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Abstract: In recent years, the application of Indoor Positioning System (IPS) has experienced a significant 

increase in demand, with the ageing of the world’s population and their changing lifestyles. While outdoor 

positioning systems, such as the Global Positioning System (GPS), have significantly been advanced over the 

years, indoor positioning has been restrained by the limitations of the employed technologies. This paper 

presents a hybrid wireless positioning system able to locate wearables indoor accurately. It is based on the Wi-

Fi and Bluetooth technologies, by using trilateration to determine the position of Bluetooth low energy (BLE) 

wearable devices with an accuracy of up to 70 cm with three beacons in a normal room size. A graphical user 

interface (GUI) was used to illustrate the performance of the proposed systems, by allowing users to visualise 

the captured data in two-dimensions and three- dimensions in real time.  

Keywords: indoor positioning system; Bluetooth; Wi-Fi; wearables; energy efficiency 

 

1. Introduction 

Human activity and movement monitoring is a process that could reveal what is challenging to 

diagnose in a single instance, prevent accidents and limit risk for specific individuals. As it is deeply 

linked to the physiological feedback of each person’s body, it can be studied using unobtrusive 
sensors by using wearable technologies.  With the ageing of the world population, the rise of the 

internet of things (IoT), the cost decrease of data analysis at the edge, and the automation of many 

services in today’s world, the potential applications for indoor positioning are increasing drastically. 
Wearable technologies are identified as one of the most promising sectors for assisted living 

technologies, as they allow for the collection of sensor data directly from the body and provides 

efficient communications protocols which can also be used for location tracking. It also benefits from 

being versatile in many ways: It can be unobtrusive for the wearer, is battery powered, allows for 

different body placements, and comes in various shapes and forms [1]A set of different wearable 

solutions were investigated, from developer kits (Hexiwear, Silicon Labs’ Thunderboards, 
NRF52840) to off-the-shelves commercial and industrial solutions (Fitbit & Kontakt.io Beacons and 

wearables). All these solutions use BLE as the primary wireless communication protocol, which 

allows monitoring an individual’s position in space [2–6]. With BLE enabled wearables, it is possible 

to monitor an individual’s position indoors, as well as continuously collect sensor data to ensure their 
wellbeing. The solution is implemented for testing purposes, in an office building with a layout like 

the one shown in Figure 1. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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Figure 1. Example Map of an Implementation of a Location System. 

Figure 1 demonstrates the positioning of a set of beacons in a house floor plan; They are wall-

mounted devices that monitor an area and report the data collected from wearables as well as the 

distance from them to the base station, that will send the entire packet to the cloud for analysis. 

Beacons are both BLE enabled and Zig-Bee compatible. 

Human positioning methods, from GPS to activity trackers, most often use wireless 

communication protocols due to their numerous advantages over wired methods. Moreover, 

depending on the parameters of the application, many different protocols can be used. Wearables are 

the most common type of technologies used for monitoring human activity and gathering data on 

individuals is increasingly processed using mobile technologies. Due to their numerous advantages, 

such as small size, portability, low power consumption, and low cost, wearable technologies have 

been increasingly used in a variety of applications[7]. For example, the Sensor-based Human Activity 

Recognition (S-HAR) field is starting to be supported by wearables over video analytics. When 

compared to video-based systems, wearable technologies offer greater flexibility, less complexity, a 

lower need for calibration or data storage, and can capture precise data instead of entire scenes. It 

mostly has a strong impact when mobility is of importance [8]. Due to its approach to capturing data 

of only the required characteristics, the necessary bandwidth is greatly minimised. power 

management is a challenge when developing or using wearable solutions due to its various form 

factors. Over the last 20 years, there has been substantial advancement to reduce the size and 

maximise the efficiency of batteries which now make wearable technologies a strong contender in a 

large variety of fields. New methods are still being developed to overcome this situation further and 

eliminate the need for a charging cycle or replacement battery, such as the energy-harvesting 

modules discussed in[9–11], which presented designs of arrays which match a crucial point that can 

be used to obtain maximum energy transfer from a rectenna to a load. Loads are represented within 

this context as typical DC to DC boost power converters modelled by an equivalent input impedance.  

According to [12], Bluetooth technology offers a flexible and applicable technology for the 

development of indoor positioning systems, where results from the study demonstrated its 

operational effectiveness in intralogistics applications. This paper thus presents a low-cost energy 

efficient hybrid wireless positioning system using Wi-Fi and Bluetooth technologies for wearables.  
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The motivation for addressing this issue is based on the observations in [13], whose study determined 

that there is no clear interface in research capable of extending indoor positioning systems (IPS) into 

an indoor location-based services (ILBS). Thus, this study proposed to utilize methods that form the 

background for an ILBS in the implementation of a hybrid positioning system. A Scented Kalman 

filter is used to smoothen the Received Signal Strength Indicator (RSSI) measurements from 

stationary nodes. Where the RSSI values are used for colocation of the mobile beacons (wearables).  

The adopted approach is aimed at improving range of detection with accuracy at low power 

consumption and cost. The result shows that the proposed technique achieves higher accuracy in 

detection and location of object at significantly lower energy consumption. This improves the energy 

efficiency of the beacons, and their battery lives which is crucial in many applications including care 

homes, compared to the state-of-the-art beacon-based positioning systems.  

2. Literature Review  

The most practical wireless protocol for location tracking used today is BLE[14] . It is derived 

from Bluetooth and has a lower power consumption. Due to its origins, it is compatible with most 

Bluetooth capable devices and services and has been highly popular in consumer electronics for the 

last ten years. In the proposed solution BLE has been selected as the communications protocol that 

will be tracked. It is highly flexible in its support of network topologies, has a strength indicator 

marker easily accessible (required for distance estimation), is low power and low-cost [15]. When 

comparing the multitude of wireless location tracking methods, it came to attention that the same 

method can be used over different protocols. The architecture is also similar from one method or 

technology to another; For instance, there are usually a transmitting device and a set of receiving 

devices, known as beacons and gateways. The beacon is transmitting a signal, and the gateways will 

use characteristics of the sent signal to determine the relative position of the beacon or the other way 

around. The gateways or the beacons also need to have a fixed or known location, so the position of 

the mobile device can be determined. 

Hence, with a single type of hardware, a selection of tracking methods is available depending 

on their characteristics. It depends on the number of antennae or the protocols in use, and includes 

but is not limited to:  

1. The angle of signal departure or arrival 

2. Time of signal departure arrival 

3. The difference of any of the above 

4. Power of the signal at reception 

5. Signal power difference 

Time of Arrival (ToA or ToF) is the time of travel of a radio signal from source to receiver. It uses 

the absolute time of arrival, instead of the time difference between departure and arrival as in TDoA 

[16]. The distance is calculated from the time of arrival using the known velocity of the signal. Using 

two devices allow for two distances to be known and limit the potential position to two points. It is 

then up to a third device to determine the position of the device, as it is used in GPS technologies. 

Multi-Angulation is the intended process by which the relative physical location of objects is 

determined by analysing the signals sent or received when knowing the angles at which the signals 

were sent or by which they are received, while Multi-Lateration is a geometric process of determining 

the location of points by measurement of distances. Trilateration can use circles, spheres, or triangles 

to determine the position of the points, but it is more convenient and accurate to use circles for multi-

lateration. When using a multi-lateration method in location tracking of devices with wireless 

technologies, the Received Signal Strength Indicator (RSSI) is used instead of distance. 

Over the years, many methods have been employed to build IPS in 2-D and 3-D, frequently 

derived from standard positioning system such as GPS [17]. Since the rise of the need for more 

accurate indoor accuracy in emerging and long-standing sectors (Health, Retail, Navigation), more 

methods were developed, and technologies have been improved to allow new methods to be 

incorporated, such as fingerprinting or trilateration [18]. Few techniques critiqued the lack of a third 
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dimension with IPS. They justified that to find the position of a device or person in space accuracy 

could be improved by monitoring their location following three axes instead of two. A first approach 

focuses on three-dimensional triangulation and determines that the accuracy can be significantly 

improved, doing so as the devices are never on the same plane. Their proposed three-dimensional 

triangulation that uses four beacons defines crossing points using the Pythagorean theorem and 

spheres instead of their two-dimensional counterpart. Their method reduced the positioning error 

rate by 27.3% when compared to two-dimensional triangulation using the same hardware[19]. 

Another method further developed the three-dimensional approach by extending the number of 

beacons and managed to reduce the error margin of the mobile nodes further by taking the reflection 

and reverberation of the ceilings. Mitigating against this issue, a well-known problem for IPS, 

improved the accuracy and reduced the location error from 0.47 m to 0.38 m but justified that it is 

highly dependent on the choice of sensors [20]. Using a weighted centroid localisation (WCL), a first 

approach determined the position of devices using trilateration and RSSI. It presents a Kalman filter 

to reduce the noise of RSSI measurements and estimates the distance with a moving average filter. It 

works by associating weights to each of the beacons based on the distance to the beacon and degree 

and attenuates the fluctuations of RSSI by using the Kalman filter with a moving average filter [21]. 

Another method used a two-step approach, where offline training is performed first, followed 

by an online location. A piecewise fitting based on lognormal distribution is used to train the 

propagation model of the RSSI for each of the beacons to reduce the influence of abnormal RSSI over 

positioning accuracy. The Wi-Fi received signal strength (RSS) based positioning system is widely 

used because of the widespread deployment of Wi-Fi access points in the indoor environment[22] . 

A Gaussian filter was designed as the signal pre-processor, and its output is fed to a distance 

weighted trilateral relations theorem. Their experiment found a probability of location error of fewer 

than 1.5 metres at higher than 80% [23] . Other models instead focused on improving the mechanics 

of the existing methods. One of the approaches proposed a target tracking system with more 

substantial energy efficiency that its alternatives. It brings an improved virtual grid, capable of 

dividing area clusters and assign beacons to them, reducing redundancies and economising energy. 

It is also capable of performing a similar task of other methods while having its sensors nodes 

operating in an energy-saving model. Furthermore, the routing of information has been greatly 

optimised. The robustness and network lifetime have been improved while energy consumption has 

been reduced [24]. Many methods in the field use Kalman filter, either to remove the noise of the 

received RSSI or to predict the upcoming coordinates of a moving object. Its low consumption of 

processing power and high efficiency have made it a vital part of IPS applications. 

Ultra-Wide Band (UWB) technology is another emerging technology for location tracking. The 

UWB technology uses spectrum greater than 500 MHz, allowing more accurate location tracking at 

longer range, which makes it suitable for use in large indoor spaces such as hospital, warehouses, or 

factories. In addition, UWB signals can pass through solid walls and floors, enable tracking obscured 

objects or people. Despite all its advantages, it is more expensive to implement and needs more 

complex infrastructure and hardware to support compared to BLE, making it less accessible for 

smaller businesses. In contrast, the BLE is more energy efficient, cheaper to employ but its accuracy 

and range is lower than UWB. BLE devices can be promptly and simply set up using a smartphone 

or other Bluetooth-enabled devices, and the technology is widely upheld by a wide range of 

consumer devices. The choice between the BLE and UWB is dependent on the application [25] . At 

the time of this research, UWB was still in its infancy stage, with a few studies demonstrating its 

capability over BLE-based localization systems. The significantly higher price and limited availability 

of UWB-based development kits and commercial solutions were the obstacle to replicating any 

results in the controlled environment where the BLE-based tests were conducted and made it a 

difficult baseline to compare to. From the availability and price perspective, UWB is yet to be widely 

available both in commercial products and in research facilities (developers, system integrators). To 

the authors' knowledge, the available UWB-based solutions are provided by less-known 

manufacturers, as industry leaders still favor BLE for localization due to its low price and their 

acceptable accuracy in many applications. BLE chips remain at a very sensible price point for the 
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functionality provided, are energy efficient, have extensive support for integrators and developers 

from their manufacturers, and have wide availability that pushes for integration in many sectors. 

Their downside is their limited range and accuracy. In conclusion, UWB is indeed an interesting 

technology and has a bright future when it comes to indoor localization, but it will need some time 

to further develop and become widely available for being considered as a viable alternative to the 

existing methods and techniques. In this study, Wi-Fi was only used as a retrieval mechanism for the 

harvested data. An ethernet connection was also available, but it increases the complexity of the setup 

as it required wiring the beacons to an ethernet switch. As suggested in the conclusion, future 

considerations have been made to use the Thread protocol to improve the energy efficiency, 

communication speed, and robustness of the system. The application of UWB for indoor positioning 

can be the subject of another research. However, this research project was limited to the application 

of BLE and Wi-Fi. 

One of many approaches trialled using combined trilateration and fingerprinting, alongside a 

Euclidean distance formula instead of using the more common radio propagation model to convert 

the RSSI into distance estimates. It proposed using fingerprinting as an off-line learning stage, where 

nearest neighbours (NN) of each beacon are calculated. The online stage saw trilateration used to 

determine the location of the devices using the Euclidian distance formula. The accuracy of the 

proposed system was further improved by using a Kalman Filter, with experimental results giving a 

location error rate reduced by 53.64% and 25.58% compared to lateration and fingerprint respectively 

[25]. 

Other methods combine both trilateration and fingerprinting. One approach relied on basic 

fingerprinting combined with a WCL, meaning that a smaller number of reference points is required 

for fingerprinting to be efficient; It reduces the time required to read RF signals and accelerates the 

learning process of the system. This method labels the reference points as lightly populated, and 

concurrently uses its WCL. Once the location has been estimated by each side individually, it reruns 

the WCL for the final location estimation. It performs with a similar localisation estimation error than 

elemental fingerprinting but requires 40% fewer reference points [26].  

Another approach was performed, where the shortcomings of Fingerprinting and its time-

consuming nature, were alleviated using trilateration. The approach used the results provided by a 

trilateration model, alongside an improved the radio propagation model that uses an average mean 

square error to minimise the hectic nature of the received RSSI, to feed a Fingerprinting model. Its 

results proved to strongly boost the accuracy of their base fingerprinting model once a gradient filter 

was added, by up to 45%, from 5.87 m to 2.67 average error [27]. A more recent approach using both 

Fingerprinting and trilateration proved more robust results, where many beacons were deployed 

over the area and were used to approximate the position of the device using Fingerprinting. Then, 

trilateration was used over a smaller area to refine the position of the devices, improving the accuracy 

of the model to 0.615 m positioning error while it was up to 1.162 when the base Fingerprinting model 

was used [28]. From the literature, Wi-Fi RTT (round-trip-time) may produce more accurate results 

and have less sensitivity to the environmental impact. However, this comes at higher price and 

complexity where the proposed RSSI positioning system is significantly less complex and cheaper. In 

addition, there are at least three beacons in each room where the proposed system needs direct line 

of sight to only two beacons to accurately position the object. The proposed positioning system’s 
application is tailored to a home environment and not industrial, where the user is able to place 

beacons which minimize effect of obstacles.  

3. Method 

For this study, a small-scale indoor positioning system was implemented. It collects the RSSI of 

BLE devices to estimate their positions using location nodes and processes the data locally on one of 

them. A graphical user interface (GUI) dashboard is also hosted for visualisation. The data is 

centralised in a MySQL database, and multi-lateration is performed on the collected data in real-time 

within the visualisation tool. A Kalman filter is used on two occasions; at first to equalise the RSSI 

that is known to be volatile between measurements, and then smooth the resulting x and y 
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coordinates of the estimated position. Most RF technologies have a form of RSSI either in a 

communication packet or by measuring the strength of the received signal. It allows the devices to 

monitor the quality of the communication medium: They do so by measuring how much the power 

of the message sent has diminished over the distance. It is the basis around which the positioning 

model is built, using the rate at which power decreases over distance[29,30] With the popularisation 

of Bluetooth and its BLE counterpart in recent years, devices using the BLE protocol have been chosen 

as the tracked devices. It is a low energy communication protocol that can be used continuously and 

does not require a master/slave relationship between communication devices as it uses a mesh 

networking model. It also has a high enough range for indoor monitoring (25 m radius). In this 

research, the Bluetooth was used to gather the distance data: The beacons listen for packets from the 

emitting device and use the RSSI packet to compute the distance. Wi-Fi is used to connect the beacons 

to the processing unit: Each beacon has a static IP address on a private Wi-Fi network for ease of 

management and uses it to return the collected data to the processing unit's database. in conclusion, 

Bluetooth Low Energy (BLE) is used as a radial distance sensor, and Wi-Fi as the communication 

medium to return the sensor data. The various components that form the topology of the proposed 

network as shown in figure 2 are: 

▪ Wearable devices, or Wearables: These devices, that can have a variety of form factors such as 

smartwatches, phones or even laptops, will be transmitting a signal strength marker embedded 

in a BLE packet that will be used to determine their position. 

▪ The locations nodes are devices with a known fixed physical location and scan for nearby BLE 

devices. They can be either battery or mains powered for flexibility. There is a requirement for 

the number of devices to be deployed depending on the wanted accuracy, as the more there are 

location nodes, the more accurate the system becomes. Due to their fixed position, they are named 

beacons. 

▪ The gateways are transmitting the collected data back to the processing unit. If the number of 

location nodes is small (under 10), the gateway can also act as the processing unit. The gateways 

may also need to be multi-protocol devices, as they will need all the available bandwidth and 

need for communication to cloud services. 

▪ The processing unit translates the harvested RSSI of the BLE devices from multiple location nodes 

into physical coordinates. There are various methods available to estimate the beacons’ position 
(i.e. trilateration, fingerprinting). The processing unit can either be a local server or computer, or 

a cloud instance if the gateway is granted internet access. 

 

Figure 2. Schematic of the topology for the System. 

In the proposed solution, the term “Beacon” which is generally attributed to a broadcasting 
device is given to the scanning location nodes instead as the wearables are mobile devices, even 

though the location nodes are not the broadcasting element. It behaves differently than commercial 

solutions where feedback is given directly to its wearer (i.e. a mobile phone). In this proposed system, 
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the system determines the position of the device as the end-user would ultimately be a dashboard 

operator instead of the device’s wearer. It is using an inverse feedback loop when compared to the 
one used by commercial solutions. Moreover, the system is designed to be dynamic, and funnel the 

harvested data in a convergent manner to the processing unit, rather than having each device run 

analytics at the edge. The topology of the network will define the type of connectivity between the 

devices, as multiple protocols are found in the proposed solution. 

The location nodes are required to have access to at least two communication protocols, as while 

they are scanning for nearby BLE devices, they would be unable to send the collected data via 

Bluetooth due to the bandwidth limitation. Various devices display two or more antennae, allowing 

for double the bandwidth on a single protocol; However, their price and form factor are considerably 

higher. BLE has been chosen for location tracking, but many higher range wireless protocols can be 

found. For instance, cellular network or long-distance RF can communicate over dozens of 

kilometres. However, their application in the proposed solution is not practical due to their price 

point, power needs and size of the required antennae. Their limitations led to the selection of Wi-Fi 

as the communication network as it requires less configuration than most network types. The devices 

only require connecting to the same network as the processing unit, which is given a fixed IP address, 

and the location nodes can connect directly to the database and input their latest readings. The wide 

availability of Wi-Fi is also a factor in this approach, as it means that the supporting network for the 

system could easily be replicated. 

Multi-lateration is used to generate the devices’ coordinates. It relies on the estimated RSSI of 

location nodes from the received broadcasting of nearby wearables. Each node uploads its reading in 

a MySQL database hosted on the gateway, that then estimates the  
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Figure 3. Flowchart for (a) the Hexiwear sensor data collection program and (b) its subprocess. 

position of the wearables as depicted in figure 3. A Kalman filter is used to smooth the received 

RSSI as its value fluctuates wildly, especially in crowded or obstructed environments. 

An unscented Kalman filter is used to smooth the RSSI measurements, such that as the target 

moves and time goes on, the variations in the signal strength grow stronger. The cause seems to be 

the presence of many devices present in the test environment. It is either due to reverberations of 

signal or limits of the scanning device in processing power. It is corrected by using a two-dimension 

Kalman filter, with both the RSSI as well as using the resulting distance calculated with the previous 

measurements. A rolling buffer of ten readings is used where the newest reading will push the oldest 

one out, ensuring that the filter does not keep far apart values weighing in on new values. However, 

the filter needs ten readings before being operated at its most efficient, meaning that the first readings 

can be sparse and far apart. The filter was first implemented from its base equation, working as 

demonstrated by the block diagram seen in figure 4 and figure 5 respectively. 

 

Figure 4. Flowchart of (a) the scanning program and (b) the scanning and processing subprocess. 
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Figure 5. Block diagram of the Kalman Filter mechanism. 

For the Kalman Filter Recursive Algorithm to be operational, four formulas are required. They 

represent the equations of the Kalman Gain, the estimation update, the covariance update, and the 

projection for the next iteration. 

The gain of the Kalman filter is calculated using the formula in Equation 1. 𝐾𝑘 = 𝑃𝑘′   𝐻𝑇(𝐻𝑃𝑘′ 𝐻𝑇 + 𝑅)−1                                                         (1) 

For an iteration k, and where 𝑃𝑘′  is the previous estimate of 𝑃𝑘, and 𝑃𝑘 is the error covariance 

matrix at time k (nxn), represented in Equation 2. 

Equation 1: Error covariance matrix of the Kalman Filter at a given time k 𝑃𝑘 = 𝐸[𝑒𝑘𝑒𝑘𝑇]                                                                    (2) 𝐻 represents the noiseless connection between the state vector and the measurement vector and 

is assumed stationary over time (mxn). Equation 3 and 4 shows the covariance of the two noise 

models. 𝑄 = 𝐸[𝑤𝑘𝑤𝑘𝑇]                                                                          (3) 𝑅 = 𝐸[𝑣𝑘𝑣𝑘𝑇]                                                                           (4) 

Equation 5 presents the equation used to update the estimate at an instance 𝑘. 𝑥̂𝑘 = 𝑥̂𝑘′ + 𝐾𝑘(𝑧𝑘 − 𝐻𝑥̂𝑘′ )                                                                  (5) 

If the previous estimate of 𝑥̂𝑘 is called 𝑥̂𝑘′ , and where 𝐾𝑘 is the Kalman gain and the innovation 

or measurement residual known as 𝑖𝑘 has its formula given in the measurement residual equation. 𝑖𝑘 = 𝑧𝑘 − 𝐻𝑥̂𝑘′                                                                            (6) 

The error in the prior measurement is given by 𝑥𝑘 − 𝑥̂𝑘. 

The equation to update the covariance of the system has its formula shown in the covariance 

update equation. 𝑃𝑘 = (𝐼 − 𝐾𝑘𝐻)𝑃𝑘′                                                                          (7) 

where; 𝐼 is the Identity of 𝑃𝑘 × 𝑃𝑘−1, 𝐾𝑘 is the Kalman gain, 𝐻 represents the noiseless connection 

between the state vector and the measurement vector and 𝑃𝑘′  is the previous estimate of 𝑃𝑘. 

When projecting into the state at 𝑘 + 1, are shown in Equation 8, the equations to determine the 

outcome and estimate at the next iteration. 

Equation 8: Estimated outcome and Error covariance matrix at 𝑘 + 1 𝑥̂𝑘+1′ = Φ𝑥̂𝑘                                                                              (8) 𝑃𝑘+1 = Φ𝑃𝑘Φ𝑇 + 𝑄                                                                       (9) 

where; Φ is the state transition matrix from the state at iteration 𝑘 to the state at 𝑘 + 1 and 𝑃𝑘, 𝑄 

and 𝑥̂𝑘 have been described above [28]. 

A Graphical user interface (GUI) which is based on the LAMP stack, was used in the 

visualization of the movements.  
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4. Results  

The received RSSI can be exported to a csv file and analysed further. As there are a lot of BLE 

devices in the testing environment, the graph in Figure 6 demonstrates that not all devices transmit 

packets at the same time nor at the same frequency. Errors in the data packet or its transmission may 

happen periodically, creating blank spots with no data. In addition to increase the credibility of the 

results, the measurements were conducted over two months three times every day. For each 

measurement include 100 measurements and denoising methods were used to exclude outliers. 

 

Figure 6. Graph of all the incoming RSSI from device present in the testing environment. 

Moreover, once analysing the data from a single device, the received RSSI is highly variable. Not 

only do some devices not transmit packets frequently enough to provide near real-time information 

(> 5 s), they also have a lesser standard of transmission, meaning that the transmitted power varies 

significantly from one packet to another. As shown in fig 7, the device will try to self-correct the 

power received by adjusting its transmitting power, rendering it unfit for the proposed solution. 
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Figure 7. Graph of the received RSSI from a commercially available BLE smartwatch. 

However, using Hexiwear wearable devices with a fine-tuned transmitting power alongside 

Kalman filter smoothing, the experiment proved that the RSSI is a usable and robust indicator for 

distance measurement. An experiment using three wearable devices and a commercially available 

BLE smartwatch was conducted, where the devices are taken 1m further away while walking in a 

straight line from a location node (starting at 1m away, until 5m away) while keeping the line of sight 

clear. The product was targeted to be used at care houses and the test environment mimics the target 

application. 

 

Figure 8. Graph of the received RSSI from Hexiwear wearable device 1. 

 

Figure 9. Graph of the received RSSI from Hexiwear wearable device 2. 
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Figure 10. Graph of the received RSSI from Hexiwear wearable device 3. 

The commercial device showed an unpredictable RSSI (fig 7). In contrast, the Hexiwear wearable 

devices showed an apparent decrease in RSSI with short plateaux at each of the 1 m stops (fig 8, fig 9 

and fig 10). The overall experiment demonstrated the viability of the proposed solution and 

straightforward usability for location objects indoors. fig 11 and 12 depict the GUI demonstration of 

the movements tracked in the study. 

 

Figure 11. Screenshot of single room visualization at its initial point. 
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Figure 12. Screenshot of the single room visualisation after movement 1. 

 

Figure 13. Screenshot of the single room visualization tool with one device after movement 2. 
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Figure 14. Screenshot of the single room visualisation tool with one device after Movement 3. 

It is worth mentioning that at the point of release of the product, the cost of the product was 

significantly low compared to other existing products, where a beacon is costing approx. £40 

(compared at the time with £300+ for the cheapest variant on the market per beacon). Total system 

cost was approximately £300, while existing tech at the time of study was £1.5k. This is comparing 

with commercial solutions though, not with similar studies. Complexity is low in terms of install, but 

robustness is not great, however the complexity of the proposed system is significantly lower than 

others.    

5. Conclusion 

The developed system uses BLE and Wi-Fi and performs Trilateration on BLE to determine the 

location of the BLE wearable devices. The performance of the proposed system was demonstrated 

using a GUI. Experimental results on live data showed that the proposed system generates acceptable 

accuracy performance of within 70 cm with three beacons in a normal room size (3 by 5 meters) and 

with 6 beacons in large rooms. In a communal area like an amphitheatre the accuracy could reduce 

to 1.8 meters. Despite the reasonable performance of the system, the proposed system was suffering 

from its limited battery life of its BLE scanning nodes and robustness of its accuracy in Realtime. As 

the proposed system performs trilateration and Kalman filtering on each node. The performance of 

most of the indoor positioning systems are usually compared with that of GPS, the most widespread 

and applied positioning system. Due to GPS’s lack of capacity to be used for tracking objects and 

human indoors, existing indoor positioning methods all aim at achieving an accuracy very close to 

GPS, enabling them to be combined with the GPS and work alongside of each other. Many wireless 

protocols have thus been used to determine the position of objects indoors, but upon review of their 

capabilities and due to the specifications of IPS, small-sized, low powered devices are preferred over 

long-range solutions. The proposed systems will employ the IEEE 802.15 range of wireless protocols, 

due to their numerous advantages, e.g. acceptable range, low power consumption and large 

bandwidth to perform object/human positioning. 

Wearable technologies were studied and proved to be the most convenient choice of devices as 

they fit the specifications of the proposed solution. They could fulfil the low-power and low-cost 

requirements of indoor positioning systems, while offering privacy and non-intrusive approach. 

Moreover, many commercial/industrial wearables devices support the chosen wireless protocols as 

their standard communication medium. They also often have onboard sensors that can be used for 

object and human activity analysis. 
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Communications are evolving at a fast pace in today’s world. While at the inception of the study, 

technologies such as: Ultra-Wide Band (UWB), were still at their early stages of their developments. 

This technology has been designed for indoor wireless communications and facilitating locating 

objects in indoor spaces using arrays of antennae in a combination of angle of arrival (AoA) and angle 

of departure (AoD) (the full extent of this technology’s specification and capabilities have not yet 
known, and its applications in commercial sector have yet to be tested too.). In addition, new BLE 

and Bluetooth version 5.1 with AoA and AoD capability has recently been released. These recent 

advancements enable multi-angulation at lower cost, while it could deliver higher performances. 

Hence, application of these two technologies along with the use of multi-angulation could result in a 

more accurate positioning system at lower cost. While the proposed system in this study achieved 

acceptable accuracy, it was not expandable due to its required computational power. Its required 

data transmission time is increasing over time, indicating a hold-up of information due to the time 

required to process a single measurement, which is partly due to the Kalman filtering employed 

which requires 10 RSSI measurements to reach its target accuracy. Future direction would explore 

the impact of adopting round trip time (RTT) ranging technology in a no-line-of-sight configuration 

for the same implementation. Also, the use of thread communication could also provide better 

performance in terms of accuracy and the processing requirement.  While efforts could also be made 

towards reducing the complexity and size of the model for better implementation 
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