro-
vide significant positioning accuracy and also provides better
protection against local disturbances such as interferences or
multipath. However, this high performance comes at the cost
of an increase in overall energy consumption and high cost
compared to single-frequency receivers [7].

Studies in [54], [59], [61], [63], and [67] used L1
(1575.42MHz) single-frequency receivers, and the rest of the
authors don’t mention the carrier frequencies and bands used.

2) WLAN (WI-FI)
Wi-Fi can be used to estimate the location of a mobile device
within this network and is the most well-known approach for
indoor positioning systems (IPS). The use of Wi-Fi signals
is a tempting approach since Wi-Fi access points are readily
available in many indoor environments, and it is possible to
use standard mobile hardware devices [74].

The Wi-Fi infrastructure, like other RF infrastructures,
supports fingerprinting-based systems, which have been a
research trend because it is much more accurate compared to
other techniques. For example, the authors in [62] usedWi-Fi
signal fingerprinting algorithms based on RSS information
of Wi-Fi access points collected using a smartphone and
achieved an accuracy of 7.57m.

Contrary, the authors in [63] used Wi-Fi Round Trip Time
(RTT) ranging method to measure the travel time between
the rover (device) and the Wi-Fi router. The recording and
processing of Wi-Fi RTT readings were done using an API
in an Android smartphone. A maximum likelihood position
was calculated using a least squares multilateration algorithm
and Kalman filtering to optimize the estimate. The authors
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TABLE 8. Summary of the localization technologies and their known performance characteristics. Tech: Technology; % use: Percentage use; MT:
Maximum Throughput; PC: Power Consumption; LA: Localization approach used; VH: Very High; L: Low; M: Moderate; EL: Extremely Low.

achieved an accuracy of 1.5m under optimal conditions (a
static device with no nearby obstructions) in a room. One of
the potential limitations of Wi-Fi ranging is multipath, which
may limit the accuracy of the position indoors.

The authors in [66] achieved an accuracy of 3.1m, but the
methods and localization algorithms used are not mentioned.
Not knowing the localization algorithms and signal measure-
ment or signal properties used makes it hard to replicate
and validate the results. In all three studies, smartphones
were used as user devices, and already existing indoor Wi-Fi
infrastructures were utilized.

3) WPAN
A wireless personal area network (WPAN) is a type of per-
sonal network that uses wireless communication technologies
to communicate and transfer data between the user’s con-

nected devices. Unlike a WLAN, a connection made through
a WPAN involves little or no infrastructure or direct connec-
tivity to the world outside the link. This allows small, power-
efficient, inexpensive solutions to be implemented for a wide
range of devices.

WPANs such as BLE and UWB offer high penetrating
power, low-power consumption and transmission, good posi-
tioning accuracy, and little or no interference and multipath
effects for indoor environments compared to other IPS and
technologies likeWi-Fi. Still, they are not suitable for outdoor
environments because of their limited range (10m-300m), and
they are expensive to scale.
a) ZigBee Technologies

ZigBee is a wireless technology standard regarded as a
low-rate WPAN. It is mainly designed for applications
that demand low power consumption but do not require
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large data throughput. The signal range coverage of a
ZigBee node is up to 100m in free space, but in indoor
environments, typically 20m to 30m [73].
ZigBee technologies for localization were used in just
two papers [48], [50]. The authors in [50] used the
RSS method to estimate the distance between two or
more ZigBee sensor devices. They used the ranging
method (multilateration) for position determination and
the weighted least mean square method as an estimating
method.
The advantage of RSS localization, as used in [50],
is that it is nearly implemented in all Zigbee receivers,
so it does not require dedicated hardware. Despite its low
accuracy, as it can suffer from multipath interferences
and noise, it still had a fair accuracy of 10m for a 100m
range because it was deployed outdoors with no strong
multipath interference.

b) Ultra-Wide Band
UWB is a radio technology for high-bandwidth, short-
range communication holding the properties of strong
multipath resistance and, to some extent, penetrability
for building material which can be favorable for indoor
distance estimation, localization, and tracking. UWB
is expensive to scale because of the need to deploy
more UWB sensors in a wide coverage area to improve
performance UWB localization technology was used in
only one study [65]. In this study, UWB was combined
with GNSS to cover the demanding task of indoor local-
ization. The distance between a node (called tag) and
at least three reference anchors was estimated using the
ToF technique.
Subsequently, the multilateration technique was adopted
for actual position estimation. The results demonstrated
positioning errors on the order of a few centimeters in a
typical indoor scenario (area of 16m2).

c) Bluetooth
Bluetooth, like ZigBee, is a wireless standard for
WPANs. In contrast to ZigBee, the Bluetooth stan-
dard is a proprietary format managed by the Blue-
tooth Special Interest Group. The new Bluetooth ver-
sion, termed Bluetooth Low Energy (BLE), can cover
a range of 70-100m and provides 24Mbps with higher
power efficiency. BLE-based localization is utilized in
smartphones [30]. The advantage of using Bluetooth in
positioning systems lies in its high security, low-cost,
low power, and small size [35], [74].
BLE technology [46], [47], [49], [68] was used in 12%
of the reviewed studies. BLE was also used in combina-
tion with other technologies such as LoRaWAN in [46],
and GNSS and IMU (accelerometer) in [68], mainly
to cover the indoor environment and also to minimize
power consumption.
The authors in [46] used a smartphone to sense the
beacon from the wearable device of the missing persons
and used the received signal strength indicator (RSS)
measurements to find the missing person’s location.

Contrary, the authors in [47] used the tag ID (cellID)
to locate the patients. Both studies do not report the
position accuracy achieved and the range.
The authors in [68] used RSS to locate the tag based on
trilateration positioning algorithms. The position accu-
racy of less than 4m was achieved for a range of up to
200m.

4) LPWAN TECHNOLOGIES
A low-power wide-area network (LPWAN) is a type of
wireless telecommunication wide-area network designed to
allow long-range communications at a low bit rate among
connected objects (devices), such as sensors operated on a
battery.

LPWAN provides low-power, low-cost, and long-range
communication, and its signals can be used for communi-
cation and localization simultaneously. The LPWAN tech-
nologies have star topology. Typically, IoT nodes send
uplink transmissions to LPWAN gateways as end nodes. The
LPWAN gateway sends collected data from end nodes to
the LPWAN network server throw UDP/IP protocol [21].
LPWAN localization methods, like other RF-based meth-
ods, often leverage wireless network infrastructure that
is initially deployed for communication purposes. This
means no additional hardware cost or energy is con-
sumed for localization purposes. This is a significant
benefit formany energy-constrained applications or resource-
constrained environments.

Different technologies have been considered to be
LPWAN, which include LTE-M, NB-IoT, Sigfox, and
LoRaWAN. In this review, studies in [38], [39], [40], [41],
[42], [43], [44], [45], [46], [69], [70], and [71] used LPWAN
technologies for outdoor localization which represents 38%
of all the reviewed papers, and of the LPWAN technologies,
LoRaWAN [38], [39], [40], [41], [42], [43], [44], [46], [69],
[70], [71] was used most.

Different LPWAN localization methods were used, and
these include time-based positioningmethods, such as TDoA,
and RSS signal-based positioning methods, such as finger-
printing, and signal strength ranging methods (trilateration,
multilateration) by different authors. For example, the authors
in [38] and [43] used a trilateration algorithm based on RSS
techniques and achieved accuracies of 40m-60m and 9m-
22m, respectively. The experiments were performed outdoors
in a range of 100m-200m and 200m x120m open areas,
respectively. The authors in [43] using LoRaWAN saved the
power by 33% compared to GPS.

Contrary, the authors in [40], [41], [70], and [71] used
the RSS-based fingerprint algorithms. The authors achieved
an accuracy range between 28.8m in a 0.34km2 area, and
398.40m in an area around 52.97km2, and Choi et al. [40]
proposed using the interpolation technique to complete zones
of the service areas that were not covered in the offline phase
which is a very big issue in dynamic environments. This is
still not realistic in long-range outdoor areas.
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The authors in [39] and [42] used a multilateration algo-
rithm, and the main feature of computing the location is the
TDoA. The authors achieved accuracies of 40m-60m and
100m, respectively. The study in [39] was conducted in a
range of 100-200m, and the study in [42] was in a range
of 5km, and the device being located in [42] was in a static
position.

5) INERTIAL SENSORS
Research studies in [62], [64], [65], [66], [67], [68], and
[70] used inertial sensors for localization, representing 18%
of the studies in the review. The accelerometer, gyroscope,
magnetometers, and compass were the most used sensors.
In all the studies, inertial sensors are mainly used in hybrid
systems and only as a complementary technology.

Dead Reckoning refers to the estimation of the current
position of a target based on a previously known position
(a fix) of it and measurements of quantities that are used to
describe its movement, e.g., heading and speed [19]. Dead
Reckoning can be implemented with inertial sensors. Inertial
data is most useful when combined with another technique(s)
capable of absolute rather than relative positioning, and this is
because the inaccuracy of the process is cumulative. Based on
this background, we only considered work that used inertial
sensors with other technologies in our review. For pedestrian
navigation applications, MEMS-IMU data are used in two
different ways to compute the navigation solution: INS and
pedestrian dead reckoning (PDR) [80].

INS
The INS mechanization calculates the user’s relative posi-

tion, velocity, and attitude by integrating raw data from
accelerometers and gyroscopes.

PDR
To improve the MEMS navigation performance for pedes-

trians, PDR is proposed to reduce the accumulated navigation
errors. PDR has four critical procedures: step detection, step
length estimation, heading estimation, and position calcula-
tion. These parameters are then used to set up a PDR mecha-
nization equation in which the user’s horizontal position will
be estimated.

The advantage of INS is the ability to provide 3D position,
velocity, and attitude. However, it suffers the demerit that
navigation solution errors grow up with time rapidly. On the
other hand, when using PDR, navigation solution errors are
proportional to the distance traveled and not to the time [75].
Also, PDR provides a more accurate position solution than
INS, without other aiding sources, because it uses fewer
integration calculations. The authors in [62], [64], and [67]
used PDR techniques to estimate the person’s walking path.

PDR solutions have become practical in people’s daily
use [75] because many handheld devices are equipped with
inertial sensors. PDR works have also used units that assem-
ble inertial sensors, which are called Inertial Measurement
Units (IMUs). IMUs are mounted mainly on feet and legs
[64]. The shoe-mounted setting has been the most popular,

given that the mechanics involving the walking process and
the foot allow re-calibrations at every step by applying the
Zero-velocity UPdate (ZUPT) method.

For Example, INS constituted by accelerometers, gyro-
scopes, and other types of sensors based on MEMS were
used in [64]. This system was based on the DR technique.
A Kalman filter-based algorithm was used to filter and fuse
data from the sensors(accelerometer, gyroscope), and proba-
bilistic methods were used to learn a person’s gait behavior
to correct, in real-time, the drift errors given by the sensors.
An accuracy of 4.5m in a range of 50mwas achieved using the
Kalman filter in conjunction with a ZUPT module working
only with the gyroscope and accelerometer data.

6) HYBRID LOCALIZATION SYSTEMS
The systems that rely on technology fusion are called
‘‘hybrid’’. While in surveys like [76], the term ‘‘hybrid’’
refers to the combination of different techniques like AoA,
TDoA, and so forth, in the context of the current survey,
‘‘hybrid’’ refers to the combination of different technologies,
such as GNSS and Wi-Fi technologies. Research studies in
[41], [46], [62], [63], [64], [65], [66], [67], [68], [69], and
[70] used hybrid systems for localization which represents
33% of the studies in the review.

The hybrid method takes advantage of the strengths of one
system and combines it with another system that has strengths
where the first system exhibits inhibitions to compensate
for the limitations of single model positioning technologies
[35]. In these systems, one of the technologies is commonly
considered more relevant for estimating the user’s location,
and the rest are complementary. They are used to improve the
system, such as energy consumption, robustness, accuracy,
and coverage area [18].

a: ENERGY CONSUMPTION
Energy Consumption is one of the most important issues in
systems operating in a resource-constrained environment and
IoT systems. These systems are embedded in different envi-
ronments for an important purpose. Therefore, long battery
life and low energy consumption are fundamental points for
these systems.

The authors in [62], [63], [64], [65], [66], [67], [68],
and [69] combined GNSS technology with technologies such
as INS [62], [64], [66], [67], [68], Wi-Fi [62], [63], [66],
UWB [65], and BLE [68] tominimize the power consumption
of the technology. For example, the authors in [62] lever-
age WiFi signals and built-in smartphone sensors to achieve
high localization precision and low power consumption.
Their results from the hybrid system(GNSS+Wi-Fi+INS)
enhanced the battery life by 50% compared to GNSS alone,
achieving energy-saving purposes.

b: COVERAGE
Coverage describes the spatial extension where system per-
formance must be guaranteed by a positioning system. GNSS
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technology was combined with inertial sensors in [64] and
[66], [UWB] in [65], Wi-Fi in [63] and [66], and BLE in [68]
in order to suppress the limitations of GNSS and to provide
location everywhere. For example, the authors in [65] com-
bined UWB and GNSS to cover indoor environments where
GNSS technology has poor or no coverage. Accuracy. The
term accuracy has been defined as the closeness of agreement
between a measured quantity value and a true quantity value
of a measured [74]. The authors in [62], [63], [64], [65], [66],
[67], [68], [69], and [70] designed hybrid systems to improve
the accuracy and precision of the measurements. For exam-
ple, the authors in [63] combined GNSS with Wi-Fi technol-
ogy to provide auxiliary anchors of opportunity to enhance
indoor/outdoor positioning capabilities. Hybridization was
also done to improve localization accuracy and precision.
GPS alone achieved a median error of 40m; after hybridiza-
tion, the horizontal errors went down to roughly 25m. Simi-
larly, the authors in [62] achieved an accuracy of 7.57m from
the hybrid of GPS +Wi-Fi and 10.3m for GPS only.
Some of the hybrid systems were designed to cover more

than one criterion. For example, the authors in [68] combined
GNSS with BLE and INS to minimize power consumption
and also to cover indoor environments without GNSS cover-
age. BLE covered the indoor environment, and an accelerom-
eter was used to indicate motion and count steps. No motion
detected over a period indicates the pedestrianmay be station-
ary, and the GNSS module can then be shut down to preserve
power unless movements wake it up.

Similarly, the authors in [66] combined GNSS, INS, and
Wi-Fi to improve the energy efficiency of traditional location
tracking service (GNSS) as well as to expand its coverage
areas (indoor). Utilizing the information from acceleration
and orientation sensors, the system was able to select the
location sensing methods betweenWiFi and GPS smartly and
reduce the sampling rate. The results show that time of the
GPS sensor being active is decreased by nearly 90%.

Also, the authors in [70] combined LoRaWAN technology
and a compass sensor to increase the accuracy. For driv-
ing, cycling, and walking trajectories, they obtained minimal
improvements of 65, 76, and 82%on themedian errors, which
were reduced from 206 to 68 m, 197 to 47 m, and 175 to
31 m, respectively. Their approach was 14 times more energy
efficient than a GPS-over-LoRaWAN solution.

Furthermore, Extended Kalman Filter (EKF) and Parti-
cle filters were the most widely used algorithm, more so
for the fusion of dead reckoning positions. For example,
the studies by Minetto et al. [63] and Anacleto et al. [64],
among others, use the Kalman filter. Particle Filter (PF)
was used in the study of Dai and Podd [68]. The Kalman
filter performs the statistical combination of INS information
with other methods in hybrid to track drifting parameters
of the sensors in the INS, while the KF provides a way
for map information to be fused with pedestrian position
information.

However, themajor challengewith thismodel(hybridization)
is the increase in infrastructure usage due to the combination

of technologies and time consumption. This, in turn, increases
complexity and, in other cases, increases cost [35].

V. DISCUSSION AND RECOMMENDATIONS
In this section, we will discuss the problems and limitations
of current localization systems and look at alternative tech-
niques and technologies not being considered in the literature
that might impact the resource-constrained systems.

A. SUITABILITY OF CURRENT MONITORING TOOLS FOR
RESOURCE-CONSTRAINED ENVIRONMENTS
The current localization and positioning systems as they
are or as they were conceived are not suitable for a
resource-constrained environment because of the following
reasons:

1) HIGH POWER CONSUMPTION OF THE MAIN
LOCALIZATION TECHNOLOGY: GNSS
Location estimation has been successfully implemented in
outdoor environments usingGNSS technology. This is clearly
manifested in this review, as more than 50% of the reviewed
work used GNSS for localization. It may not be the best
solution as per the use case in this review for the following
reasons.

a) The relatively high energy consumption of the tech-
nology aligns poorly with the stringent constraints of
battery-powered devices. Different power optimization
strategies employed by different authors are presented
in section IV-A to mitigate some of the related power
challenges. For example, the authors in [54], [57], [61],
and [63] perform the location estimation from the cloud
instead of the device. This solution greatly reduces
energy consumption but requires stable and reliable
communication networks and the Internet for exchang-
ing data, resources very scarce in constrained environ-
ments.

b) The time to first fix (which is a measure of time required
to obtain satellite signals and produce a valid coordi-
nate within a specific performance [90]) of a GNSS
receiver plays an essential role in the magnitude of this
additional energy consumption and must therefore be
considered when designing a GNSS- based low power
localization system [85]. So as the authors implemented
duty cycling, update rate, and sampling rate solutions,
a good trade-off was supposed to be done to minimize
the overall power consumption, something not discussed
in any of the works.
Multiple new techniques exist to overcome this chal-
lenge, such as extended and autonomous ephemeris pre-
diction and assisted GPS (AGPS), which dramatically
improve the TTFF [82]. Still, most require Internet or
GSM connectivity and a communication channel such
as LTE and NB-IoT with sufficient capacity, and data
rate not available in resource-constrained environments.
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AGPS systems do not work in remote areas where
mobile networks do not provide coverage [90].
Using multi-constellation can increase the number of
satellites in the view and greatly affect the TTFF dura-
tion. Also, if a receiver can track and usemultiple signals
(multi-frequency), the convergence time to get position-
ing and heading (dual-antenna receivers) is decreased to
several seconds [89]. We propose that further research
be done to assess the effect of using multi-constellation
andmulti-frequency receivers to reduce the TTFF versus
the overall energy consumption.

2) REQUIRED HIGH-CAPACITY COMMUNICATION
NETWORKS
This review is biased toward remote monitoring and local-
ization tools and systems, so there will always be a need to
connect with a server (cloud). This explains the need for a
communication network with low power, long-range, and sta-
ble connections. Some authors used communication networks
such as cellular networks [47], [53], [57], [60], [62], [63] and
Wi-Fi [46], [63], [66], which have high power consumption
and also do not exist in the environments discussed in this
review. The authors also used short-range communication
networks such as Bluetooth [49], and UWB [50], [64] for data
exchange. However, depending on the application require-
ments, these technologies may not be suited for outdoor
localization systems or those covering large areas.

3) THE LOCALIZATION ACCURACY OF LPWAN IS NOT GOOD
ENOUGH FOR PEDESTRIAN MONITORING
LPWAN technologies were used for localization in 38% of
all the reviewed works. LPWANs offer the best power con-
sumption and long-range coverage solutions, but the accuracy
achieved is not suitable for pedestrian monitoring, more so
elderly with dementia. For example, authors in [41] suggest
that GNSS receivers be only omitted in favor of LPWANs
when an error of more than 100m is acceptable, and the
energy budget is extremely constrained. The suggestion is
supported by the experiment they conducted, which achieved
an accuracy of 214.58m for the rural Sigfox and 398.40m for
the urban LoRaWAN dataset in an area of around 52.97 km2.
We acknowledge that authors in [38] and [43] achieved low
accuracies ranging below 50m using LPWANs. But for all the
cases, small open ranges of 200m and less were considered
for the experiments, which are not typical of rural areas where
elderly people move freely. Therefore, we argue that the
LoRaWAN localization in real-life conditions is ineffective,
as the estimation of the distance between the node and the
gateway changes heavily depending on the location of the
node and radio channel attenuation. When little is known
about the node placement, as in most cases, and the signal is
subject to interferences due to the use of unlicensed bands,
the LoRaWAN positioning provides very low precision in
hundreds of meters.

4) LOW-COST BUT NOT AFFORDABLE
Localization sensors and systems are now readily available
for personalized use and have been trending for quite some
time in developed countries. The rate at which such platforms
have been adopted is lower in low-developed countries and
rural areas. Affordability (cost) is one of the factors that
contribute to these low adoption rates. From the review,
we found that most designed user devices or systems (custom
and commercial) are estimated to cost 100$-500$ less the
infrastructure cost. As explained in section II-A, users can not
buy these existing localization systems with poverty levels in
their areas. This explains why such systems have thus far had
minimal influence and adaption in rural environments such as
the one described in this review.

5) MANY PROPOSED SYSTEMS HAVE NOT BEEN VALIDATED
IN THE WILD
Evaluation is done over simulations in some of the reviewed
works [49], [53], [54] because it does not require deploy-
ing expensive hardware and manual labor. Although some
simulated environments are able to mimic the real world,
a comprehensive empirical evaluation is needed to demon-
strate the feasibility of the proposed solution in realistic
conditions. We further note that even for those not simulated,
they were designed and tested in labs, and there is no proof
that real users were involved in developing and validating
these systems. It is very important to make your users feel
like they are involved and valued in the system’s initiatives
through co-creation and co-design. This greatly impacts user
experience, trust, awareness, and acceptance.

6) REPLICABILITY
It is very important that research can be replicated. This
means that other researchers can test the findings of the
research and make recommendations. Replicability keeps
researchers honest and can give readers confidence in
research. Many authors in this review do not provide enough
details about the methods used, making reproducibility of
suitable devices and systems for the right environment chal-
lenging.

7) SECURITY AND PRIVACY
Security and privacy are open issues that need to be con-
sidered more so for localization systems with remote access
in a resource-constrained environment. Most authors used
LPWAN technologies for communication, and these contain
important security and safety vulnerabilities [86], [87]. These
vulnerabilities can be exploited by malicious entities and
lead to great damage. Security and privacy become more
important as the data being exchanged contains location data
for vulnerable elderly people. Therefore, providing a reliable
security mechanism based on their limitations is a challeng-
ing and open issue task.
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8) DEVICES NOT DESIGNED FOR USERS WITH NO DIGITAL
LITERACY
In this review, commercial devices, such as smartphones,
were used for positioning and monitoring pedestrians,
including elderly and dementia patients with little or no
digital literacy. Digital literacy is one of the key barriers to
adopting the technologies but was not considered in all the
works. Because of that, existing initiatives still need to pro-
vide adequate monitoring and localization to rural areas with
low-literate users since current designs expect literate users.

B. RECOMMENDATIONS AND RESEARCH
OPPORTUNITIES
1) TTFF TECHNIQUES ADAPTED TO LPWAN
To improve the TTFF, extended and autonomous ephemeris
prediction, and AGPS can be done differently. LPWANs can
be used to download assisted data packages necessary for
faster position fixes and therefore reduced energy consump-
tion. To decrease energy consumption and increase auton-
omy, the provision of assistance data with a validity of up
to multiple weeks, as already offered by several companies,
should be exploited. This will minimize the download fre-
quency of data and thus allow LPWANs operating in the
unlicensed ISM bands to comply with radio regulations. This
solution significantly affects accuracy, so a good trade-off
needs to be made.

2) TRANSMISSION OF PSEUDORANGES BASED ON
SNAPSHOT DATA
A significant part of the energy consumption of a conven-
tional GNSS receiver results from the long time required for
decoding the navigation messages disseminated by the satel-
lites. With the recent disclosure of GNSS raw measurements
in the mass market GNSS receivers in Android devices [88],
new trend techniques mainly oriented to IoT devices could
be tested and adapted for pedestrian monitoring. We are
suggesting that snapshot techniques could play an important
role, as they make it possible to determine position by using
only a minuscule interval of a GNSS signal. This highly flex-
ible approach allows for multiple configurations, including
outsourcing energy-intensive computations to cloud servers,
resulting in cheaper, simpler, and more energy-efficient hard-
ware. Although innovative snapshot techniques have multiple
advantages, their real-world adoption is currently only start-
ing but promising. Also, the transmission of raw snapshots
is not possible for proprietary LPWANs such as Sigfox or
LoRaWAN, communication networks we highly recommend
for the environment being considered in this review [7].
Therefore an alternative configuration like the transmission
of pseudoranges based on a snapshot of the signals is recom-
mended instead.

3) LEO POSITIONING
Satellite technologies are moving towards offering a seamless
localization solution. For example, Galileo promises better

indoor performance than GPS, but we have yet to see any
real-world tests. Currently, ephemeris downloads at a bit rate
of 50 bits/sec, which is themain reason for the prolonged time
to attain a fix in a weak signal environment. By increasing
the bit rate of the ephemeris broadcast, we can alleviate this
problem. Adopting low-earth orbit (LEO) positioning could
enhance indoor performance by relaying data at higher data
rates [110].

4) GALILEO SIGNAL COMPONENT
Recently, one Galileo satellite has been reconfigured to emit a
new signal (G1 E5Quasi Pilot) component optimized to serve
low-end receiver devices and Internet of Things (IoT) appli-
cations. The initial receiver tests have demonstrated that the
signal component has the potential to reduce the signal acqui-
sition time by a factor of three compared to the current GPS
L5. This is an exciting development for future researchers as
this will significantly improve power efficiency [111].

5) NEW HYBRID LOCALIZATION TECHNIQUES USING
LPWAN
Further research into new hybrid localization architectures
that try to better adapt to the characteristics of pedes-
trian monitoring systems in resource-constrained environ-
ments would be advisable. For example, there are proposals
that merge GNSS with INS, GNSS with PDR, or GNSS
with LoRaWAN, but we did not find any proposal fusing
GNSS+INS/PDR+LoRaWAN. The fusion of inertial nav-
igation and GNSS allows for infrastructure-free position-
ing, and LPWANs such as LoRaWAN provides the possibil-
ity for long-range private network deployments by working
in a license-free spectrum, its open access specifications.
LoRaWAN also provides energy consumption management
by different class type definitions and adaptive data rates.

Combining the three technologies can also help minimize
power consumption by determining when there is a need for
the modules to be off and on or their sampling/frequency rate.

VI. CONCLUSION
We have managed to provide an in-depth, state-of-the-art
systematic review of remote pedestrian localization systems
with the aim of identifying if they are suitable for resource-
constrained environments. We used the PRISMA model as
the basis of our literature review in order to provide a repli-
cable work and report the studies’ main findings. Although
the search queries provided 932 works, only 37 fulfilled all
the criteria established in this work and were analyzed, and
the key information was extracted to answer the five defined
research questions along with the article in various sections.

This systematic review has demonstrated that several gen-
eral surveys and reviews exist related to localization systems,
but none has been done considering a constrained environ-
ment, yet these environments exist. We demonstrated this by
explaining what we mean by a resource-constrained environ-
ment and showing how current surveys do not consider the
characteristics of resource-constrained environments, such as
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lack of digital literacy, poverty (affordability), limited or no
access to electricity, Internet, and cellular network among
others.

From the results of the systematic review, it can be con-
cluded that many of the proposed systems are not suit-
able for resource-constrained environments, as they assume
the availability of resources and infrastructures such as
Wi-Fi networks, cellular networks, Internet, and power grid
access.

It has also been noted that the usual features of a remote
monitoring system trying to take care of energy consump-
tion usually include a GNSS receiver (mainly GPS) as the
main source of location information, LPWAN technologies
(mainly LoRaWAN) for data communication, use of inertial
sensors mainly to try to reduce GNSS consumption, and
custom-made user devices, which allows choosing compo-
nents and technologies with lower power consumption com-
pared to commercial devices.

However, as discussed in Section V, there are opportunities
for further work in designing people monitoring systems
that are better suited to these environments. For example,
with location acquisition being one of the most important
and, at the same time, most consuming components, it is
noted that little research has been done on the fusion of
GNSS, LoRaWAN, and inertial sensors. Although these tech-
nologies are used in many proposed systems, they are used
in a loosely coupled manner, and more could be made of
their complementarity in terms of consumption and location
information.

In the future, we will investigate the proposed combination
of GNSS, INS/PDR, and LoRaWAN, following the suggested
co-design and co-creation good practices.

REFERENCES
[1] United Nations, World Population Ageing 2020 Highlights: Living

Arrangements of Older Persons. New York, NY, USA: United Nations
Publication, 2020.

[2] T. G. Stavropoulos, A. Papastergiou, L. Mpaltadoros, S. Nikolopoulos,
and I. Kompatsiaris, ‘‘IoT wearable sensors and devices in elderly care:
A literature review,’’ Sensors, vol. 20, no. 10, p. 2826, May 2020, doi:
10.3390/s20102826.

[3] N. A. Neubauer, P. Azad-Khaneghah, A. Miguel-Cruz, and L. Liu,
‘‘What do we know about strategies to manage dementia-related wan-
dering? A scoping review,’’ Alzheimer’s Dementia, Diagnosis, Assess-
ment Disease Monitor., vol. 10, no. 1, pp. 615–628, Jan. 2018, doi:
10.1016/j.dadm.2018.08.001.

[4] G. V. Angelov, D. P. Nikolakov, I. N. Ruskova, E. E. Gieva, and
M. L. Spasova, Healthcare Sensing and Monitoring (Lecture Notes in
Computer Science), vol. 11369. New York, NY, USA: Springer, 2019.

[5] S. Wang, K. Bolling, W. Mao, J. Reichstadt, D. Jeste, H.-C. Kim,
and C. Nebeker, ‘‘Technology to support aging in place: Older adults’
perspectives,’’ Healthcare, vol. 7, no. 2, pp. 1–18, 2019, doi: 10.3390/
healthcare7020060.

[6] M. J. Rodrigues, O. Postolache, and F. Cercas, ‘‘Physiological and behav-
ior monitoring systems for smart healthcare environments: A review,’’
Sensors, vol. 20, no. 8, pp. 1–26, 2020, doi: 10.3390/s20082186.

[7] Power-Efficient Positioning for The Internet of Things, European Global
Navigation Satellite Systems Agency, Prague, Czechia, 2020, doi:
10.2878/437669.

[8] Towards Long-TermCare Systems in sub-Saharan Africa: WHO Series on
Long-Term Care on Healthy Ageing, World Health Organization, Geneva,
Switzerland, 2017.

[9] C. J. Matz, D. M. Stieb, and O. Brion, ‘‘Urban-rural differences in daily
time-activity patterns, occupational activity and housing characteristics,’’
Environ. Health, vol. 14, no. 1, pp. 1–12, Dec. 2015, doi: 10.1186/s12940-
015-0075-y.

[10] M. J. Page, ‘‘The PRISMA 2020 statement: An updated guideline for
reporting systematic reviews,’’ BMJ, vol. 372, p. n71, Mar. 2021, doi:
10.1136/bmj.n71.

[11] R. E. Anderson, R. J. Anderson, G. Borriello, and B. Kolko, ‘‘Designing
technology for resource-constrained environments: Three approaches to
a multidisciplinary capstone sequence,’’ in Proc. Frontiers Educ. Conf.
Proc., Oct. 2012, pp. 1–6, doi: 10.1109/FIE.2012.6462501.

[12] A. De Feydeau, M. Menski, S. Perry, and M. Woldesemait. (May
2022). Africa’s Digital Infrastructure Transformation | White &
Case LLP. pp. 1–10. [Online]. Available: https://www.whitecase.com/
insight-our-thinking/africas-digital-infrastructure-transformation.

[13] K. Bahia and A. Delaporte. (2020). The State of Mobile Internet Con-
nectivity 2020. GSMA Reports. p. 61. [Online]. Available: https://www.
gsma.com/mobilefordevelopment/wp-content/uploads/2019/07/GSMA-
State-of-Mobile-Internet-Connectivity-Report-2019.pdf

[14] K. Bahia and A. Delaporte. (2021). The State of Mobile Internet
Connectivity 2021. GSMA Reports. p. 61, https://www.gsma.com/r/wp-
content/uploads/2021/09/The-State-of-Mobile-Internet-Connectivity-
Report-2021.pdf

[15] R. K. Pathinarupothi, P. Durga, and E. S. Rangan, ‘‘IoT-based smart edge
for global health: Remote monitoring with severity detection and alerts
transmission,’’ IEEE Internet Things J., vol. 6, no. 2, pp. 2449–2462,
Apr. 2019, doi: 10.1109/JIOT.2018.2870068.

[16] M. Amare, K. A. Abay, C. Arndt, and B. Shiferaw, ‘‘Youth migra-
tion decisions in sub-Saharan Africa: Satellite-based empirical evidence
from Nigeria,’’ Population Develop. Rev., vol. 47, no. 1, pp. 151–179,
Mar. 2021, doi: 10.1111/padr.12383.

[17] Economic Development in Africa Report 2021, United Nations Conf.
Trade Develop. (UNCTAD), Geneva, Switzerland, 2021. [Online].
Available: https://unctad.org/publication/economic-development-africa-
report-2021

[18] R. F. Brena, J. P. García-Vázquez, C. E. Galván-Tejada,
D. Muñoz-Rodriguez, C. Vargas-Rosales, and J. Fangmeyer, ‘‘Evolution
of indoor positioning technologies: A survey,’’ J. Sensors, vol. 2017,
pp. 1–21, 2017, doi: 10.1155/2017/2630413.

[19] G. M. Mendoza-Silva, J. Torres-Sospedra, and J. Huerta, ‘‘A meta-
review of indoor positioning systems,’’ Sensors, vol. 19, no. 20, p. 4507,
Oct. 2019, doi: 10.3390/s19204507.

[20] B. Soewito, F. A. Hassyr, and T. G. Geri Arisandi, ‘‘A systematic literature
review of indoor position system accuracy and implementation,’’ in Proc.
Int. Conf. Appl. Sci. Technol. (iCAST), Oct. 2018, pp. 358–362, doi:
10.1109/iCAST1.2018.8751623.

[21] A. Moradbeikie, A. Keshavarz, H. Rostami, S. Paiva, and S. I. Lopes,
‘‘GNSS-free outdoor localization techniques for resource-constrained
IoT architectures: A literature review,’’ Appl. Sci., vol. 11, no. 22,
p. 10793, Nov. 2021, doi: 10.3390/app112210793.

[22] M. A. Ertürk, M. A. Aydın, M. T. Büyükakkaülar, and H. Evirgen,
‘‘A survey on LoRaWANarchitecture, protocol and technologies,’’Future
Internet, vol. 11, no. 10, p. 216, Oct. 2019, doi: 10.3390/fi11100216.

[23] J. Kunhoth, A. Karkar, S. Al-Maadeed, and A. Al-Ali, ‘‘Indoor position-
ing and wayfinding systems: A survey,’’ Human-Centric Comput. Inf.
Sci., vol. 10, no. 1, Dec. 2020, doi: 10.1186/s13673-020-00222-0.

[24] A. Basiri, E. S. Lohan, T. Moore, A. Winstanley, P. Peltola, C. Hill,
P. Amirian, and P. Figueiredo e Silva ‘‘Indoor location based services
challenges, requirements and usability of current solutions,’’Comput. Sci.
Rev., vol. 24, pp. 1–12, May 2017, doi: 10.1016/j.cosrev.2017.03.002.

[25] A. Hameed and H. A. Ahmed, ‘‘Survey on indoor positioning applica-
tions based on different technologies,’’ in Proc. 12th Int. Conf. Math.,
Actuarial Sci., Comput. Sci. Statist. (MACS), Nov. 2018, pp. 1–5, doi:
10.1109/MACS.2018.8628462.

[26] K. Ngamakeur, S. Yongchareon, J. Yu, and S. U. Rehman, ‘‘A survey
on device-free indoor localization and tracking in the multi-resident
environment,’’ ACM Comput. Surveys, vol. 53, no. 4, pp. 1–29, Jul. 2021,
doi: 10.1145/3396302.

[27] W. C. S. S. Simões, G. S. Machado, A. M. A. Sales, M. M. de Lucena,
N. Jazdi, and V. F. de Lucena, ‘‘A review of technologies and techniques
for indoor navigation systems for the visually impaired,’’ Sensors, vol. 20,
no. 14, pp. 1–35, 2020, doi: 10.3390/s20143935.

36886 VOLUME 11, 2023

http://dx.doi.org/10.3390/s20102826
http://dx.doi.org/10.1016/j.dadm.2018.08.001
http://dx.doi.org/10.3390/healthcare7020060
http://dx.doi.org/10.3390/healthcare7020060
http://dx.doi.org/10.3390/s20082186
http://dx.doi.org/10.2878/437669
http://dx.doi.org/10.1186/s12940-015-0075-y
http://dx.doi.org/10.1186/s12940-015-0075-y
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1109/FIE.2012.6462501
http://dx.doi.org/10.1109/JIOT.2018.2870068
http://dx.doi.org/10.1111/padr.12383
http://dx.doi.org/10.1155/2017/2630413
http://dx.doi.org/10.3390/s19204507
http://dx.doi.org/10.1109/iCAST1.2018.8751623
http://dx.doi.org/10.3390/app112210793
http://dx.doi.org/10.3390/fi11100216
http://dx.doi.org/10.1186/s13673-020-00222-0
http://dx.doi.org/10.1016/j.cosrev.2017.03.002
http://dx.doi.org/10.1109/MACS.2018.8628462
http://dx.doi.org/10.1145/3396302
http://dx.doi.org/10.3390/s20143935


A. Paddy Junior et al.: Remote Pedestrian Localization Systems for Resource-Constrained Environments

[28] F. Khelifi, A. Bradai, A. Benslimane, P. Rawat, and M. Atri, ‘‘A survey of
localization systems in Internet of Things,’’ Mobile Netw. Appl., vol. 24,
no. 3, pp. 761–785, 2019, doi: 10.1007/s11036-018-1090-3.

[29] R. C. Shit, S. Sharma, D. Puthal, and A. Y. Zomaya, ‘‘Location of things
(LoT): A review and taxonomy of sensors localization in IoT infras-
tructure,’’ IEEE Commun. Surveys Tuts., vol. 20, no. 3, pp. 2028–2061,
3rd Quart., 2018, doi: 10.1109/COMST.2018.2798591.

[30] F. Zafari, A. Gkelias, and K. K. Leung, ‘‘A survey of indoor local-
ization systems and technologies,’’ IEEE Commun. Surveys Tuts.,
vol. 21, no. 3, pp. 2568–2599, 3rd Quart., 2017, doi: 10.1109/COMST.
2019.2911558.

[31] W. Liu, Q. Cheng, Z. Deng, H. Chen, X. Fu, X. Zheng, S. Zheng,
C. Chen, and S. Wang, ‘‘Survey on CSI-based indoor positioning sys-
tems and recent advances,’’ in Proc. Int. Conf. Indoor Positioning
Indoor Navigat. (IPIN), Sep. 2019, pp. 1–8, doi: 10.1109/IPIN.2019.
8911774.

[32] H. Obeidat, W. Shuaieb, O. Obeidat, and R. Abd-Alhameed, A Review
of Indoor Localization Techniques and Wireless Technologies, vol. 119,
no. 1. Cham, Switzerland: Springer, 2021.

[33] K. Mekkil, ‘‘A comparative study of LPWAN technologies for large-
scale IoT deployment,’’ ICT Exp., vol. 5, no. 1, pp. 1–7, 2019, doi:
10.1016/j.icte.2017.12.005.

[34] J. Wichmann, ‘‘Indoor positioning systems in hospitals: A scoping
review,’’Digit. Health, vol. 8, Jan. 2022, Art. no. 205520762210816, doi:
10.1177/20552076221081696.

[35] W. Sakpere, M. Adeyeye Oshin, and N. B. W. Mlitwa, ‘‘A state-of-the-
art survey of indoor positioning and navigation systems and technolo-
gies,’’ South African Comput. J., vol. 29, no. 3, pp. 145–197, Dec. 2017,
doi: 10.18489/sacj.v29i3.452.

[36] P. Pascacio, S. Casteleyn, J. Torres-Sospedra, E. S. Lohan, and J. Nurmi,
‘‘Collaborative indoor positioning systems: A systematic review,’’ Sen-
sors, vol. 21, no. 3, pp. 1–39, 2021, doi: 10.3390/s21031002.

[37] K. Maswadi, N. B. A. Ghani, and S. B. Hamid, ‘‘Systematic liter-
ature review of smart home monitoring technologies based on IoT
for the elderly,’’ IEEE Access, vol. 8, pp. 92244–92261, 2020, doi:
10.1109/ACCESS.2020.2992727.

[38] C. Bouras, A. Gkamas, V. Kokkinos, and N. Papachristos, IoT Geoloca-
tion Performance Using LoRaWAN, vol. 1. Cham, Switzerland: Springer,
pp. 630–641, 2020, doi: 10.1007/978-3-030-44041-1.

[39] C. Bouras, A. Gkamas, V. Kokkinos, and N. Papachristos, ‘‘Time
difference of arrival localization study for SAR systems over
LoRaWAN,’’ Proc. Comput. Sci., vol. 175, pp. 292–299, 2020, doi:
10.1016/j.procs.2020.07.043.

[40] W. Choi, Y. S. Chang, Y. Jung, and J. Song, ‘‘Low-power LORa signal-
based outdoor positioning using fingerprint algorithm,’’ ISPRS Int. J.
Geo-Inf., vol. 7, no. 11, pp. 1–15, 2018, doi: 10.3390/ijgi7110440.

[41] M. Aernouts, R. Berkvens, K. Van Vlaenderen, and M. Weyn, ‘‘Sig-
fox and LoRaWAN datasets for fingerprint localization in large
urban and rural areas,’’ Data, vol. 3, no. 2, pp. 1–15, 2018, doi:
10.3390/data3020013.

[42] B. C. Fargas and M. N. Petersen, ‘‘GPS-free geolocation using LoRa in
low-power WANs,’’ in Proc. GIoTS Glob. Internet Things Summit, 2017,
pp. 1–6, doi: 10.1109/GIOTS.2017.8016251.

[43] A. Mackey and P. Spachos, ‘‘LoRa-based localization system for emer-
gency services in GPS-less environments,’’ in Proc. INFOCOM IEEE
Conf. Comput. Commun. Workshops (INFOCOM WKSHPS), Apr. 2019,
pp. 939–944, doi: 10.1109/INFCOMW.2019.8845189.

[44] O. Dieng, C. Pham, and O. Thiare, ‘‘Outdoor localization and dis-
tance estimation based on dynamic RSSI measurements in LoRa net-
works: Application to cattle rustling prevention,’’ in Proc. Int. Conf.
Wireless Mobile Comput., Netw. Commun. (WiMob), Oct. 2019, doi:
10.1109/WiMOB.2019.8923542.

[45] Y. Chung, J. Y. Ahn, and J. Du Huh, ‘‘Experiments of a LPWAN track-
ing(TR) platform based on sigfox test network,’’ in Proc. Int. Conf.
Inf. Commun. Technol. Converg. (ICTC), Oct. 2018, pp. 1373–1376, doi:
10.1109/ICTC.2018.8539697.

[46] A. Nadeem, K. Rizwan, A. Mehmood, N. Qadeer, F. Noor, and
A. AlZahrani, ‘‘A smart city application design for efficiently
tracking missing person in large gatherings in Madinah using
emerging IoT technologies,’’ in Proc. Mohammad Ali Jinnah
Univ. Int. Conf. Comput. (MAJICC), Jul. 2021, pp. 1–7, doi:
10.1109/MAJICC53071.2021.9526244.

[47] Y.-J. Lin, H.-S. Chen, and M.-J. Su, ‘‘A cloud based Bluetooth low
energy tracking system for dementia patients,’’ in Proc. 8th Int. Conf.
Mobile Comput. Ubiquitous Netw. (ICMU), Jan. 2015, pp. 88–89, doi:
10.1109/ICMU.2015.7061043.

[48] A. Naureen, N. Zhang, S. Furber, and Q. Shi, ‘‘A GPS-less
localization and mobility modelling (LMM) system for wildlife
tracking,’’ IEEE Access, vol. 8, pp. 102709–102732, 2020, doi:
10.1109/ACCESS.2020.2997723.

[49] E. D. Ayele, K. Das, N. Meratnia, and P. J. M. Havinga, ‘‘Leveraging
BLE and LoRa in IoT network for wildlife monitoring system (WMS),’’
in Proc. IEEE 4th World Forum Internet Things (WF-IoT), Jan. 2018,
pp. 342–348, doi: 10.1109/WF-IoT.2018.8355223.

[50] N. El Agroudy, N. Joram, and F. Ellinger, ‘‘Low power RSSI outdoor
localization system,’’ in Proc. 12th Conf. Ph. D. Res. Microelectron. Elec-
tron. (PRIME), Jun. 2016, pp. 1–4, doi: 10.1109/PRIME.2016.7519456.

[51] Z. Wang, F. Wang, H. Liu, Z. Qian, and Z. Bi, ‘‘Design of human
health monitoring system based on NB-IoT,’’ in Proc. IEEE 3rd Adv.
Inf. Manage., Communicates, Electron. Autom. Control Conf. (IMCEC),
Oct. 2019, pp. 6–9, doi: 10.1109/IMCEC46724.2019.8983915.

[52] A. Lachtar, T. Val, and A. Kachouri, ‘‘Elderly monitoring system
in a smart city environment using LoRa and MQTT,’’ IET Wireless
Sensor Syst., vol. 10, no. 2, pp. 70–77, Apr. 2020, doi: 10.1049/iet-
wss.2019.0121.

[53] M. E. Ul Hossain Khan, N. Anjum, F. Arida, Haque, and M. M. Khan,
‘‘Hajji tracker: Development of web-based GPS tracking system for
pilgrims,’’ in Proc. IEEE 12th Annu. Inf. Technol., Electron. Mobile
Commun. Conf. (IEMCON), Oct. 2021, pp. 896–901, doi: 10.1109/
IEMCON53756.2021.9623091.

[54] M. Wang, H. Qin, and T. Jin, ‘‘Massive terminal positioning system with
snapshot positioning technique,’’GPS Solutions, vol. 23, no. 2, Apr. 2019,
doi: 10.1007/s10291-018-0821-z.

[55] J. P. Lousado and S. Antunes, ‘‘Monitoring and support for elderly people
using LoRa communication technologies: Iot concepts and applications,’’
Futur. Internet, vol. 12, no. 11, pp. 1–30, 2020, doi: 10.3390/fi12110206.

[56] C. Bouras, A. Gkamas, V. Kokkinos, and N. Papachristos, ‘‘Performance
evaluation of monitoring IoT systems using LoRaWan,’’ Telecommun.
Syst., vol. 79, no. 2, pp. 295–308, Feb. 2022, doi: 10.1007/s11235-021-
00858-y.

[57] T. Nguyen Dinh and V. La The, ‘‘A novel design of low power consump-
tion GPS positioning solution based on snapshot technique,’’ in Proc.
Int. Conf. Adv. Technol. Commun. (ATC), Oct. 2017, pp. 285–290, doi:
10.1109/ATC.2017.8167635.

[58] U. S. Abdullahi. (2019). Exploiting IoT and LoRaWAN Technologies for
Effective LivestockMonitoring in Nigeria. vol. 15, pp. 146–159. [Online].
Available: https://azojete.com.ng/index.php/azojete/article/view/22

[59] J.-M. Gruber and B. Brossi, ‘‘5.1—Position tracking for outdoor sport
events with GNSS and LoRa,’’ in Proc. Eur. Test Telemetry Conf., 2020,
pp. 97–100, doi: 10.5162/ettc2018/5.1.

[60] N. Hegde, S. Muralidhara, and D. V. Ashoka, ‘‘A low-cost and
autonomous tracking device for Alzheimer’s patients,’’ J. Enabling Tech-
nol., vol. 13, no. 4, pp. 201–211, Dec. 2019, doi: 10.1108/JET-03-2019-
0017.

[61] T. C. A. Molteno, ‘‘Estimating position frommillisecond samples of GPS
signals (the ’fastfix’ algorithm),’’ Sensors, vol. 20, no. 22, pp. 1–14, 2020,
doi: 10.3390/s20226480.

[62] K. Yao, H. Du, Q. Ye, and W. Xu, ‘‘A power-efficient scheme for outdoor
localization,’’ Lecture Notes in Computer Science (Including Subseries
Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformat-
ics), vol. 10251. Cham, Switzerland: Springer, 2017, pp. 534–545, doi:
10.1007/978-3-319-60033-8_46.

[63] A. Minetto, F. Dovis, A. Vesco, M. Garcia-Fernandez, À. López-
Cruces, J. L. Trigo, M. Molina, A. Pérez-Conesa, J. Gáñez-Fernández,
G. Seco-Granados, and J. A. López-Salcedo, ‘‘A testbed for GNSS-based
positioning and navigation technologies in smart cities: The HANSEL
project,’’ Smart Cities, vol. 3, no. 4, pp. 1219–1241, Oct. 2020, doi:
10.3390/smartcities3040060.

[64] R. Anacleto, L. Figueiredo, A. Almeida, and P. Novais, ‘‘Person
localization using sensor information fusion,’’ Ambient Intelligence—
Software and Applications (Advances in Intelligent Systems and Com-
puting), vol. 291. Cham, Switzerland: Springer, 2014, pp. 53–61, doi:
10.1007/978-3-319-07596-9_6.

[65] C. D. Fernandes, A. Depari, E. Sisinni, P. Ferrari, A. Flammini,
S. Rinaldi, and M. Pasetti, ‘‘Hybrid indoor and outdoor localiza-
tion for elderly care applications with LoRaWAN,’’ in Proc. IEEE
Int. Symp. Med. Meas. Appl. (MeMeA), Jun. 2020, pp. 1–6, doi:
10.1109/MeMeA49120.2020.9137286.

[66] L. Zhang, J. Liu, H. Jiang, and Y. Guan, ‘‘SensTrack: Energy-efficient
location tracking with smartphone sensors,’’ IEEE Sensors J., vol. 13,
no. 10, pp. 3775–3784, Oct. 2013, doi: 10.1109/JSEN.2013.2274074.

VOLUME 11, 2023 36887

http://dx.doi.org/10.1007/s11036-018-1090-3
http://dx.doi.org/10.1109/COMST.2018.2798591
http://dx.doi.org/10.1109/COMST.2019.2911558
http://dx.doi.org/10.1109/COMST.2019.2911558
http://dx.doi.org/10.1109/IPIN.2019.8911774
http://dx.doi.org/10.1109/IPIN.2019.8911774
http://dx.doi.org/10.1016/j.icte.2017.12.005
http://dx.doi.org/10.1177/20552076221081696
http://dx.doi.org/10.18489/sacj.v29i3.452
http://dx.doi.org/10.3390/s21031002
http://dx.doi.org/10.1109/ACCESS.2020.2992727
http://dx.doi.org/10.1007/978-3-030-44041-1
http://dx.doi.org/10.1016/j.procs.2020.07.043
http://dx.doi.org/10.3390/ijgi7110440
http://dx.doi.org/10.3390/data3020013
http://dx.doi.org/10.1109/GIOTS.2017.8016251
http://dx.doi.org/10.1109/INFCOMW.2019.8845189
http://dx.doi.org/10.1109/WiMOB.2019.8923542
http://dx.doi.org/10.1109/ICTC.2018.8539697
http://dx.doi.org/10.1109/MAJICC53071.2021.9526244
http://dx.doi.org/10.1109/ICMU.2015.7061043
http://dx.doi.org/10.1109/ACCESS.2020.2997723
http://dx.doi.org/10.1109/WF-IoT.2018.8355223
http://dx.doi.org/10.1109/PRIME.2016.7519456
http://dx.doi.org/10.1109/IMCEC46724.2019.8983915
http://dx.doi.org/10.1049/iet-wss.2019.0121
http://dx.doi.org/10.1049/iet-wss.2019.0121
http://dx.doi.org/10.1109/IEMCON53756.2021.9623091
http://dx.doi.org/10.1109/IEMCON53756.2021.9623091
http://dx.doi.org/10.1007/s10291-018-0821-z
http://dx.doi.org/10.3390/fi12110206
http://dx.doi.org/10.1007/s11235-021-00858-y
http://dx.doi.org/10.1007/s11235-021-00858-y
http://dx.doi.org/10.1109/ATC.2017.8167635
http://dx.doi.org/10.5162/ettc2018/5.1
http://dx.doi.org/10.1108/JET-03-2019-0017
http://dx.doi.org/10.1108/JET-03-2019-0017
http://dx.doi.org/10.3390/s20226480
http://dx.doi.org/10.1007/978-3-319-60033-8_46
http://dx.doi.org/10.3390/smartcities3040060
http://dx.doi.org/10.1007/978-3-319-07596-9_6
http://dx.doi.org/10.1109/MeMeA49120.2020.9137286
http://dx.doi.org/10.1109/JSEN.2013.2274074


A. Paddy Junior et al.: Remote Pedestrian Localization Systems for Resource-Constrained Environments

[67] S. Lin, Z. Ying, and K. Zheng, ‘‘Design and implementation of location
and activity monitoring system based on LoRa,’’ KSII Trans. Internet Inf.
Syst., vol. 13, no. 4, pp. 1812–1824, 2019, doi: 10.3837/tiis.2019.04.004.

[68] Z. Dai and F. J. W. Podd, ‘‘A power-efficient BLE augmented GNSS
approach to site-specific navigation,’’ in Proc. IEEE/ION Position,
Location Navigat. Symp. (PLANS), Apr. 2020, pp. 1305–1310, doi:
10.1109/PLANS46316.2020.9110133.

[69] M. Aernouts, T. Janssen, R. Berkvens, andM.Weyn, ‘‘LoRa localization:
With GNSS or without?’’ IEEE Internet Things Mag., vol. 5, no. 3,
pp. 152–157, Sep. 2022, doi: 10.1109/IOTM.001.2200019.

[70] N. Podevijn, J. Trogh, M. Aernouts, R. Berkvens, L. Martens, M. Weyn,
W. Joseph, and D. Plets, ‘‘LoRaWAN geo-tracking using map matching
and compass sensor fusion,’’ Sensors, vol. 20, no. 20, pp. 1–15, 2020, doi:
10.3390/s20205815.

[71] M. O. Ojo, D. Adami, and S. Giordano, ‘‘Experimental evaluation of a
LoRa wildlife monitoring network in a forest vegetation area,’’ Futur.
Internet, vol. 13, no. 5, pp. 1–22, 2021, doi: 10.3390/fi13050115.

[72] Y. Li, Y. Zhuang, X. Hu, Z. Gao, J. Hu, L. Chen, Z. He, L. Pei,
K. Chen, M. Wang, X. Niu, R. Chen, J. Thompson, F. M. Ghannouchi,
and N. El-Sheimy, ‘‘Toward location-enabled IoT (LE-IoT): IoT
positioning techniques, error sources, and error mitigation,’’ IEEE
Internet Things J., vol. 8, no. 6, pp. 4035–4062, Mar. 2021, doi:
10.1109/JIOT.2020.3019199.

[73] M. Aernouts, Localization With Low Power Wide Area Networks.
Antwerp, Belgium: University of Antwerp, 2022.

[74] R. Mautz, ‘‘Indoor positioning technologies habilitation thesis,’’ Dep.
Civil, Environ. Geomat. Eng., Inst. Geodesy Photogrammetry, ETH
Zürich, Zürich, Switzerland, Tech. Rep., 2012, p. 10, doi: 10.3929/ethz-
a-007313554.

[75] Y. Zhuang, H. W. Chang, and N. El-Sheimy, ‘‘A MEMS multi-sensors
system for pedestrian navigation,’’ in Proc. China Satell. Navigat. Conf.,
in Lecture Notes in Electrical Engineering, vol. 245, 2013, pp. 651–660,
doi: 10.1007/978-3-642-37407-4_60.

[76] A. De Gante and M. Siller, ‘‘A survey of hybrid schemes for loca-
tion estimation in wireless sensor networks,’’ Procedia Technol., vol. 7,
pp. 377–383, 2013, doi: 10.1016/j.protcy.2013.04.047.

[77] M. Centenaro, L. Vangelista, A. Zanella, and M. Zorzi, ‘‘Long-range
communications in unlicensed bands: The rising stars in the IoT and
smart city scenarios,’’ IEEE Wireless Commun., vol. 23, no. 5, pp. 60–67,
Oct. 2016, doi: 10.1109/MWC.2016.7721743.

[78] K. Mekki, E. Bajic, F. Chaxel, and F. Meyer, ‘‘Overview of cellular
LPWAN technologies for IoT deployment: Sigfox, LoRaWAN, and NB-
IoT,’’ in Proc. IEEE Int. Conf. Pervasive Comput. Commun. Work-
shops (PerCom Workshops), Mar. 2018, pp. 197–202, doi: 10.1109/
PERCOMW.2018.8480255.

[79] LoRaWAN. (Jan. 2018). LoRaWAN Geolocation Whitepaper.
p. 15. [Online]. Available: https://docs.wixstatic.com/ugd/eccc1a-
d43b3b29dfff4ec2b00f349ced4225c4.pdf.

[80] Y. Zhuang, H. Lan, Y. Li, and N. El-Sheimy, ‘‘PDR/INS/WiFi integration
based on handheld devices for indoor pedestrian navigation,’’ Microma-
chines, vol. 6, p. 793–812, Jun. 2015, doi: 10.3390/mi6060793.

[81] M. Lehtinen, A. Happonen, and J. Ikonen, ‘‘Accuracy and time to
first fix using consumer-grade GPS receivers,’’ in Proc. 16th Int. Conf.
Softw., Telecommun. Comput. Netw., 2008, pp. 334–340, doi: 10.1109/
SOFTCOM.2008.4669506.

[82] Y. J. Morton, F. van Diggelen, J. J. Spilker Jr., B. W. Parkinson, S. Lo, and
G. Gao, Position, Navigation, and Timing Technologies in the 21st Cen-
tury: Integrated Satellite Navigation, Sensor Systems, and Civil Applica-
tions, vol. 2. USA: Wiley, 2021.

[83] X. Li, M. Ge, X. Dai, X. Ren, M. Fritsche, J. Wickert, and H. Schuh,
‘‘Accuracy and reliability of multi-GNSS real-time precise positioning:
GPS, GLONASS, BeiDou, and Galileo,’’ J. Geodesy, vol. 89, no. 6,
pp. 607–635, 2015.

[84] S. Majumder and M. J. Deen, ‘‘Smartphone sensors for health mon-
itoring and diagnosis,’’ Sensors, vol. 19, no. 9, pp. 1–45, 2019, doi:
10.3390/s19092164.

[85] X. Ba, S. Luo, H. Liu, Q. Yuan, Y. Wang, and J. Chen, ‘‘A fast positioning
method for hot start in GNSS receiver,’’ in Proc. China Satell. Navigat.
Conf. (CSNC), 2015, pp. 657–665.

[86] N. Torres, P. Pinto, and S. I. Lopes, ‘‘Security vulnerabilities in
LPWANs—An attack vector analysis for the IoT ecosystem,’’ Appl. Sci.,
vol. 11, no. 7, p. 3176, 2021, doi: 10.3390/app11073176.

[87] S. Chacko and M. D. Job, ‘‘Security mechanisms and vulnerabilities in
LPWAN,’’ IOP Conf. Mater. Sci. Eng., vol. 396, no. 1, pp. 1–9, 2018,
doi: 10.1088/1757-899X/396/1/012027.

[88] Using GNSS Raw Measurements on Android Devices—Towards Better
Location Performance in Mass Market Applications, Eur. GNSS Agency,
Luxembourg, Germany, 2017. [Online]. Available: https://www.euspa.
europa.eu/system/files/reports/gnss_raw_measurement_web_0.pdf

[89] X. Li, B. Wang, X. Li, J. Huang, H. Lyu, and X. Han, ‘‘Principle and per-
formance of multi-frequency and multi-GNSS PPP-RTK,’’ Satell. Navig.,
vol. 3, no. 1, p. 7, 2022, doi: 10.1186/s43020-022-00068-0.

[90] M. Lehtinen, A. Happonen, and J. Ikonen, ‘‘Accuracy and time to
first fix using consumer-grade GPS receivers,’’ in Proc. SoftCom
16th Int’l. Conf. Softw., Telecommuncations Comput. Netw., 2008,
pp. 40–334.

[91] B. Patil, R. Patil, and A. Pittet, ‘‘Energy saving techniques for GPS based
tracking applications,’’ in Proc. Integr. Commun., Navigat., Surveill.
Conf., May 2011, pp. 1–10, doi: 10.1109/ICNSURV.2011.5935335.

[92] T. Janssen, A. Koppert, R. Berkvens, and M. Weyn, ‘‘A survey on IoT
positioning leveraging LPWAN, GNSS and LEO-PNT,’’ IEEE Internet
Things J., early access, Feb. 7, 2023, doi: 10.1109/JIOT.2023.3243207.

[93] A. Correa, M. Barcelo, A. Morell, and J. Vicario, ‘‘A review of pedes-
trian indoor positioning systems for mass market applications,’’ Sensors,
vol. 17, no. 8, p. 1927, Aug. 2017, doi: 10.3390/s17081927.

[94] T. Kivimäki, T. Vuorela, P. Peltola, and J. Vanhala, ‘‘A review on device-
free passive indoor positioning methods,’’ Int. J. Smart Home, vol. 8,
no. 1, pp. 71–94, 2014.

[95] Q. D. Vo and P. De, ‘‘A survey of fingerprint-based outdoor localization,’’
IEEE Commun. Surveys Tuts., vol. 18, no. 1, pp. 491–506, 1st Quart.,
2015, doi: 10.1109/COMST.2015.2448632.

[96] M. Yassin and E. Rachid, ‘‘A survey of positioning techniques and
location based services in wireless networks,’’ in Proc. IEEE Int. Conf.
Signal Process., Informat., Commun. Energy Syst. (SPICES), Feb. 2015,
pp. 1–5, doi: 10.1109/SPICES.2015.7091420.

[97] G. Oguntala, R. Abd-Alhameed, S. Jones, J. Noras, M. Patwary, and
J. Rodriguez, ‘‘Indoor location identification technologies for real-time
IoT-based applications: An inclusive survey,’’ Comput. Sci. Rev., vol. 30,
pp. 55–79, Nov. 2018, doi: 10.1016/j.cosrev.2018.09.001.

[98] A. F. G. Ferreira, D. M. A. Fernandes, A. P. Catarino, and J. L. Monteiro,
‘‘Localization and positioning systems for emergency responders: A sur-
vey,’’ IEEE Commun. Surveys Tuts., vol. 19, no. 4, pp. 2836–2870, 4th
Quart., 2017, doi: 10.1109/COMST.2017.2703620.

[99] A. Yassin et al., ‘‘Recent advances in indoor localization: A sur-
vey on theoretical approaches and applications,’’ IEEE Commun. Sur-
veys Tuts., vol. 19, no. 2, pp. 1327–1346, 2nd Quart., 2016, doi:
10.1109/COMST.2016.2632427.

[100] H. P. Mistry and N. H. Mistry, ‘‘RSSI based localization scheme
in wireless sensor networks: A survey,’’ in Proc. 5th Int. Conf.
Adv. Comput. Commun. Technol., Feb. 2015, pp. 647–652, doi:
10.1109/ACCT.2015.105.

[101] A.Makki, A. Siddig,M. Saad, and C. Bleakley, ‘‘Survey ofWiFi position-
ing using time-based techniques,’’ Comput. Netw., vol. 88, pp. 218–233,
Sep. 2015, doi: 10.1016/j.comnet.2015.06.015.

[102] C. Basri and A. El Khadimi, ‘‘Survey on indoor localization system
and recent advances of WiFi fingerprinting technique,’’ in Proc. 5th Int.
Conf. Multimedia Comput. Syst. (ICMCS), Sep. 2016, pp. 253–259, doi:
10.1109/ICMCS.2016.7905633.

[103] H. S. Maghdid, I. A. Lami, K. Z. Ghafoor, and J. Lloret, ‘‘Seamless
outdoors-indoors localization solutions on smartphones: Implementa-
tion and challenges,’’ ACM Comput. Surveys, vol. 48, no. 4, pp. 1–34,
May 2016, doi: 10.1145/2871166.

[104] A. K. M. M. Hossain and W.-S. Soh, ‘‘A survey of calibration-free indoor
positioning systems,’’ Comput. Commun., vol. 66, pp. 1–13, Jul. 2015,
doi: 10.1016/j.comcom.2015.03.001.

[105] J. Xiao, Z. Zhou, Y. Yi, and L. M. Ni, ‘‘A survey on wireless indoor
localization from the device perspective,’’ ACMComput. Surveys, vol. 49,
no. 2, pp. 1–31, Jun. 2017, doi: 10.1145/2933232.

[106] S. M. Asaad and H. S. Maghdid, ‘‘A comprehensive review of
Indoor/Outdoor localization solutions in IoT era: Research challenges and
future perspectives,’’Comput. Netw., vol. 212, Jul. 2022, Art. no. 109041,
doi: 10.1016/j.comnet.2022.109041.

[107] X. Fan, Z. Li, and L. Zhang, ‘‘Design and implementation of fall detec-
tion equipment for the elderly based on NB-IoT,’’ in Proc. Int. Conf.
Artif. Intell. Comput. Inf. Technol. (AICIT), Sep. 2022, pp. 1–5, doi:
10.1109/AICIT55386.2022.9930275.

[108] A. Richardson, S. FitzGibbon, B. Barth, A. Gillett, and W. Ellis,
‘‘Application of low-power wide-area network GPS to koala monitor-
ing,’’ Austral. Mammalogy, vol. 44, no. 2, pp. 287–290, Jul. 2021, doi:
10.1071/AM21001.

36888 VOLUME 11, 2023

http://dx.doi.org/10.3837/tiis.2019.04.004
http://dx.doi.org/10.1109/PLANS46316.2020.9110133
http://dx.doi.org/10.1109/IOTM.001.2200019
http://dx.doi.org/10.3390/s20205815
http://dx.doi.org/10.3390/fi13050115
http://dx.doi.org/10.1109/JIOT.2020.3019199
http://dx.doi.org/10.3929/ethz-a-007313554
http://dx.doi.org/10.3929/ethz-a-007313554
http://dx.doi.org/10.1007/978-3-642-37407-4_60
http://dx.doi.org/10.1016/j.protcy.2013.04.047
http://dx.doi.org/10.1109/MWC.2016.7721743
http://dx.doi.org/10.1109/PERCOMW.2018.8480255
http://dx.doi.org/10.1109/PERCOMW.2018.8480255
http://dx.doi.org/10.3390/mi6060793
http://dx.doi.org/10.1109/SOFTCOM.2008.4669506
http://dx.doi.org/10.1109/SOFTCOM.2008.4669506
http://dx.doi.org/10.3390/s19092164
http://dx.doi.org/10.3390/app11073176
http://dx.doi.org/10.1088/1757-899X/396/1/012027
http://dx.doi.org/10.1186/s43020-022-00068-0
http://dx.doi.org/10.1109/ICNSURV.2011.5935335
http://dx.doi.org/10.1109/JIOT.2023.3243207
http://dx.doi.org/10.3390/s17081927
http://dx.doi.org/10.1109/COMST.2015.2448632
http://dx.doi.org/10.1109/SPICES.2015.7091420
http://dx.doi.org/10.1016/j.cosrev.2018.09.001
http://dx.doi.org/10.1109/COMST.2017.2703620
http://dx.doi.org/10.1109/COMST.2016.2632427
http://dx.doi.org/10.1109/ACCT.2015.105
http://dx.doi.org/10.1016/j.comnet.2015.06.015
http://dx.doi.org/10.1109/ICMCS.2016.7905633
http://dx.doi.org/10.1145/2871166
http://dx.doi.org/10.1016/j.comcom.2015.03.001
http://dx.doi.org/10.1145/2933232
http://dx.doi.org/10.1016/j.comnet.2022.109041
http://dx.doi.org/10.1109/AICIT55386.2022.9930275
http://dx.doi.org/10.1071/AM21001


A. Paddy Junior et al.: Remote Pedestrian Localization Systems for Resource-Constrained Environments

[109] E. H. Yoshitome, J. V. R. Cruz, M. E. P. Monteiro, and J. L. Rebelatto,
‘‘LoRa-aided outdoor localization system: RSSI or TDoA?’’ Internet
Technol. Lett., vol. 5, no. 2, pp. 1–6, Mar. 2022, doi: 10.1002/itl2.319.

[110] T. Cozzens. ESA Plans for Low-Orbiting Navigation Satellites.
Accessed: Jan. 20, 2023. [Online]. Available: https://www.esa.
int/Applications/Navigation/ESAplansforloworbitingNavigat.satellites.
ZBBbDUhb1Hk.link

[111] M. Saines. Galileo Signal Component Tested for Internet of Things
Use. Accessed: Feb. 13, 2023. [Online]. Available: https://www.esa.
int/Applications/Navigation/GalileosignalCompon.testedforInternet
Thingsuse.ZA8Fa8-SGdc.link

ASIIMWE PADDY JUNIOR received the bach-
elor’s degree in computer science and the mas-
ter’s degree in data communications and software
engineering from Makerere University, Uganda,
where he is currently pursuing the Ph.D. degree
in engineering for the information society and
sustainable development, under the supervision of
Luis Enrique Díez Blanco and Dr. Odongo Steven
Eyobu. He has been an Assistant Lecturer and a
Researcher with the Department of Information

Systems, College of Computing and Information Science, Makerere Univer-
sity, since 2012. He joined the 6i Dirs COFUND Project, in February 2021.
He is also a Research Assistant with the DeustoTech, University of Deusto.
His research interests include wireless sensor networks, mobile application
development, localization, ambient assisted living, and artificial intelligence.

LUIS ENRIQUE DÍEZ received the degree in
telecommunications engineering from the Univer-
sity of Deusto, in 2005, themaster’s degree in com-
munications technologies and systems from the
Telecommunications Engineering School, Poly-
technic University of Madrid, in 2012, and the
Ph.D. degree in engineering from the Univer-
sity of Deusto, in 2019. From 2005 to 2011,
he was a Senior IT Consultant with Everis.
From 2013 to 2014, he joined the SOFTLAB

Research Group, Carlos III University of Madrid (UC3M), as a Research
Support Technician. From 2014 to 2022, he was a Researcher with
DeustoTech, Engineering Faculty, University of Deusto. He is currently an
Assistant Professor with the Faculty of Engineering, University of Deusto,
and a member of the Research Group ‘‘Deusto Smart Mobility.’’ He has
worked (leading some of them) on more than ten regional, national, and
international research projects and contracts. He has coauthored 15 research
manuscripts published in international journals and more than ten commu-
nications in international congresses. His research interests include signal
processing and data fusion for the development of location-based services,
ambient assisted living, and intelligent environments.

ALFONSO BAHILLO received the degree in
telecommunications engineering and the Ph.D.
degree from the University of Valladolid, Spain, in
2006 and 2010, respectively. From 2006 to 2010,
he joined CEDETEL as a Research Engi-
neer. From 2006 to 2011, he was an Assis-
tant Professor with the University of Valladolid.
From 2013 to 2017, he held a postdoctoral position
with the DeustoTech-Fundacion Deusto, Univer-
sity of Deusto, Bilbao, where he was the Direc-

tor, from 2017 to 2020. Currently, he is an Associate Professor with the
University of Valladolid. He has worked (leading some of them) in more
than 25 regional, national, and international research projects and contracts.
He has coauthored more than 35 research papers, published in international
journals, more than 40 communications in international conferences, and
four national patents. His interests include local and global positioning
techniques, ambient assisted living, biomedical and health informatics, and
wireless networking. He received the PMP Certification from PMI, in 2014.

ODONGO STEVEN EYOBU received the B.Sc.
degree in computer science from Islamic Uni-
versity, Uganda, in 2004, the M.Sc. degree in
data communication and software engineering
from Makerere University, Uganda, in 2007, and
the Ph.D. degree in electronics engineering from
Kyungpook National University, South Korea,
in 2018. He is currently a Lecturer with the School
of Computing and Informatics Technology, Mak-
erere University. His research interests include

deep learning systems, indoor localization, vehicular communications, intel-
ligent transportation systems, and wireless sensors.

VOLUME 11, 2023 36889

http://dx.doi.org/10.1002/itl2.319

