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Abstract 
To achieve the concrete aim of improving the positioning accuracy for 
large-scale indoor space in this thesis, we propose a weighted Gaussian 
and Mean hybrid filter (G-M filter) to obtain the G-M mean of received 
signal strength indicator (RSSI) measurements, which is implemented 
by taking the practically experimental measurements of received signal 
strength indicator and analyzing the characteristics of received signal 
strength indicator. Meanwhile, various path loss models have been 
utilized to estimate the separation between the transmitting antenna and 
the receiver (T-R separation) by calculating the G-M mean of received 
signal strength indicator, therefore, a dynamic-parameter path loss 
model has been proposed which can be appropriate to enhance the 
accuracy of estimated T-R separation and accurately describe the indoor 
position. Moreover, an improved fingerprint positioning has been 
proposed as the basic method combined with our tetrahedral 
trilateration scheme to reduce the positioning error of a large-scale 3D 
indoor space which can achieve the average localization error of 1.5 
meters.  
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Terminology 
All the abbreviations and mathematical notation used in this report are 
explained as follows. 

Acronyms/Abbreviations 

RSSI   Received Signal Strength Indicator 

G-M filter  Gaussian and Mean hybrid filter 

T-R separation the separation between the transmitter and the 
receiver 

LOS  The Radiofrequency Wave Propagation Mode: Line 
of Sight 

Non-LOS  The Radiofrequency Wave Propagation Mode: non-
Line of Sight 

AP   Access Point 

RS   Reference Spot 

Path Loss Attenuation variable of Radiofrequency Signal by 
Increasing the  Separation between Transmitter and 
Receiver 

Mathematical notation 

𝑅𝑆𝑆𝐼$%&   RSSI received by the receiver at a fixed T-R separation 

PL(dB) Path  losses in  a specific T-R separation 
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1 Introduction 
With the advances of wireless communication technology and the 
increased importance of ubiquitous localization-based technologies, 
location-based services (LBSs) [1] have gradually become a significant 
research area in the wireless communication field, which encompasses a 
potentially enormous commercial value. As the general technical 
standard, GPS can provide various requirements for location- 
dependent applications, due to its localization accuracy. However, with 
the main issues such as limited coverage and latency; the performance 
of GPS is defective in indoor localization. Hence, in order to make up for 
these shortcomings, various wireless localization methods have been 
proposed that were benefited from the large-scale deployment of 
WLAN IEEE 802.11 wireless [2][3][4]. 

Generally, these localization methods (propagation model-based 
localization scheme) were based on the positional estimation of a mobile 
receiver by using received signal strength indicator (RSSI) obtained 
from radiofrequency signals that propagate between the transmitting 
antenna and the mobile receiver [5][6][7]. The challenge of proposing a 
propagation model-based scheme is the fact that the relation of the 
received RSSI and the receiver position depends to a great extent on 
various complexities and dynamic propagation scenarios present 
between the receiver and each access point (AP), which is difficult to 
know which signal propagation model is the most appropriate to 
describe such a relation in a practical large-scale indoor space. In 
particular, the propagation scenario becomes more complex than usual, 
as the separation of the transmitter and the receiver (T- R separation) 
continuously increases. Therefore, proposing an appropriate signal 
propagation model to describe the positional features of mobile 
receivers is particularly important to propagation model-based scheme 
in large-scale indoor space. 

On the other hand, fingerprint positioning has attracted widespread 
attention as one of indoor localization schemes in the last decade, which 
generally consists of two phases: the offline phase and online phase [8] 
[9] [10]. In the offline phase, some reference spots (RS) with evenly 
uniform spacing or customized spacing are used to collect RSSI feature 
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vectors (fingerprints) from available access points (APs) to establish a 
fingerprint database that can be utilized to describe most of the 
positional features in the large-scale indoor space. In the online phase, 
the RSSI feature vector of a mobile receiver will be matched with the 
RSSI feature vector stored in the fingerprint database to obtain the 
estimated position. Fingerprint positioning does not require the use of 
signal propagation model to calculate the estimated T-R separation, 
which is its main advantage of avoiding inaccurate positioning feature 
due to RSSI fluctuations. However, the main disadvantage of fingerprint 
positioning is that the positioning accuracy will decrease when the 
separation of reference spots increases. 

1.1 Background and problem motivation 
In order to improve the localization accuracy, it is indispensable to 
study the propagation characteristics of radiofrequency signals. 
Moreover, detailed analysis of the propagation characteristics of the 
RSSI is a necessity for all the propagation model-based scheme. Many 
studies indicated that the radiofrequency signal propagation between 
the transmitting antenna and the mobile receiver can be attributed to 
reflection, diffraction and scattering due to the complexity of the indoor 
space [4] [25] which presents a significant difference in line-of-sight 
(LOS) propagation and non-line-of-sight propagation (non-LOS) 
scenario. Wherein, [26] and [27] indicated that the general signal 
distribution represented a slightly left-skewed Gaussian distribution 
during propagation. In contrast with the general research there are a 
few scenarios that cause the RSSI to follow even multimodal probability 
distributions [28]. In addition to this, [4] indicated that there is no 
relation of the changing RSSI versus time, and RSSIs variance and its 
strength are not directly related to each other. [24] studied that the 
shadowing approximates the normal distribution with standard 
deviation of 0.98 (-dBm) and 0.5 (-dBm) in LOS and non-LOS. 

Path loss defines an amount loss of received signal strength (RSSI) that 
is with propagation from the separation between transmitting antenna 
and mobile receiver (T-R separation). Comparing with the wide outdoor 
propagation space, the indoor propagation space is more densely 
cramped with high distribution of people and physical obstacles. It 
leads to the relation between RSSI path loss and T-R separation 
inexplicitly. Therefore, utilizing an appropriate RSSI path loss model of 
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signal propagation plays a crucial role in calculating the T-R separation  
and improving the indoor localization accuracy. 

1.2 Overall aim 
The primary problem that needs to be solved in this thesis is to improve 
the accuracy of localization in 3D large-scale indoor space, which is a 
challenging and complicated theme in the nowadays research field of 
indoor localization. Therefore, this colossal problem is subdivided into 
several explicit and detailed sub-problems to solve, that will greatly 
increase our efficiency and simplify the problem itself. 

First of all, the accuracy of localization is closely corresponding to the 
fluctuation of RSSI, as it is used to express the position features under 
both circumstances of using propagation model-based localization 
scheme and fingerprint positioning scheme. Generally, in the process of 
practical positioning, a RSSI received by the receiver in specific position 
cannot represent the mean value of the RSSI which has the disadvantage 
of individual and may lead to the decease the accuracy of localization. 
For this reason, how to obtain the mean value of RSSI, which can 
represent the stable value of the RSSI in a particular position and 
improve the positioning accuracy, is one of the vital sub-problem 
waiting to be solved. 

Secondly, the advantages of propagation model-based localization 
scheme have been explained in previous section. In order to improve the 
accuracy of localization in 3D large-scale indoor space, a propagation 
model-based localization scheme is essential and effective which has the 
main challenge of discovering or proposing an appropriate signal 
propagation model for the localization environment. Therefore, the 
implementation of signal propagation model is also a sub-problem that 
needs to be solved urgently to appropriately describe the T-R separation 
and assist the completion of 3D high-precision localization. 

In addition, it is a challenging sub-problem to make a series of 
improvements on the basis of traditional fingerprint positioning scheme 
to adapt well to the 3D large-scale localization environment. Moreover, 
most of the fingerprint positioning schemes are utilized in 2D 
localization environment. Thus, the traditional fingerprint positioning 
scheme has to be improved to be adaptable for the growth of complexity 
for localization environment from 2D to 3D. 
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Finally, an efficient propagation model-based localization scheme needs 
to be proposed to improve the accuracy of large-scale indoor space 
localization and combined with the improved fingerprint positioning 
scheme, which is our last sub-problem  to be considered. Meanwhile, it 
is combined with the fingerprint positioning to make up for its 
shortcomings as well. 

1.3 Concrete and verifiable goals  
The overall goal of this thesis is to improve the localization accuracy of 
3D large-scale indoor space by using the combination method  of 
fingerprint positioning scheme and propagation model-based 
localization scheme scope. In addition to this, an appropriate signal 
propagation model needs to collaborated with those localization 
schemes to improve the accuracy of large-scale indoor space localization 
and the propagation features of RSSI has to be analysed as the key step 
for achieving precious accuracy of localization26. 

1.3.1 Collect and measurement the RSSI 
To achieve the goal of improving the localization accuracy of 3D large-
scale indoor space, a large number of the RSSI measurements must be 
collected in a typical indoor environment to test and verify the 
relationship of RSSI versus the separation between transmitting antenna 
and the mobile receiver. The way of obtaining the mean value of RSSI is 
a critical step and an important goal of gaining the relationship of RSSI 
versus separation between transmitting antenna and the mobile receiver, 
that is the key step to improve traditional fingerprint positioning. 
Besides,  the improvement of traditional fingerprint positioning in 3D 
large-scale indoor space means more than proposing a method to obtain 
the mean value of RSSI, which is the main goal of this thesis as well.   

1.3.2 Calculate the relationship of RSSI versus T-R separation  
In order to exert the respective advantages of RSSI and T-R separation，
an  appropriate signal propagation model is waiting to be proposed to 
describe the relationship of RSSI versus position feature of a mobile 
target by using propagation model-based localization scheme, which is 
one of the most important goals.  
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1.3.3 Propose localization algorithm to complete the indoor positioning  
The last goal of our study is to propose a 3D propagation model-based 
localization scheme that is combined with the fingerprint positioning in 
particular circumstances.  

1.4 Outline 
In the first chapter, the introduction and concrete goals are descripted 
for the research status of indoor localization. Moreover, the main work 
of this thesis is introduced as well. 

The second chapter introduces related work, the general ideas regarding 
what kind of theoretical basis and fundamentals of positioning are 
provided by the previous researches in recent years which contains 
advantages and disadvantages of each positioning scheme respectively.  

In the third chapter, we introduced the methodology about how we 
achieved our concrete goal of improve the localization of the 3D large-
scale indoor space, which will include the experimental deployment and 
simulated evaluation. 

In the fourth chapter, a weighted G-M filter is proposed to obtain the G-
M mean of RSSI measurements by taking the practically experimental 
measurements and analyzing the characteristics of received signal 
strength indicator. Meanwhile, we utilized various path loss models to 
estimate the separation between the transmitter and the receiver (T-R 
separation) that is evaluated the performance of each path loss model in 
a specific 3D large-scale indoor environment. Therefore, a dynamic-
parameter path loss model has been proposed based on the evaluation 
of classic path loss model, which is appropriate to enhance the accuracy 
of estimated T-R separation and indoor localization. 

In the fifth chapter, this thesis will specifically implement the detailed 
improvement of fingerprint positioning by G-M mean based SMAP 
scheme and propose a new propagation model-based scheme combined 
with the improved fingerprint positioning. In additional, the positioning 
accuracy of the combination method and the previous fingerprint 
positioning are evaluated by the simulation.  

The last chapter is the conclusion about the whole thesis that present the 
all the indoor localization scheme proposed in this thesis. 
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2 Related work 
Wi-Fi localization system can make up the defects of the GPS in terms of 
indoor localization. Measuring and analyzing the intensity of the 
received radiofrequency wave that the mobile receiver received from the 
access points are the main techniques for Wi-Fi localization. 

2.1 Distribution of The RSSI 
Received signal strength indicator (RSSI) is a measurement of the power 
present in a received radio signal. The main feature of the RSSI is that 
may fluctuate and present different forms of distribution, due to be 
affected by the environment. In addition to this, the longer 
radiofrequency wave has propagated, the more attenuation will occur, 
due to signal absorption of various propagation medium while 
propagating.  

Based on the previous study of RSSI characteristics, we have chosen 
several factors that have a significant interference on the localization 
accuracy in one of the campus buildings, specifically building M and the 
library of Mid Sweden University. To examine the distribution of RSSI, 
the measurement for a typical Line of Sight (spacious library hall) and 
non-Line of Sight (NLOS) propagation environments (isolated office) 
collected 1440 samples over a period of two hours respectively, which is 
represented as histogram in Figure 1, Figure 2 and Figure 3. 
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Fig. 0. The RSSI measurement during time period in both LOS and non-LOS 

 

Fig. 2. The distribution of RSSI in LOS 
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Fig. 3. The distribution of RSSI in non-LOS 

Apparently, by observing Figure 1, Figure 2 and Figure 3, RSSI signal 
within non-LOS propagation has stronger fluctuation than the signal 
within LOS propagation, which both represented approximately 
Gaussian distribution. By using Gaussian probability density function to 
fit the measurements, the distribution characteristics of RSSI value can 
be observed intuitively, where propagated with propagation scenario of 
LOS and non-LOS propagation; in our experimental measurement, the 
RSSI measurements are Gaussian distribution with a mean of 44.5 -dBm 
(LOS) and 45.6 -dBm (non-LOS), and a standard deviation of 1.15 -dBm 
(LOS) and 2.41 -dBm (non-LOS). Therefore, the propagation 
characteristics of RSSI can be verified by practically experimental 
measurements. 

2.2 Signal Path Loss Model 
The signal path loss model is a radiofrequency propagation model that 
describes the relationship of the signal path losses versus the distance 
between the transmitter and the receiver. 

2.2.1 HATA-Okumura Model 
HATA-Okumura model is the most prevalent log-distance model. 
Almost all RSSI path loss models are proposed or improved based on 
the Okumura model [11] [12] that is represented as follows, 
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 (1) 

Here λ is the wavelength of the signal, GT-R are the antenna gain factor 
between transmitting antenna and receiver, Xσ is the correction of the 
shadowing, PT-R stands for antenna transmit power and γ is represented 
as the path loss exponent. Although the HATA-Okumura model was 
utilized for outdoor wireless signal propagation when it was proposed, 
many indoor propagation based localization approaches still uses the 
improved  HATA-Okumura model as the main model. 

2.2.2 Improved Multi-Partitioning Model 
Many studies have expanded on the basis of the HATA-Okumura 
model as described above and attempted to propose improved models 
to reflect the relation between attenuation factors such as T-R separation, 
obstacles, and RSSI path loss in the indoor space [13]-[24]. Among them, 
[13] proposed a multi-partitioning model that divides the interior indoor 
area into multiple sub-areas and adjusts model parameters for various 
sub-areas. Although the relation between the RSSI path loss and 
scenario parameters is explicitly expressed, this model is not practical in 
indoor localization due to its computational complexity. [22] simulated 
the model proposed by [13] and provided an improved multi-
partitioning model as expressed in (2). 

 (2) 

where WAL is the signal loss of walls absorption, GT-R are the antenna 
gain factor between transmitting antenna and receiver, PT-R stands for 
antenna transmit power, FSL is the signal loss of free space, m is 18.1 in 
the 802.11g standard and N w is the number of walls. The improved 
multi-partitioning model committed to described that the signal 
absorbed by various types of obstacles while propagating. 

2.3 Fingerprint positioning 
As one of the most prevalent approaches based on Wi-Fi positioning, 
fingerprint positioning can be implement without taking consideration 
regarding signal propagation model and has a decent performance in 
large-scale indoor scenario. 

PL(dB) = 20log(
4πd0
λ

) + 10γlog(
d

d0
) +GT−R + PT−R +Xσ

PL(dB) = FSL+GT−R + PT−R +WAL+mlog(NW )
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2.3.1 Procedure of fingerprint 
The basic steps for fingerprinting positioning can be summarized with 
the following two phases [29] [30]. In the offline phase, the RSSI from 
different APs were collected at multiple uniform spaced positions, 
which were referred to as reference spots (RS). Meanwhile, the RSSI 
obtained in each reference spot constituted a fingerprint vector, which 
stores the positional features of each reference spot by the collected RSSI. 
The offline phase completed when the fingerprint vector and the 
positional features of each reference spot were stored in the fingerprint 
database [31]. During the online phase, the fingerprint vector of the 
mobile target was matched with each RS fingerprint vector in 
fingerprint database. The reference spot with the closest matching result 
was taken as the estimated position of the target after comparing the 
fingerprint vector of the mobile target with one or more fingerprint 
vector stored in the fingerprint database [32] [33]. 

Generally, in order to improve the positioning accuracy, K-nearest 
neighbors [34] [35] and likelihood calculation mechanism [36] are used 
by the mobile target to match with the fingerprint vectors during the 
online phase. Moreover, [37] [38] implemented the online phase of 
fingerprint positioning scheme by using K-Means and Fuzzy C-Means 
Clustering to split the reference spots according to the Euclidean 
distance into the cluster respectively. These approaches provide good 
solutions and reduce the computational complexity during matching 
process of online phase, but the improvement of localization accuracy is 
not significant due to nothing has been improved during the offline 
phase of fingerprint positioning. Many studies focused on improving 
the accuracy of fingerprint positioning by improving fingerprint vector 
similarity [38] [39], which provided the empirical scheme for this thesis. 
However, the accuracy of large-scale indoor localization will still 
decrease more or less when the separation of RS gradually increases, 
which is one concrete challenge this thesis has to face to. 

2.4 References 
The recent advances in wireless indoor localization techniques were 
surveyed in [1]  that discussed various technological solution for indoor 
positioning, meanwhile, [1] observed several tradeoffs among them. 
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The target location is estimated by the WBI algorithm with RSSI 
collected from the interesting area [3]. Plus, trilateration scheme is in 
conjunction with the proposed WBI algorithm. 

existing wireless localization position system and location estimation 
schemes are reviewed, as we also compare the related techniques and 
systems along with a conclusion and future trends. 

[4] surveyed  prevalent wireless localization systems and position 
estimation schemes, which also compare the relevant techniques and 
localization method for the future trend of development. 

The position estimation is measured by time-of-arrival (TOA) in [5],in 
which ultrasound positioning system is utilized for distinguishing by 
different types of information it extract from the received signal. 
Moreover, [5] measured the time-of-flight (TOF) to be reference with a 
radio signal for obtaining the time-of-arrival (TOA). 

The features of the RSSI, reported by IEEE 802.11b/g wireless network 
interface cards, is analyzed in [6], which is statistical for the improving 
precision and accuracy of indoor positioning systems. 

[7] proposed a dual log model that has two different path loss exponent  
based on the propagation features of WLAN RSSI measurements and 
the HATA-Okumura path loss model. In addition, [7] studied the basic 
features of the RSSI in both indoor and outdoor propagation scenario. 

A Novel Fingerprinting  Mechanism NFM is proposed in [8], which is in 
conjunction with six positioning mechanisms to improve the accuracy of 
the indoor positioning to 1.18m. 

[9] find out a fingerprint positioning based on Wi-Fi signal strength that 
could be used in most prevalent systems and solutions. Plus, a program 
is install onto calculate the position which is useful in many applications 
for Android mobile phone users. 

In [10], the novel sensors integrated in mobile phone and leverage user 
motions to construct the radio map of a floor plan. Meanwhile, a LiFS is 
designed by [10], which is an indoor positioning system with off-the-
shelf Wi-Fi infrastructure. 
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COST 231 radio propagation model is studied in [11] [12]for the Long 
Term Evolution (LTE) networks by different antenna systems. [11] [12] 
compared different antenna systems for finding the pass losses. 

[13] presented the multi-partitioning model of new WLAN models for 
indoor and outdoor space. It also evaluate the propagation losses of two 
different types of environments. 

[14] achieved an indoor localization system named Airplace that 
implemented for Android mobile phone. The indoor localization system 
rely on a large number of WLAN access points to obtain the unknown 
mobile devices’ location and exploit Received Signal Strength  Indicators 
from neighboring Access Points to achieve precious accuracy of 
localization by the mobile terminal under regular operation.  

[15] Various localization schemes for enhancing stability and average 
accuracy of indoor positioning have been presented and compared in 
this article. Meanwhile, a fingerprint positioning scheme based 
algorithm has been proposed for estimate the position of the mbile 
target, which is paired with data fusion and prediction algorithms. 

In [16] a new framework named LoCo has been presented, which can 
obtain precious accuracy of room-level localization by utilizing a 
supervised classification algorithm.  

[17] intend to evaluate different types of indoor localization system in 
various scenario by EVARILOS  Benchmarking Platform. The 
EVARILOS  Benchmarking Platform is able to automatically evaluate 
and compare different kinds of indoor localization system in case of 
testifying the adaptability of each localization solution in various indoor 
scenario. 

[18] developed a fingerprint positioning based indoor localization 
system that runs on smartphone platform and is named Redpin. 
Moreover, [18] designed the optimal solution during the offline training 
phase of fingerprint positioning, which is able to lower the time 
consumption and adapt the changes of scenario rapidly during the 
online phase of fingerprint positioning. 

[19] described the architecture and evaluation of indoor localization 
system for supporting the blind. Meanwhile, this paper introduced the 
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construction of a prototype magnetic navigation system that  wireless 
magnetometer placed at the users' hip streaming magnetic readings. In 
addition to this, the algorithm for the localization of mobile terminal is 
expressed in this paper as well. 

[20] present a battery-free indoor localization system, which can localize 
the mobile target by using visible light and tracking the shadow  the 
object occurred. The battery-free indoor localization system can achieve 
indoor localization by sensing the drop in intensity light caused by the 
existence of the object shadow. In additional, the experimental result 
shows a decent localization accuracy of the battery-free indoor 
localization system. 

[21] investigate the practical probability for the Wi-Fi based indoor 
localization system in construction sites. The Wi-Fi based indoor 
localization system utilized RSSI that is received by localized target 
from transmitting antenna and based on fingerprint positioning scheme. 
In addition to this, a series of experiment was conducted in a practical 
scenario of construction site in Guang Zhou to verify the performance of 
the localization system.  

[22] simulated the model proposed by [13] and provided an improved 
multi-partitioning model based on the inspiration given by [13] 

A new mathematical model for describing the path loss in elevators is 
proposed in [23] that a key metropolitan location where the most 
significant signal drops occur. 

In [24], a path loss model and a second-order autoregressive model is 
proposed for frequency response generation of the UWB indoor channel. 
In additional, [24] presented probability distributions of the model 
parameters for different locations. 

[25] [28]studied the characteristic of RSSI with Wi-Fi environment. 
Including the influence of the signal propagation scenario in both line of 
sight and non-line of sight. Meanwhile, [28] studied the influences of 
time period, the material of obstacle and the amount of people.    

[26] have developed and demonstrated a person locator using the 
wireless network infrastructure at Carnegie Mellon University. 
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[27] proposed an enhancement of the path loss model in the indoor 
environment for improved accuracy in the relationship between 
distance and received signal strength based on empirical study. 

[28] presents a Wireless Personal Area Network (WPAN) indoor 
location determination system which is appropriate to both dynamic 
physical environmental conditions and human movement changes in 
order to find estimated user locations. 

[29] committed to implemented fingerprint positioning scheme into 
mobile terminal and gathering both offline and online phases of 
fingerprinting, achieving an positioning accuracy of up to 1.5 meters in a 
single office. In addition to this, [29] have researched the probabilities 
provided by Wi-Fi radio, accelerometer and magnetometer. 

[30] proposed an Wi-Fi based indoor localization scheme by weighted 
fusion. The improved scheme is based on traditional fingerprinting 
positioning algorithms that consists of two phases: the fingerprint 
database achievement and the real-time matching and positioning. The 
fingerprint database achievement process selects optimal parameters to 
implement the signal collection, that forms the database of fingerprints 
by error classification and handling. To further improve the accuracy of 
positioning, real-time matching and positioning process first utilizes a 
pre-match method to select the candidate reference spots to shorten the 
real-time positioning time.  

[31] proposed a Wi-Fi based fingerprint positioning algorithm that 
received signal strength indicator in an particular indoor environment. 
The algorithm aims to restrict RSS instability due to varying channel 
disturbances during time period by introducing the concept of stable 
received signal strength indicator. 

An optimization technique has been proposed in [32], which can be 
utilized to optimize the deployment of the reference spots and improve 
the performance of localization efficiency for multi-floor building. It  is 
based on Simulated Annealing algorithm and is called MSMR-M. 

In [33], two schemes for filtering the Wi-Fi based positioning system: 
APs filtering and Fingerprints filtering has been proposed as the main 
technique that improve the efficiency of fingerprint positioning. In 
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addition to this, [33] present the performance for a set of experiments 
that have been completed to evaluate the performance of a Wi-Fi based 
positioning system before and after applying the proposed filtering 
approaches.   

[34]-[37] improved fingerprint positioning by proposing various 
matching algorithm, among them,  [34] provided a case studied on 
WiMAX networks; [35] improved the kNN algorithm during the online 
phase of the fingerprint positioning;  An analysis of k-means algorithm 
on fingerprint based indoor localization system is established by [36];  A 
classification algorithm of fuzzy C-means clustering is proposed by [37] 
to reduce the calculative consumption of fingerprint localization. 

[38] improved the offline phase of  the fingerprint localization by  
determining the best vector distance to raise the matching for 
fingerprint vectors of online phase, which can provide the average 
localization error that equals to 2.2m in small-scaled room. 

[39] focused on the RSSI feature vector to enlarge the positional features 
of the reference point during the creation of fingerprint database， 
which can achieve precious accuracy of indoor localization based on Wi-
Fi. In addition to this, [39] improved the time consumption of the 
matching process during the online phase for fingerprint positioning 
scheme. 
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3 Methodology  
To achieve our goal, we have done a lot of theoretical preparation. 
Google Scholar and IEEE are the best way for us to obtain results of 
previous research in related fields, which provided all our references.  

Meanwhile, Stack overflow is the preferred place for us when we 
encounter technical and mathematic problems. Khan academic, 
Coursera have made a great contribution to help us propose our  
algorithm. In addition to this, GitHub provided some useful repositories 
for us to study, analyze and compare. 

3blue1brown, by Grant Sanderson, is some combinations of math and 
entertainment in YouTube, which provided inspiration for the 
geometric methods used by our propagation model-based localization 
scheme. 

Four Mikrotik RB962UiGS wireless routers were fixed at a height of two 
meters which support the IEEE 802.11g standard as the access point 
(AP). The frequency band and antenna gain of the routers are 2.4 GHz 
and 2.5 dBi, respectively. We used them to collect the data and  conduct 
the experiment, which is the foundation of our simulation and the 
source of RSSI measurements . 

Aerohive online Wi-Fi planner, Octave  and MATLAB are also the key 
tools of simulation, which evaluated the performance of various types of 
signal pass loss model by importing the practical RSSI measurements. 

3.1 Take measurement of RSSI 
We have chosen several factors that have  significant interferences on 
the localization accuracy in one of the campus buildings, specifically 
building M and the library of Mid Sweden University. To examine the 
distribution of RSSI, the measurement for a typical LOS (spacious 
library hall) and non-LOS propagation environments (isolated study 
space) collected 1440 samples over a period of two hours respectively. In 
the same indoor space, we took the T-R separation that was increased 
gradually; with each separation step increased by 0.5m. For each of the 
21 steps, a mobile receiver(iPhone 6s and MacBook pro) measured the 
RSSI measurements of 300 times (the source of the RSSI is Mikrotik 
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RB962UiGS wireless router in 5GHz, which act as access point as well) 
and fit the RSSI measurements with implementing Gaussian 
distribution in MATLAB to calculate the standard deviation of LOS and 
non-LOS. Therefore, with the data collected previously, the Gaussian 
filter, Mean filter and the Median filter were utilized to calculate the 
average value of the RSSI in different T-R separation to verify the 
performance of each filter. After utilizing these three different types of 
filters to filter the measurements RSSI and obtain the results at different 
T-R separation, we compare the filtered result with the original 
measurements to get the desired performance. In additional to this, after 
comparing the performance of various of filters, we take advantage of 
these filters and propose our G-M filter to obtain the mean value of the 
measurement RSSI.  

3.2 Simulating the performance of different path loss model  
With the G-M mean of RSSI obtained in different T-R separation by 
proposed G-M filter, we import these  G-M mean of RSSI and 
implement each path loss model that was studied by the previous 
references. The estimated T-R separation error is calculated by the 
absolute value of the practical T-R separation minus the estimated  T-R 
separation which obtained by path loss model. The causes of the 
estimated error estimated by different path loss model is analyzed in 
detailed. Meanwhile, we find that the two critical reasons of the 
estimated error are the path loss exponent and the signal absorption of 
obstacles in non-LOS. With the critical and essential path loss exponent 
in different path loss model, we try to explicitly make the trends in the 
changes of the path loss exponent by various method and measure the 
signal absorption of obstacle, such as walls, in a specific indoor 
environment. Finally, a dynamic-parameter path loss model is proposed 
based on the dynamic path loss exponent and the signal absorption of 
obstacles. 

3.3 Localization Algorithm comparation 
With the proposed dynamic-parameter path loss model and G-M mean 
of RSSI at different T-R separation, we choose different signal 
propagation model based localization scheme to evaluate the 
localization accuracy for different scale of indoor spaces, which also 
provided the inspiration for improving those signal propagation based 
localization schemes to fit a particular scenario. After simulating the 
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effect of different signal propagation model based localization schemes 
and study the correlated theory, we start to implement various kind of 
indoor localization schemes and propose the tetrahedral trilateration 
scheme based on the inspiration of those schemes we implement, in 
order to improve the localization accuracy of 3D large-scale indoor 
space. Meanwhile, the principle of the fingerprint positioning has been 
implemented as the other type of fingerprint positioning that can work 
without path loss model. Thus, a series of improvement has been 
proposed and simulated in MATLAB and compared with the traditional 
fingerprint positioning. 
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4 G-M Filter and Path Loss Model 
Our experiments were conducted on the third floor of Building M and 
the library of Mid Sweden University. All the RSSI measurements were 
made by gradually increasing the T-R separation from 1m to 20m. Four 
Mikrotik RB962UiGS wireless routers were fixed at height of one or two 
meters which support the IEEE 802.11g standard as the access point 
(AP). The frequency band and antenna gain of the routers were 2.4 GHz 
and 2.5 dBi, respectively. Moreover, the maximum transmit power of 
Mikrotik RB962UiGS was 17dBm. In the practical indoor space, the 
quantity and distribution of obstacles in different positions are irregular 
which also means that the LOS and non-LOS propagation are not 
explicitly distinguished from each other for our indoor scenario. 
Generally, the farther T-R separation between transmitting antenna and 
mobile receiver, the higher probability for the non-LOS propagation will 
appear.  Therefore, experiments were processed by deploying Aps 
(Mikrotik RB962UiGS wireless router) at 4 various positions to cellect 
the RSSI. 

4.1 The Standard deviation of RSSI 
Previous researches studied that time-lapse has no obvious effect on the 
RSSI propagation, due to the irregular propagation of RSSI. However, 
the fluctuation of the signal propagation has a great impact on the 
localization accuracy, which will lead to the inaccurate calculation for 
positional results. As the key factor of the propagation model based 
localization scheme, the standard deviation of RSSI measurement is 
greatly worth to study and analysis. In other words, the accuracy of 
propagation model based localization scheme will increase if the  
standard deviation of RSSI has been effectively declined. Under the 
indoor experimental environment, we gradually increase the T-R 
separation in a row to collect the RSSI measurements 200 times at each 
position and fit the measurements by Gaussian density function to 
obtain the standard deviation, which is used to observe the relationship 
between the T-R separation and standard deviation of RSSI. The result 
of the measurements are presented in Figure 4, 
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Fig. 4. The standard deviation of RSSI versus T-R separation 

By observing Figure 4 with the increased T-R separation, the standard 
deviation of RSSI measurements did not show any significant increase 
or decrease, which always stay around a fixed value. Consequently, we 
can conclude that there is no relationship between the standard 
deviation of the measured RSSI and distance. In addition to this, the 
mean value of the standard deviation is calculated to express the 
fluctuating nature of the RSSI in LOS and non-LOS respectively, which 
provides the result of 1.12 dBm and 2.45 dBm respectively. 

 

4.2 Proposed G-M Filter 
The accuracy of positioning is closely corresponding to the fluctuation 
of RSSI as mentioned above. In addition to this, it has a great influence 
on expressing the position features under the circumstance of utilizing 
propagation model based localization scheme to calculate the different 
position features of  a specific target as well. However, to enable a better 
overview over the RSSI measurements; estimating the average value is 
essential to represent the standard value of all the RSSI measurements in 
a particular position while utilizing the propagation model based 
localization scheme. There are many schemes or filters to average the 
RSSI, and the most common method is to calculate the mean value of all 
RSSI measurements or median value of all RSSI measurements based on 
a large quantity of measurements. It is appropriate to obtain the average 
value of the RSSI measurements by mean filter, when the RSSI is with a 
low volatility and the quantity of samples with  low-probability are 
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much less than the total quantity of all measurements. The mean filter is 
represented in (3), 

    (3) 

Where 𝑅𝑆𝑆𝐼$%&  is the mean RSSI calculated by mean filter at a T-R 
separation of di and N is the total quantity of measured samples. Thus, it  
can be easily concluded that the mean RSSI is equivalent to the sum of 
totally measured samples divided by the number of sample. However, 
with a non-LOS propagation environment, such as RSSI propagates 
through a long-distance between T-R separation or on the circumstance 
of there are some isolated cell that need to be passed through by the 
signal, the propagation of the RSSI will definitely presents a high 
volatility, which means the low-probability samples with a great 
difference from the mean value will have a greater quantity than it 
regularly exist. Therefore, the median filter is utilized to calculate the 
median value of the RSSI samples in the case of overcoming the defect 
of the mean filter, which is expressed in (4) 

   (4) 

where 𝑅𝑆𝑆𝐼$%&  is the median RSSI measured by median filter at a T-R 
separation di. The median filter has a good  performance which based 
on a large number of sample measurement, otherwise, it will be not 
suitable for the circumstance of insufficient measurement of the RSSI 
samples. In addition to this, it is appropriate to obtain the median value 
of the RSSI measurements by median filter, while the RSSI is with a 
strong volatility and the quantity of samples for low-probability are 
much more  than they usually performance.  Another solution is to use 
the Gaussian filter to filter out low-probability samples according to the 
distribution characteristics of RSSI and calculate the RSSI samples that 
placed  between the interval of the standard of deviation. Therefore, it 
can be concluded that the Gaussian filter rarely takes consideration 
about the circumstance that low-probability samples with a great 
difference from the mean value will have a greater quantity than it 
regularly is. Because each of the three schemes has unique advantages 
and suitable environment and it can barely be conclude that the 
practical signal propagation scenario is belong to LOS or non-LOS , we 

!RSSIdi =

k=1!

N

RSSIk,di

!RSSIdi = MED {RSSIdi,1, RSSIdi,2, ...RSSIdi,N , }
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propose to combine the Gaussian filter and mean filter with a weighted 
method as Gaussian and Mean hybrid filter, which is represented in (5) 

 (5) 

where N is the quantity of sampling, σ is the standard deviation and ω 
is the weight. Meanwhile, the equation consists of a weighted Gaussian 
filter sub-item and a mean filter sub-item and each of the sub-item has a 
factor ω that can decide the proportion of each sub-item in the entire G-
M mean filter. 

4.2.1 Simulation and Evaluation 
In order to study the relationship between the proportions of the two 
sub-items in the G-M mean filter, we have adopted a method of 
continuously increasing the weight ω  from 0 to 1 to observe the 
absolute error occurred at different T-R separations. The simulation 
result for the selection of weight is presented in Figure 5 and (6). 

   (6) 
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Fig. 5. The absolute RSSI error versus ω in different T-R separation 

Where ε is the absolute error  calculate by the difference between real-
time RSSI measurement and the G-M mean of RSSI. In Figure 5, RSSI 
measurements were respectively taken over 5, 10, 15 and 20 meters of T-
R separation in a LOS and non-LOS environments respectively, and the 
RSSI value were collected 300 times at each T- R separation. 

Within the proposed G-M filter of various weights, we chose the value 
of the weight by the minimum error generated during RSSI 
measurements. The selection of ω can be observed in Table I 

TABLE I THE SELECTION OF THE VALUE OF ω 

With T-R separation equals to 5 m 

ω 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

LOS 2.0 

(dBm) 

0. 6 

(dBm) 

0.6 

(dBm) 

0.4 

(dBm) 

0.1 

(dBm) 

0.1 

(dBm) 

0.6 

(dBm) 

0.9 

(dBm) 

1.2 

(dBm) 

2.8 

(dBm) 

3.7 

(dBm) 

Non-
LOS 

4.2 

(dBm) 

3.4 

(dBm) 

2.6 

(dBm) 

2.2 

(dBm) 

1.8 

(dBm) 

1.7 

(dBm) 

1.6 

(dBm) 

1.5 

(dBm) 

1.8 

(dBm) 

2.1 

(dBm) 

2.6 

(dBm) 
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With T-R separation equals to 10 m 

ω 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

LOS 3.2 

(dBm) 

2.5 

(dBm) 

1.9 

(dBm) 

1.5 

(dBm) 

1.3 

(dBm) 

1.3 

(dBm) 

1.2 

(dBm) 

1.5 

(dBm) 

1.8 

(dBm) 

2.0 

(dBm) 

2.5 

(dBm) 

Non-
LOS 

5.4 

(dBm) 

4.5 

(dBm) 

3.6 

(dBm) 

3.2 

(dBm) 

2.5 

(dBm) 

2.2 

(dBm) 

1.7 

(dBm) 

1.6 

(dBm) 

1.6 

(dBm) 

1.7 

(dBm) 

2.0 

(dBm) 

With T-R separation equals to 15 m 

ω 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

LOS 3.4 

(dBm) 

2.8 

(dBm) 

2.1 

(dBm) 

1.8 

(dBm) 

1.5 

(dBm) 

1.2 

(dBm) 

1.4 

(dBm) 

1.5 

(dBm) 

1.7 

(dBm) 

1.9 

(dBm) 

2.4 

(dBm) 

Non-
LOS 

6.0 

(dBm) 

5.1 

(dBm) 

4.1 

(dBm) 

3.4 

(dBm) 

2.7 

(dBm) 

2.2 

(dBm) 

2.1 

(dBm) 

1.9 

(dBm) 

1.7 

(dBm) 

1.5 

(dBm) 

1.7 

(dBm) 

With T-R separation equals to 20 m 

ω 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

LOS 3.7 

(dBm) 

3.3 

(dBm) 

2.5 

(dBm) 

2.2 

(dBm) 

1.7 

(dBm) 

1.4 

(dBm) 

1.3 

(dBm) 

1.5 

(dBm) 

1.6 

(dBm) 

1.6 

(dBm) 

2.2 

(dBm) 

Non-
LOS 

6.5 

(dBm) 

5.4 

(dBm) 

4.7 

(dBm) 

3.6 

(dBm) 

3.0 

(dBm) 

2.5 

(dBm) 

2.0 

(dBm) 

1.8 

(dBm) 

1.6 

(dBm) 

1.6 

(dBm) 

1.7 

(dBm) 

 

The selection of ω  in LOS could be 0.5-0.6 and 0.7 in non-LOS. 
Meanwhile, using by linear fit can be utilized to represent the ω as well. 

4.3 Dynamic-parameter Path Loss Model  
We started to use mobile devices to receive 200 signal measurements at 
a position from T-R separation of 1 meter and increase the T-R 
separation by 0.5 meters at each time. The RSSI measurements at 
various T-R separation were processed by our G-M filter to obtain the G-
M mean of RSSI. Inspired by [22], we also measured the signal 
absorption of the individual wall at different T-R separation and fit the 
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regular pattern of them with linear fit to obtain the relationship between 
RSSI absorption and T-R separation. The signal absorption of the 
individual wall (SAW) is expressed in Figure 6, 

 

Fig. 6. Signal absorption of individual wall at different T-R separation 

In a practical scenario, the distinction between the LOS and the non-LOS 
is not explicit. As a consequence, a practical path loss model needs to be 
considered the attenuation factor in a complex environment as much as 
possible to describe the estimated T-R separation corresponding to the 
path loss. And before the path model is proposed, the signal absorption 
of any individual wall is worth to examine. Later on, we utilized 
simulation tool to draw the scatter plot of G-M mean RSSI path loss 
versus T-R separation. Meanwhile, HATA-Okumura model and 
improved multi-partitioning model were used to calculate the estimated 
T-R separation corresponding to the G-M mean RSSI path loss which is 
expressed in Figure  7. 
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Fig. 7. Different path loss model versus estimated T-R separation 

After observing the estimated T-R separation, it is generally greater than 
the actual T-R separation when utilizing HATA-Okumura model with γ 
was equal to 3.5. Contrarily, when γ was equal to 5, the estimated T-R 
separation is less. 

Based on the above observations, the estimated T-R separation 
calculated by using HATA-Okumura model with γ equals to 5 is the 
closest estimation to a practical T-R separation, while the range of path 
loss is from 40 (-dBm) to 70 (-dBm). When the signal path loss is greater 
than 80, using HATA-Okumura model with γ = 3.5 is be the best option. 
Therefore, it can be concluded that as the path loss gradually increases 
(i.e., the T-R separation increases) and the path loss exponent 
continuously decreases from 5 to 3.5, the estimated T-R separation 
calculated by HATA- Okumura model will be closer to the practical T-R 
separation. On the other hand, the improved multi-partitioning model 
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could obtain the estimated T-R separation that is closest to the practical 
T-R separation, if the range of the path loss is between 70-80 (-dBm). 
This is due to the fixed value of WAL in the model based on previous 
experiments and simulations. Thus, the linear and the logarithmic 
relationships of the specific decrease for path loss exponent are studied, 
which is the critical factor for us to propose the dynamic-parameter path 
loss model shown in (7) and (8) 

 (7) 

   (8) 

Where ξ is evaluated through selecting the most optimal efficiency by 
comparing the distance relation between linearity, polynomial and log. 
In this scenario, the most optimal efficiency is log-distance path loss 
exponent. 

4.3.1 Simulation and evaluation 
Earlier, we mentioned that the path loss exponent continuously 
decreases. Therefore, in our dynamic-parameter path loss model, a 
logarithmic relation of path loss exponent ξ versus T-R separation is 
presented as the specific method of decreasing path loss exponent. 
Meanwhile, SAW denotes a variable of multi-wall signal absorption 
linearly related to T-R separation which equals to 6 - 8. To evaluate the 
performance of the proposed dynamic-parameter path loss model, the 
absolute of the estimated T-R separation occurred by various path loss 
model is compared with each other in Figure 8 and Figure 9. 

PL(dB) = 20log(
4πd0
λ

) + 10ξlog(
dT−R

d0
) + SAW −GT−R − PT−R +Xσ

!

ξ = 5− log(dT−R)

SAW = (−0.41dT−R+9.1)·dT−R

ε
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Fig. 8. Estimation of T-R separation by utilizing various path loss model and the 
experimental RSSI measurements 
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Fig. 9. Estimation of T-R separation by utilizing various path loss model and the 
experimental RSSI measurements 
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5 Fingerprint Positioning and 
Propagation Model based 
localization Scheme 

5.1 G-M Mean based SMAP scheme 
5.1.1 The offline phase of fingerprint positioning 

In order to decrease fluctuation of RSSI and improve the localization 
accuracy, at the beginning of the offline phase, the positional features of 
each uniform-spaced RS need to be enlarged, which is one of the main 
purposes of fingerprint-based localization. Therefore, by proposing the 
G-M mean based SMAP algorithm, the RSSI from different APs are 
collected repeatedly by each RS. Then the proposed G-M filter is used to 
obtain the G-M mean RSSI G−M in (9) that is from each AP. 

 (9) 

Where 𝑅𝑆𝑆𝐼()*,,-./01&  is the G-M mean of RSSI received by RS j from AP j . 
In additional, we regard the standard deviation of RSSI from each AP as 
an evaluation of the stability of the signal source (AP), expressed in (10), 

  (10) 

where SDAPk is the RSSI standard deviation from the k-th AP. In a 
practical scenario, the reference spot cannot receive RSSI from AP every 
single time. As a result, the success rate of signal reception is also one of 
the factors that reflect the features of the RS position and can be 
regarded as another evaluation of the AP stability. Thus, the stability of 
AP can be expressed as the equation (11) below, 

    (11) 

where FREAPk denotes RSSI reception success rate of k-th AP and  is a 
small positive number that prevents anomalies. The product of AP 

RSj(!RSSI) =
!

!RSSIG−M
AP1,RSj,

!RSSIG−M
APk,RSj, ...

!RSSIG−M
APQ,RSj

"
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N−1
!
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G−M
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"
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stability and G-M mean of RSSI is used to replace the normal mean RSSI 
which is shown in (12) 

  (12) 

Where VFP denotes the fingerprint vector of i-th RS. In this article, the 
positional features for each reference spot contains the G-M mean RSSI, 
signal reception success rate, and signal source stability which constitute 
the fingerprint vector of RS. Compared with the fingerprint vector that 
only consists of RSSI mean value; the finger- print vector composed of 
SMAP not only presents the positional features of the RS in different 
positions more intuitively, but also reduces the issues with localization 
errors caused by the increase in RS separation. 

When the fingerprint feature vectors of the SMAP are obtained for all 
reference spots, the SMAPs are sorted in each fingerprint vector from 
large to small. Later on, all APs are used as a clustering center to classify 
all reference spots. According to the maximum SMAP in each RS, we 
divide the RS into a cluster of AP (defined as maximum SMAP) where 
the maximum SMAP originates from as presented in (13) 

  (13) 

where CAPk is the cluster of APk and the steps of the proposed scheme 
during offline phase are summarized below. 

G-M mean based SMAP Scheme 

For each i in N (N is the quantity of RS) 

1. Calculate the G-M mean of RSSI from different APs (1). 

2. Compute the standard deviation ofRSSI from each AP(7). 

3. Calculate the success rate (FRE) ofsignal reception from each AP. 

4. Compute the STD and SMAP from each AP (8). 

!−−→

V RSi
FP = (SMAPAP1, SMAPAPk, ...SMAPAPQ)

SMAPAPk =
!RSSIG−M

APk · STAAPk

!

∥TARGET −RSj∥
2 =

"

#Q
k=1

(RSSIG−M
TAR,APk

· STARS

RSj, TARGET ∈ CAPk
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5. Constitute fingerprint vector by SMAPs. 

6. Sort the SMAPs in each RS’s fingerprint vector. 

End for 

7. Classify all reference spots by the maximum SMAP. 

8. Create the fingerprint database by sorted SMAP fingerprint vector. 

End 

5.1.2 The online phase of fingerprint 
According to the maximum RSSI received by the target from APk during 
the online phase of fingerprint-based localization, the target is classified 
into the cluster of APk where the maximum RSSI originated from. After 
the target point is divided into an explicit cluster, the target’s fingerprint 
vector is only matched with the reference spots that are in the same 
cluster. The matching method is expressed in (14), 

 (14) 

where Q is the quantity of AP, SMAPRSi,APk , denotes that RSj received the 
SMAP from APk and dEU is the Euclidean distance between the target 
and the reference spot. Finally, the position of the reference spot, which 
has the closest Euclidean distance between the target is taken as the 
estimated position of the target in the end of the online phase. 

By dividing the RS and target into clusters of APs, the matching process 
only considerate the reference spots in the same cluster, where the target 
is designated. It means that the amount of computation is reduced 
significantly. 

The improved online phase of the fingerprint positioning 

Begin: 

1. Check if all the reference spots are divided into the AP cluster of 
maximum SMAP by G-M mean based SMAP scheme. 

!

∥TARGET −RSj∥
2 =

"

#Q
k=1

(RSSIG−M
TAR,APk

· STARSj ,APk
− SMAPRSi,APk

)2

RSj, TARGET ∈ CAPk
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2. Obtain the maximum SMAP of the target and gather the target 
into the AP cluster of maximum SMAP as same as the reference 
spots during the online phase. 

3. Match target with each the reference spot that has the same  AP 
cluster as the target.  

4. Use the closest Euclidean distance to choose the reference spot 
that has most similar fingerprint vector with the target. 

5. Record three APs that the target receive greatest three RSSI 
from. 

End 

 

5.2 Tetrahedral trilateration scheme 
5.2.1 Geometric computation of tetrahedral 

In order to reduce the increase of localization error caused by the 
increasing separation of the RS using fingerprint positioning in the 
large-scale indoor space, a tetrahedral trilateration scheme is proposed 
in this study. After matching the target with the corresponding 
reference spot, we selected the 3 APs with the strongest 
SMAP(SMAPRSi,APk, SMAPRSi,APl, SMAPRSi,APm) in the fingerprint vector of 
the matched reference spot RSi. The distance d  between the target and 
AP (k,l,m) can be obtained based on the previously proposed dynamic-
parameter path loss model in (5) and the distance 𝑑*3	between AP can be 
calculated through practical measurements. Thus, it is simple to 
calculate the volume of tetrahedron formed by 3 APs and target. The 
separation 𝐻6  between the target and the plane formed by APs (plane A) 
can be obtained under the premise of knowing all the edge lengths of 
the tetrahedron. 
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Fig. 10. Tetrahedral trilateration Scheme 

5.2.2 Convert the coordinate by linear transformation 
Convert the coordinate by linear transformation It is complicated to 
calculate the position of the target by using the APs’ position in a three-
dimensional Cartesian coordinate. As a consequence, the vector linear 
transformation is utilized for transforming the position of APs from a 
three-dimensional Cartesian coordinate system into a two-dimensional 
Cartesian coordinate system. The normalized normal vector η = (xη, yη, 
zη) can be obtained by the plane equation which is orthogonal to the 
plane. At the same time, the positions of the two arbitrary APs is used to 
compute the second vector β = (xβ, yβ, zβ) in the plane. Moreover, the last 
vector γ = (xγ, yγ, zγ) can be obtained by vector cross product theorem. In 
addition, we randomly take the position of APk as the origo after the 
transformation into two-dimensional Cartesian coordinate system 
which is a critical step. And the conversion of coordinate system is 
represented in (15) 

   (15) 

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

−−→

P
(2)
APj

= MT · (
−−→

P
(3)
APj

−

−−→

P
(3)
APk

)
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[

ηx βx γx
ηy βy γy
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dimensional Cartesian coordinate, 𝐴𝑃*
(:)<<<<<<<<<<⃗ is the position of an AP in the 

three-dimensional Cartesian coordinate, and M T is the transformation 
matrix that consists of γ and β. With 𝐻6 ,  𝑑*3 , and the Pythagorean 
theorem, the separation sk between APs and the projection PJ(3) of target  
in plane A (three-dimensional Cartesian coordinate) can be obtained. 
Therefore, the position of the projection target PJ(2) (two-dimensional 
Cartesian coordinate) can be calculated by trilateration scheme which is 
implemented in the two-dimensional Cartesian coordinate. 

After the projection PJ(2) is obtained by the trilateration scheme, the 
position of PJ(2) in three-dimensional Cartesian coordinate can be 
computed by the linear transformation again which is expressed in (16), 

   (16) 

Where 𝐴𝑃*
(:)<<<<<<<<<<⃗  is the projection position in three-dimensional Cartesian 

coordinate and M’T is the transformation matrix that transform the 
projection position from two-dimensional Cartesian coordinate into 
three- dimensional Cartesian coordinate.  

5.2.3 Calculate the estimated position of target (3D) 
Finally, with the position of the projection PJ (3) in three- dimensional 
Cartesian coordinate, the estimated position of target can be calculated 
by (17), 

    (17) 

Where 𝑃>(,
(:) is the estimated target position that was calculated by the 

proposed tetrahedral trilateration scheme. The proposed propagation 
model-based scheme has been used with our dynamic-parameter path 
loss model. Meanwhile, it also combined with the fingerprint 
positioning during the online phase. 

⎧
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5.3 Tetrahedral trilateration scheme 
Begin: 

1. Selected the 3 APs with the strongest SMAP(SMAPRSi,APk, 
SMAPRSi,APl, SMAPRSi,APm). 

2. Use the proposed dynamic-parameter path loss model to. 
calculate the distance d  between the target and AP. 

3. Obtain the distance 𝑑*3	  that is between AP by practical  
measurements. 

4.  Calculate the volume of tetrahedron formed by 3 APs and target. 

5. Calculate the separation 𝐻6  between the target and the plane              
formed by APs. 

6. Convert the coordinate by linear transformation from three. 
dimensional Cartesian coordinate to two dimensional 
coordinate. 

7. Compute the normalized normal vector η = (xη, yη, zη), plane 
vector β = (xβ, yβ, zβ) and plane vector γ = (xγ, yγ, zγ). 

8. Take the position of APk as the origo in the transformed two 
dimensional Cartesian coordinate system. 

9. Utilize the Pythagorean theorem to the separation sk between APs 
and the projection PJ(3) of target. 

10. Calculate the position of the projection in two dimensional 
Cartesian coordinate by  trilateration scheme. 

11. Use the linear re-transformation convert the position of the 
projection from two dimensional Cartesian coordinate into three 
dimensional Cartesian coordinate. 

12. Calculate the estimated target position in three dimensional 
Cartesian coordinate. 

End 
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For the next section, the simulation is implemented to represent how 
these two schemes combined with each other. 

5.4 Simulation and evaluation 
After we have collected all the RSSI measurements at different T-R separation 
from four Mikrotik RB962UiGS wireless routers to our laptop, the 
proposed dynamic parameter path loss model, improved fingerprint 
positioning scheme with G-M mean based SMAP and proposed 
tetrahedral trilateration scheme was implemented into MATLAB to 
simulate the performance respectively. Moreover, we intend to combine 
our improved fingerprint positioning scheme with proposed tetrahedral 
trilateration scheme in case of large-scaled indoor space that has the 
separation of the reference spot greater than 4 m or the separation of AP 
greater than 20 m.  

5.4.1 Tetrahedral trilateration Scheme Versus Different Path Loss Model  

Before combined with the improved fingerprint positioning, we intend 
to testify the localization accuracy of the proposed tetrahedral 
trilateration scheme with different path loss model in case of APs 
separation equals to 15m and 30mwhich expresses the performance of 
proposed scheme and model adapt in small and large-scale indoor space. 
The result of the simulation is shown in Figure 11.  
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Fig. 11. Tetrahedral trilateration Scheme versus different path loss model 

When the average separation of APs is 15 meters, the combination of 
tetrahedral trilateration scheme and proposed dynamic parameter path 
loss model has a good performance of the average localization error is 
1.7m, which is better than the rest of the three path loss model. In 
addition to this, the tetrahedral trilateration scheme combined with the 
Multi-partitioning path loss model present the average localization error 
of 2 m, the HATA OKUMURA path loss model with the path loss 
exponent equals to 5 provide the average localization error of 2.2 m and  
the HATA OKUMURA path loss model with the path loss exponent 
equals to 3.5 have the average localization error of 1.9 m.  

On the other hand, while the average separation between APs is 
increasing to 30m, the localization accuracy of the proposed scheme 
combined with proposed dynamic parameter path loss model has 
reduced, which provided 2.6 m of the localization error. In addition to 
this, the tetrahedral trilateration scheme combined with the Multi-
partitioning path loss model present the average localization error of 2.9 
m, the HATA OKUMURA path loss model with the path loss exponent 
equals to 5 provide the average localization error of 2.9 m and  the 
HATA OKUMURA path loss model with the path loss exponent equals 
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to 3.5 have the average localization error of 2.8 m. Therefore, it can be 
concluded that although the combination of tetrahedral trilateration 
scheme and proposed dynamic parameter path loss model has a decent 
performance in small-scale indoor scenario, using only propagation 
model based localization scheme does not provide a satisfactory 
performance for the large-scale indoor spaces.  

5.4.2 The Simulation result of Fingerprint Positioning Combined with 
Tetrahedral Trilateration Scheme  

We propose that combining the improved fingerprint localization with 
tetrahedral trilateration scheme to improve positioning accuracy. 
Meanwhile, we intend to increase the distance between reference spots 
to evaluate the performance of the improved fingerprint positioning and 
the appropriate opportunity for combining the improved fingerprint 
positioning with the proposed tetrahedral trilateration scheme. The 
simulation result is expressed in Figure 12.  

 

Fig. 12. The relation of fingerprint positioning error less than 2m versus RS 
separation 
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By observing Figure 12 about the cumulative probability of fingerprint 
positioning error, when the distance of the reference spot  is greater than 
2.5 meters, the cumulative probability of localization error less than 2 m 
decreases rapidly that means the positioning accuracy of the three  
fingerprint positioning schemes decreases significantly. Thus, it can be 
concluded that although the performance of the improved fingerprint 
positioning scheme is decent for small-scale indoor scenario, it is still 
not the best appropriate solution for large-scale indoor space  and the 
appropriate opportunity for combining the improved fingerprint 
positioning with the proposed tetrahedral trilateration scheme is that 
the separation of RS is greater that 2.5m.  

In order to improve the localization accuracy in the 3D large-scale 
indoor space, the separation of RS is selected to be 6m to testify the 
performance of the combination of the improved fingerprint positioning 
and tetrahedral trilateration scheme, which will greatly reduce the total 
amount of the deployed reference spot and improve the efficiency of 
offline phase for fingerprint positioning at the same time. The effect is 
shown in Figure 13.  

 



A Combination of Fingerprint Positioning and Propagation Based localization 
method in 3D Large-Scale Indoor Space 
Jun Liu            2018-05-18 

41 

 

Fig. 13. Improved Fingerprint positioning Combined with Tetrahedral trilateration 
scheme 

By observing Figure 13 about the cumulative probability of fingerprint 
positioning error, when the distance of the reference spot  reaches to 6 
meters, the K-mean fingerprint positioning scheme provides a 
positioning accuracy of cumulative probability positioning error equals 
to 3.8 m, the Fuzzy C-means fingerprint positioning scheme provides a 
positioning accuracy of cumulative probability positioning error equals 
to 3.1 m and the improved fingerprint positioning scheme provides a 
positioning accuracy of cumulative probability positioning error equals 
to 2.8 m. Although, improved fingerprint positioning has a better 
performance than the rest of the fingerprint schemes, none of these three 
fingerprint positioning scheme can achieve a very good result while the 
separation of reference spot is 6 m. when the improved fingerprint 
positioning is combined with the proposed tetrahedral trilateration 
scheme, the positioning accuracy of the combined positioning error 
equals to 1.4 m. As mentioned above, the tetrahedral trilateration 
scheme can be utilized alone to obtain a decent positioning accuracy for 
small-scale indoor localization that has a APs’ separation less or 
equivalent than 15 meters. However, the accuracy for using tetrahedral 
trilateration scheme in large-scale indoor will decrease in case of there 
are not enough access point in such an area. Therefore, it can be 
conclude that the combination of improved fingerprint positioning and 
tetrahedral trilateration scheme, which provided a localization error of 
1.4 m, is better than the Fuzzy C-means fingerprint positioning and K-
mean fingerprint positioning in case of being in a particular large-scaled 
indoor space. 
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6 Conclusions 
In this thesis, the overall goal for improve the localization accuracy in  
3D large-scale indoor space has been achieved by using the combination 
method of fingerprint positioning and propagation model-based 
localization scheme. 

The first assignment, which we have accomplished, is to collected a 
large quantity of RSSI measurements for analyzing the characteristic of 
RSSI in both LOS and non-LOS propagation environment. Moreover, a 
weighted G-M filter used for obtain the G-M mean of RSSI is proposed 
by the basis of the RSSI characteristic and the dynamic T-R separation, 
due to the accuracy of indoor localization depends to a great extent on 
the fluctuation of the RSSI. Later on, the performance of the proposed 
filter was examined by evaluating the absolute error of RSSI occurred in 
both LOS and non-LOS that decided the value of the weight. We have 
proposed an innovative and dynamic-parameter path loss model based 
on the inspiration provided by HATA-Okumura and the improved 
multi-partitioning model. The proposed dynamic-parameter path loss 
model defined a logarithmic relationship of the exponent versus T-R 
separation and a linear relationship between the signal absorption and 
the obstacles, which described the explicit relationship of path losses 
and  T-R separation. Moreover, we evaluated the effect of our path loss 
model as well by MATLAB. 

We improved the fingerprint positioning by proposing G-M mean based 
SMAP scheme during the offline phase of the fingerprint positioning, on 
the basis of enlarging the positional features of reference spot. To make 
up the general shortcoming  of the fingerprint positioning in 3D large-
scaled indoor space, we have proposed a tetrahedral trilateration 
scheme,  which is the propagation model based localization scheme, 
with dynamic-parameter path loss model. Finally, we have combined 
the improved fingerprint positioning with the tetrahedral trilateration 
scheme to improve the accuracy of a specific 3D large-scale indoor space 
and evaluated the performance of our combined method by using 
Octave. 
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