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ABSTRACT 
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Master of Science Thesis, 50 pages 
March 2020 
Master’s Degree Program in Information Technology 
Major: Communication System and Networking 
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TDOA is an user-assisted or network-assisted technique, in which the user equipment 

calculates the time of arrival of precise positioning reference signals conveyed by mobile base 
stations and provides information about the measured time of arrival estimates in the direction of 
the position server. Using multilateration grounded on the TDOA measurements of the PRS 
received from at least three base stations and known location of these base stations, the location 
server determines position of the user equipment. 

 
Different types of factors are responsible for the positioning accuracy in TDOA method, such 

as, the sample rate, the bandwidth, network deployment, the properties of PRS, signal 
propagation condition etc. About 50 meters positioning is good for the 4G/LTE users, whereas 
5G requires an accuracy less than a meter for outdoor and indoor users. Noteworthy 
improvements in positioning accuracy can be achievable with the help of redesigning the PRS in 
5G technology. 

 
The accuracy for the localization has been studied for different sampling rate along with 

different algorithms. High accuracy TDOA with 5G positioning reference signal (PRS) for sample 
rate and bandwidth hasn’t been taken into consideration yet. The key goal of the thesis is to 
compare and assess the impact of different sampling rates and different bandwidths of PRS on 
the 5G positioning accuracy. 

 
By performing analysis with variable bandwidths of PRS in resource blocks and comparing all 

the analysis with different bandwidth of PRS in resource blocks, it is undeniable that there is a 
meaningful decrease in the RMSE and significant growth in the SNR. The higher bandwidth of 
PRS in resource blocks brings higher SNR while the RMSE of positioning errors also decreases 
with a higher bandwidth. Also, the number of PRS in resource blocks provides lower SNR with 
higher RMSE values. The analysis with different bandwidths of PRS in resource blocks reveals 
keeping the RMSE value lower than a meter each time with different statistics is a positivity of the 
research. 

 
The positioning accuracy also analysed with different sample size. With an increased sample 

size, a decrease in the root mean square error and crucial increase in the SNR was observed. 
 
From this thesis investigation, it is inevitable to accomplish that two different analysis (sample 

size and bandwidth) done in a different way with the targeted output. A bandwidth of 38.4 𝑀𝐻𝑧 

and sample size 𝑁 = 700 required to achieve below 1m accuracy with SNR of 47.04 𝑑𝐵. 
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1. INTRODUCTION 

Fifth generation radio networks will deliver marvelous improvements compared to 

the remaining mobile networks in terms of high capacity, data rates, and number of as-

sociated devices comprising vast number of sensors and 𝐼𝑜𝑇 device.  3GPP𝑇𝑀is a part-

nership project conveying together national standards development organizations from 

around the sphere primarily to advance technical stipulations for the 3rd generation of 

telecommunications, 𝑈𝑀𝑇𝑆. 5G main characteristics are: Orthogonal Frequency Division 

Multiple Access (𝑂𝐹𝐷𝑀𝐴), a unique positioning signal named Positioning Reference Sig-

nal (𝑃𝑅𝑆) and 𝑀𝐼𝑀𝑂 antennas which refers to Multiple Input Multiple Output as infor-

mation communication [1].  

Discovering the location of user equipment in a noisy atmosphere deprived of outlying 

assistance is the key purpose of cellular positioning method. It is assumed in the thesis 

that the base stations (𝑒𝑁𝑜𝑑𝑒𝐵) are in static locations and the user equipment can be 

fixed or moving [2]. 

An enormous range of positioning methods has been developed by means of the cellular 

network’s signals, and among of them: Assisted-𝐺𝑁𝑆𝑆, 𝐴𝑂𝐴, enhanced Cell-ID (𝑒 − 𝐶𝐼𝐷), 

𝑇𝑂𝐴 and time difference of arrival stands prevalent [49]. 

Mobile communication technology is sprinkling around the planet more rapidly than any 

other technology to date. From previous periods, communication advanced from being 

a classy skill for a limited designated society to today’s pervasive structures enjoyed by 

a huge number of today’s modern inhabitants. The universe has perceived many gener-

ations of cellular based communication arrangements; related by a precise number of 

nomenclatures and a precise customary of maintained use cases. 

 

1.1 4G and 5G 

4G refers to the fourth-generation cellular network technology which is identical with long 

term evolution technology, which is a progression of the prevailing third generation wire-

less standard. 5G is now the utmost modern 3𝐺𝑃𝑃 radio access technology which deliv-

ers high data rates for end users, low access latency, and good spectral efficiency. 
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𝑀𝐼𝑀𝑂 (concept is described in section 2.2.3 in this thesis) and OFDM are the dual crucial 

methods that empowered long-term evolution to achieve higher data output than 3𝐺 net-

works. The method for encoding digital data over various carrier frequencies is known 

as orthogonal frequency-division multiplexing, shortly OFDM [64]. 

It’s an arrangement which allows multiple users sharing a mutual channel enabling high 

data rates. Using multiple antennas at the receiver and transmitter, 𝑀𝐼𝑀𝑂 method anal-

yses data throughput and spectral efficiency. There are different types of 𝑀𝐼𝑀𝑂, such 

as: multi-user 𝑀𝐼𝑀𝑂, cooperative 𝑀𝐼𝑀𝑂, macro diversity 𝑀𝐼𝑀𝑂, 𝑀𝐼𝑀𝑂 Routing and 

massive 𝑀𝐼𝑀𝑂 [57]. Massive 𝑀𝐼𝑀𝑂 is the technology where the number of antennas at 

base stations is higher than the number of antennas at terminals.  

Along with these, 𝑀𝐼𝑀𝑂 practices intricate digital signal processing setting up and about 

various data streams over similar channel. Time division duplex and frequency division 

duplex are being applied by long term evolution standard [3]. 

For the next bout of wireless communication, fifth generation, 5𝐺 will be the first choice 

of new generation. With the help of addressing latency, data ratings and energy effi-

ciency, 4𝐺 will be replaced by 5G. The reduced latency up to levels below 01 𝑚𝑠, en-

larged data rates of at least 01 𝑔𝑖𝑔𝑎𝑏𝑖𝑡 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 for tens of thousands of users con-

currently along with enlarged energy efficiency are expected to be provided by 5𝐺 cellular 

communication [58].  

Through the announcement of 5G, the key target of 5G is to data collection, mobile tech-

nology, and wireless communication more flawlessly over speed and competence. 

Fourth-generation wireless networks typically focusing on the accessibility of fresh band-

width, whereas the fifth generation is targeting on delivering universal connectivity [4]. 

5𝐺 has a frequency band of 3 𝐺𝐻𝑧 𝑡𝑜 86 𝐺𝐻𝑧, the exact bands could be chosen depend-

ing on the communication link application and data bandwidth of 1𝐺𝑏𝑝𝑠 or higher 

whereas the fourth generation uses a frequency band of 2 𝐺𝐻𝑧 𝑡𝑜 4 𝐺𝐻𝑧 and data band-

width of 2𝑀𝑏𝑝𝑠 𝑡𝑜 1𝐺𝑏𝑝𝑠 [59]. As a core network, 4G is using IP-based (Internet protocol) 

network, meaning that it uses a standard communications protocol to send and receive 

data in packets while the fifth generation is using 5𝐺 network interfacing shortly known 

as 5G-NI. 

Cloud RAN and virtual RAN’s are the novel designs of fifth generation networks devel-

opment [5]. These RAN’s are developing with the simplification of a much-unified network 

launch and making the finest usage of server farms over confined data centres at the 

network edges. There are a number of benefits of cloud-RAN architecture in mobile net-
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work expansion, such as: energy efficiency and power cost reduction, capacity and spec-

tral efficiency improvement, adaptability to non-uniform traffic, offloading smart internet 

traffic, and extensibility of network [46]. Additionally, fifth generation networks will be able 

serving the social network and industrial internet at the same time. 

 

1.2 Motivation and related works 

 

Position information has become a key feature in recent centuries to drive location and 

context aware services in mobile communications.  Providing position information with 

sufficient accuracy, high availability and coverage is still a challenging task. Also, the 

positioning was established proceeding familiarity of the topographical arranges of user 

equipment serving base station component, which can be picked up performing following 

range overhaul or area update. 

The accuracy of the position is in that circumstance is moderately robustious and be sub-

ject to the cell measure, which would not finish the exactness provisions [6].  

A renowned positioning technique known as time difference of arrival, 𝑇𝐷𝑂𝐴 constructed 

depending on hyperbolic trilateration and by means of determining the alteration of arri-

val times and devoted downlink signals from various base station components to the 

user equipment [7]. With the help of 3𝐺𝑃𝑃 Release no: 9 and 𝑅𝑆𝑇𝐷 (Reference Signal 

Time Difference) measurement, the superior devoted positioning reference signals re-

main announced [8]. 

Time difference of arrival based on a group of base stations with known locations has 

been widely used to detect objects. For a location system based on 𝑇𝐷𝑂𝐴, the range 

variance among the target and different sensor nodes can be calculated when the meas-

ured data are obtained. 

Analyzing the publications [9], [32-36] regarding positioning accuracy in the 𝑇𝐷𝑂𝐴 range, 

the assessment has exposed that this type of accuracy problem has been previously 

achieved in different ways. For example: in [9], 0.97𝑚 RMSE accuracy was obtained with 

a higher-level SNR value of 59.52𝑑𝐵. Also, attainable localization exactness of position-

ing reference signal has been investigated only for different estimation algorithm. 

The accuracy for the localization has been computed with the help of 𝐺𝑎𝑢𝑠𝑠 − 𝑁𝑒𝑤𝑡𝑜n 

method and planned iterative algorithms for the Levenberg-Marquardt (𝐿𝑀), without tak-

ing consideration sample rate and bandwidth factors for achieving high accuracy 𝑇𝐷𝑂𝐴 
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with 5𝐺 positioning reference signals (𝑃𝑅𝑆) [9]. The key goal of the thesis remains to 

comparison and assessment of the different sample rate and analysis with different 

bandwidth of 𝑃𝑅𝑆 in resource blocks for finding the targeted 𝑅𝑀𝑆𝐸 with lower 𝑆𝑁𝑅. 

 

 

1.3 Thesis goals 

 

The objective of this thesis is to estimate the accuracy of user equipment position-

ing with 𝑇𝐷𝑂𝐴 technique in 5G using positioning reference signals by solving hyperbolic 

trilateration difficulty with different algorithms and compare it with different sample rate 

and analysis with different bandwidth of 𝑃𝑅𝑆 in resource blocks for finding the targeted 

𝑅𝑀𝑆𝐸 with lower 𝑆𝑁𝑅. 

We have developed 𝑀𝐴𝑇𝐿𝐴𝐵 code including different algorithms, and channel effects 

such as AWGN etc. into subsequent simulation model. The simulation comprises char-

acteristic cellular network scenario with spatially distributed base station components 

which allows equating the bandwidth capacities computing SNR and RMSE. 

 

1.4 Author’s contributions 

 

5𝐺 positioning supports efficient and continuous localization counting protocols, archi-

tecture, 𝑃𝑅𝑆, and substantiation assessment. We have discussed about the overview of 

cellular-based positioning in 4𝐺 and 5𝐺 including main challenges in second fragment. 

The positioning model of 𝑇𝐷𝑂𝐴 technique counting advantages, disadvantages and fac-

tors is explained in the third part (Chapter 03). 5𝐺 positioning simulator along with 𝑃𝑅𝑆 

configuration, estimation etc. are presented in the fourth part (Chapter 04). Simulation 

based results through analysis with different bandwidth of PRS in resource blocks and 

different sample rate is described in the fifth part (Chapter 05). Later, a conclusion has 

been drawn in the next part. 
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This thesis also assesses the accuracy and feasibility of 𝑇𝐷𝑂𝐴 method under erratic 

system circumstances that might met in real circumstances which comprises varying en-

vironments of additive white Gaussian noise (𝐴𝑊𝐺𝑁), transmission control, multiple ac-

cess interference, etc. 

The consequence of user equipment and different planning of base positions on 𝑇𝐷𝑂𝐴 

precision is also considered. It is revealed that this development can stretch greatly 

amended performance even beneath worst-case conditions. 
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2. OVERVIEW OF CELLULAR-BASED POSITIOING 

IN 4G AND 5G 

2.1 Basic principles of cellular positioning 

Localization is a method by which an element regulates its position with respect to a 

certain reference system. It is about knowing the location of any network node at any 

time. Thus, mobile or some other devices can be recognized as nodes, and their location 

either be static or can change. 

The procedure of discovering location of mobile or some other devices is known as lo-

calization. Collecting information for the longitude, altitude and latitude of sensor node is 

the process of localization. Localization is a foreseeable contest while dealing with cel-

lular bulges and these nodes can be fortified through global positioning system which is 

an expensive solution in relations to the volume, currency and control feasting. 

Initially, cellular systems were not intended for positioning, the execution of different lo-

cation approaches were required with new equipment making the essential calculations 

for location purpose and new signaling to transfer the measurement results to the loca-

tion determination unit. Reckless and consistent localization of mobiles in cellular net-

work is attaining higher importance in present and upcoming network.  

Locating user equipment has always been a serious problem. It turns out to be compli-

cated nowadays, as the amount of location accuracy software and applications are in-

cessantly rising. Global positioning system is consistent and precise for outdoor circum-

stances, but sometimes GPS doesn’t deliver satisfactory performance in urban areas 

along with indoor locations [10]. Technologies such as 𝐴𝑂𝐴, 𝑇𝐷𝑂𝐴 and 𝑅𝑆𝑆 etc. have 

been industrialized with the intention of executing the specificities of global atmospheres. 
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2.1.1 TOA 

 

 

Time of arrival stands modest and most communal oscillating system, most distinguished 

rummage-sale in the positioning system [11]. This technique is constructed on gaining 

precise time that the target sent a signal, meticulous time the signal reaches at a location 

point, and the signal travelling speed which known as speed of light.  

Time of arrival approach uses a single packet sent from the base station to mobile station 

containing the time it was transmitted, relying on base station-mobile station synchroni-

zation to eliminate clock-related drift. 

Since the receiving mobile station knows arrival time of packet and that it is synchronized 

with the base station, the distance travelled can be calculated using the following formula 

[60]: 

 

 𝑑𝑇𝑂𝐴 =  𝑐 ∗  𝑡𝑇𝑂𝐴 , [c, speed of light]  (1) 

 

Equation (1) is used to calculate distance based on the time it took a signal to go from 

the transmitter to the receiver when 𝑑𝑇𝑂𝐴  is the distance between the transmitters and 

receiver, c is the speed of light (approximately ( 3 ∗ 108𝑚𝑠−1), and  𝑡𝑇𝑂𝐴 is the time dif-

ference. 

 

 

 

2.1.2 Time Difference of Arrival (TDOA) 

 

Time difference of arrival correspondingly recognized as multilateration, an unshakable 

method for the geolocation of radio frequency emitters. By means of minimum three re-

ceivers, time difference of arrival locates a signal source from the different arrival times 

at the receivers. It is identically precise and active for most signal types, believing by the 

existing users of TDOA geolocation. 
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The accuracy of TDOA is defined by a number of factors. The general geo area precision 

can be no superior to the most noticeably terrible of these breaking points. Procedures 

will apply to any beneficiary innovation, despite the fact that outlining with designs, and 

in some cases referencing the manners that relieves the impact of certain wellsprings of 

error. 

At the point when we show likelihood warmth maps for the area of a transmitter, the scale 

goes from violet to red with expanding likelihood. 

𝑇𝐷𝑂𝐴 also occurs based on the calculation of response time variances among position-

ing reference signals inward from numerous mobile base stations to the user equipment.  

 

 

 

 

 

This difference can be calculated using the following equation 

∆𝑑 =  𝑐 ∗  (∆𝑡),  

where 𝑐 is the speed of light and ∆𝑡 is the difference in arrival times at each reference 

point. The following equation can be written for the 𝑇𝐷𝑂𝐴 

  ∆𝑑 = √(𝑥2 − 𝑥)2 −  (𝑦2 − 𝑦)2 −  √(𝑥1 − 𝑥)2 −  (𝑦1 − 𝑦)2 

where (𝑥1, 𝑦1) and (𝑥2, 𝑦2) are the position of the base stations. With nonlinear regres-

sion, this calculation can be transformed to the form of a hyperbola. When sufficient 

hyperbolas have been calculated, the location of the target can be achieved by finding 

the intersection [56]. 

 

 

Figure 1: Multilateration based on classical TDOA [63] 
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2.1.3 AOA (Angle of Arrival) 

 

The angle among an orientation direction and the way of spread of an event ray refers 

to angle of arrival. The direction for the reference is named orientation and is static. The 

AOA is calculated in degrees and from the north direction with clockwise.  

 

By using the RSS at different antennas, or the phase of the incoming signal measured 

at these antennas, AoA estimation are calculated. 

 

 

 

 

In AOA, the signal has to travel further to reach each subsequent antenna where there 

is a phase shift. This phase shift between two subsequent antennas can be calculated 

as follows: 

 
∆∅ = −2𝜋

 𝑑 sin(𝜃 ) 

λ
 

 

(2) 

Figure 2: An incoming signal hits an antenna array. There are 𝑀 antennas spaced 
𝑑 apart. This results in an additional path of 𝑑 𝑠𝑖𝑛(𝜃) at each subsequent antenna. 

source: (52) 
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Whereas, 𝑓 is the frequency of the signal and 𝜆 is the wavelength of the signal. One can 

relatively easily calculate 𝜃 from equation (2).  

                                                               𝜃 =  𝑎𝑟𝑐𝑠𝑖𝑛 (
∆∅.𝜆

−2𝜋𝑑
) 

While this modest approach works fine specified only one signal applying it to internal 

localization will cause expressively worse results. The reason is that in a normal indoor 

scenario the incoming signal will be the combination of different reflected, time delayed 

and attenuated signals arriving at the antenna. Solving this multipath problem, Multiple 

Signal Classification algorithm (𝑀𝑈𝑆𝐼𝐶) [52] can be used. 𝑀𝑈𝑆𝐼𝐶 uses an eigenspace 

method to estimate, the AOA of several signals arriving at the antenna array. 

When the angle of arrival calculates 𝜃 = 00 (0 𝑑𝑒𝑔𝑟𝑒𝑒), and pointing to the north direc-

tion, the angle of arrival then is known as absolute [14]. 

 

 

 

2.1.4 RSS 

 

The dimension of the power of a received radio signal is known as received signal 

strength, shortly 𝑅𝑆𝑆. Received signal strength is unique to the reader productions, shim-

mering the power of a conventional backscattered signal, 𝑃𝑅𝑥, which is mostly used in 

RFID systems. 𝑑𝑏𝑚 is the unit for the measurement of RSS and can be defined as:  

 

𝑅𝑆𝑆 =  10𝑙𝑜𝑔 (
𝑃𝑅𝑥

1𝑚𝑊
) 

The received signal strength (𝑅𝑆𝑆) is the strong point of a received signal restrained at 

the receiver's antenna. Received signal strength is determined by the broadcast power, 

radio environment and the distance between the receiver and transmitter. The RSS is a 

parameter which is difficult to simulate arbitrarily and it´s highly linked to the transmitter's 

parameter.  

In the 𝑅𝑆𝑆 -based positioning method, there will be several access points (𝑒𝑁𝑜𝑑𝑒𝐵) at 

different fix locations serving as RSS sensors that measure RSS readings of wireless 

traffic transmitted from the wireless nodes in the area of interest.  
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RSS method is simple to obtain and use but requires a dense network of receivers. There 

are two distinct scenarios in which 𝑅𝑆𝑆 measurements can be obtained: cooperative and 

non-cooperative. In cooperative systems, such as cell phone handset geolocation by 

base stations, the reported 𝑅𝑆𝑆 is often just the signal power, as the digital signal can be 

demodulated and segregated from additive noise.  

𝑅𝑆𝑆 in 𝑑𝐵 at each sensor is Gaussian with variance 𝜎2. Typically, 𝜎 ranges from 4 𝑑𝐵 to 

12 𝑑𝐵 [53], corresponding to uncluttered environments to environments rich in shadow-

ing and multipath. The value of 𝜎2 can be approximated from controlled measurements 

in a given environment. Due to shadowing and multipath, the path loss exponent 𝜂 may 

deviate from its free space value of 2. It may be as large as 5 in dense urban environ-

ments, though some sources state that typical values of 𝜂 are in the range of 2 𝑡𝑜 4. The 

reference transmit power is 𝑃0, in 𝑑𝐵; this is the power that would be received at a refer-

ence distance of 𝑑0, = 1 𝑚. 𝑃0 and 𝜂 can be included as nuisance parameters [54]. 

 

Considering idealized model, receiver nodes S at known positions (𝑥𝑠, 𝑦𝑠), for 𝑠 =

1,2, ⋯ , 𝑆. The transmitter is at an unknown position (𝑥0, 𝑦0), the transmitter to receiver 

distance is then  

𝑑𝑠 = √(𝑥𝑠 − 𝑥0)2 −  (𝑦𝑠 − 𝑦0)2)  

 

 

2.1.5 PRS signals in 4G  

 

To enhance user equipment geolocation accuracy, positioning reference signal is used. 

Following the characteristics by the parameters of PRS, positioning reference signal is 

transmitted occasionally in certain outlines and involves certain resource components 

inside a rectangular zone within the outline. 

With different time-frequency distributions and according to the physical layer, long-term 

evolution grade [17] stipulates bunch of downlink signals grounded on an orthogonal 

frequency-division multiplexing modulation. Downlink synchronization and positioning 

reference signals are totally recognized (e.g.: experimental signals in global navigation 

satellite system), and such way, these are appropriate for ranging initiatives. Particularly, 

the main and inferior synchronization signal, for example 𝑃𝑆𝑆 and 𝑆𝑆𝑆, besides the cell-
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specific reference signal (CRS), can be cast-off for signals of opportunity (𝑆𝑜𝑂) applica-

tions because they do not require any assistance data.  

Nevertheless, long-term evolution maintains the characteristic of frequency reuse factor 

in a cellular network, and that is equal to one. So, the established serving cell signal 

delays with the established neighbor cell signals creating inter-cell interference and re-

sulting in the near-far effect. With the intention of obtaining exact ranging measurements 

of the nearby cells, the standard of long-term evolution releasing 9 stipulates a position-

ing reference signal known as 𝑃𝑅𝑆, is especially devoted for the purpose of positioning. 

Also, it alleviates the near-far effect, as a result of higher frequency reuse factor, by 

shifting one subcarrier position the frequency pilot allocation transmitted by each base 

station.  

The key constraints for positioning reference signal configurations are exposed in the 

below table. The 𝑃𝑅𝑆 signal is dispersed in time and frequency in the so-called position-

ing occasion, which assigns successive positioning sub frames with a convinced perio-

dicity. With the purpose of reducing the inter-cell interference, when the network mutes 

the 𝑃𝑅𝑆 transmissions of selective base stations (for example: 𝑃𝑅𝑆 muting), the com-

plexity of this signal is gets sophisticated. 

 

 

𝑃𝑅𝑆 bandwidth  1.4, 3, 5, 10, 15 𝑎𝑛𝑑 20 𝑀𝐻𝑧 

Consecutive subframes  1, 2, 4, 𝑜𝑟 6 

𝑃𝑅𝑆 periodicity  160, 320, 640 𝑜𝑟 1280 𝑚𝑠 

𝑃𝑅𝑆 pattern  6 − 𝑟𝑒𝑢𝑠𝑒 𝑖𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  

𝑃𝑅𝑆 sequence  𝐿𝑒𝑛𝑔𝑡ℎ − 31 𝐺𝑜𝑙𝑑 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 

Information on muting Positioning Reference 

signal 

1, 2, 4, 8, 16 𝑏𝑖𝑡𝑠 

 

 

 

 

Table 1: Positioning reference signal main parameters in 4G 
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2.1.6 PRS signals in 5G  

 

 

5G systems will continue to use the Positioning Reference Signals (𝑃𝑅𝑆) employed now 

in 4G systems, in order to enable positioning with non-synchronized Base Stations (BS) 

with an increased performance compared to 4G positioning. 𝑃𝑅𝑆 are used to measure 

the delays of the downlink transmissions by correlating the received signal from the base 

station with a local replica in the receiver. 

 

5G-NR transmissions are more flexible than their predecessor technologies. 5G-NR sig-

nals can be transmitted using different numerology [55]. 

 

Sub-car-

rier spac-

ing 

(∆𝒇)(𝒌𝑯𝒛) 

Symbol 

duration 

(𝑻𝒔), (𝝁𝒔) 

Cyclic 

Prefix 

(𝑻𝑪𝑷), 

(𝝁𝒔) 

Number 

of slots 

per frame 

Slot du-

ration 

𝑻𝒔𝒍𝒐𝒕, 

(𝒎𝒔) 

Frequen-

cies be-

low 

𝟔 𝑮𝑯𝒛 

Fre-

quen-

cies 

above 

𝟐𝟒 𝑮𝑯𝒛 

15 66.67 4.69 10 1 Y N 

30 33.33 2.34 20 0.5 Y  N 

60 16.67 1.17 40 0.25 Y Y 

120 8.33 0.57 80 0.125 N Y 

240 4.17 0.29 160 0.063 N Y 

 

 

 

 

 

Table 2: Supported flexible transmission numerology in 5G-NR, source [55] 
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2.2 Main Challenges in Cellular positioning 

2.2.1 Multipath 

 

Multipath is an antisocial method that afflicts many communication channels, ranging 

from cable to satellite systems. The mechanisms tangled in positioning very widely, but 

they provide growth to very similar effects on communication systems using multipath 

channels. The object of this communication colloquium is to consider counter measures 

against these effects. While its focus is on radio systems (since it is being organized by 

the professional group on radio communications), other types of multipath techniques 

might be applicable to other types of systems [18]. Where there is more than a path for 

the signal among transmitter and receiver, multipath happens.  

Multipath fading consequence consumed to be dealt with the demand of maintaining 

certain quality of service (𝑄𝑜𝑆). Though transmitted indication is imitated onto numerous 

substances on its path to the receiver, there´s a chance of signal fading and distortion 

and the phenomenon is known as multipath fading [25]. 

An antenna operates under multipath conditions when in it impinge radio waves arriving 

from different directions. This is particularly predominant in radio structures as it is usu-

ally more problematic to restrain the energy of the signal to unique specific track, but this 

can transpire in many kinds of arrangement. Table below a list many of the systems in 

which multipath occurs and summarizes its mechanism in each case. 

 

 System Multipath mechanism 

1.  Microwave point to point re-

lations 

Refraction and Reflection of Atmos-

pheric 

2.  Satellite Mobile system Ground and building reflection 

3.  Mobile and Personal radio Scattering from buildings, reflection 

and terrain, etc. 

4.  HF radio Reflection from multiple ionospheric 

layers.  
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5.  Indoor Radio or Radio LAN Echo from building structure and walls 

6.  Telephone/cable network Reflections from terminations 

 

A large number of factors are responsible for the severity of multipath effects. The first 

is the presence and relative power of any dominant path. In radio systems this is usually, 

but not invariably, the line-of-sight path. In mobile/personal radio systems, some indoor 

radio systems, and some satellite-mobile systems (especially at low elevation angles) 

this is frequently weak or absent due to shadowing by obstructions. Its presence and 

strength determine the fading characteristics of the signal (of which more later). The 

second factor of interest is the range of delays experienced by multipath components, 

due to the different distances travelled.  

 

This can often be determined from the geometry of the situation, but in many systems 

the maximum delay is effectively infinite [19]. For example, in indoor radio systems infi-

nitely many reflections may occur from walls, and in mobile radio the scatters may be 

very distant relative to the transmitter. In these cases, however, the components with 

very long delays will be negligible. This delay range will affect the dispersion suffered by 

the channel [20]. Due to the motion of transmitter, scatters or receiver, some of the sys-

tems mentioned have stationary channels, but most are to some degree time-variant. In 

many cases, however, the channel can be mated as stationary over the period of a given 

transmission, although its variability will have to be considered in computational operat-

ing margins for the system.  

Others, in particular mobile radio and LEO satellite mobile systems are subject to rapid 

variations. Alternative views of such channels are obtained by considering Doppler ef-

fects because of the motion. Comparative motion of transmitter scatters or receiver on 

any given path will cause a frequency shift to the received signal. Overall this may cause 

a Doppler spreading effect, where a single transmitted frequency is spread over a band 

of frequencies (the Doppler spectrum) due to different Doppler shifts in different multipath 

components [21]. Also, strong multipath can bias the delay estimator. 

 

 

 

Table 3: Multipath mechanisms source: [7]  
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2.2.2 Interferences 

 

In telecommunications, interference is something that alters a signal in a trouble-

some manner, while travels laterally in a channel between its receiver and source. The 

stretch is used to refer to the accumulation of undesirable signals to a suitable signal. 

Examples are electromagnetic interference, crosstalk or co-channel interference, inter 

symbol interference, adjacent-channel interference, inter-carrier interference (instigated 

by Doppler shift in OFDM modulation) [47]. 

Maximum high-rate data transmission production was using wired communications, 

whereas wireless communications focused on voice and smaller data transfers. In topical 

years, wireless multimedia applications, for example mobile phones having an integrated 

camera, emailing capability and position detection, etc. have a histrionic boost. 

As an outcome, the attention arises towards wireless high-speed data transfers. For the 

reason of multipath and co-channel interference, traditional antennas are not capable of 

delivering the proper output [25]. Along with the necessities of high-speed data transfers, 

there is also a substance of quality control, which consist of high capacity and low error 

rate. 

 

 

2.2.3 MIMO and smart antenna systems (SAS) 

 

 

Smart antenna systems (SAS) and massive multiple input multiple output (MIMO) sys-

tems are known as the most recent antenna array technologies. These technologies are 

providing a strong increasing impact relative to 5G wireless communication systems due 

to benefits that they could introduce in terms of performance developments. 

In conventional MIMO systems, like the long-term evolution (LTE), the base station trans-

mits waveforms depending on terminals channel response estimation, and then these 

responses are quantized by some processing units and sent out back to the base station. 

Whereas massive MIMO systems works another way, especially in high-mobility envi-

ronments [20], optimal downlink pilots get mutually orthogonal among the antennas. So, 

in spite of the difficult hardware and designing implementation, these systems are be-

coming increasingly prevalent in the modern applications due to the great benefits like 

increasing the wireless channel capacity up to 10 times and radiated energy-efficiency 
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up to hundred times. All these assistances with respect to the traditional long-term evo-

lution schemes [26]. 

 

 

 

 

 

 

A smart antenna system generally combines an antenna array with a digital signal pro-

cessing volume to transmit and receive in an adaptive, spatial manner. Smart antennas 

are categorized into SIMO, MISO, MIMO. Only one antenna is used at the source, and 

two or more antennas are used at the destination in SIMO technology. Whereas, several 

antennas are used at the transmitter, and one antenna is utilized at the destination in 

MISO technology. Multiple antennas are used at both source and destination in the 

MIMO technology [61]. 

 

 

 

 Figure 3: Example of single input, single output and multiple input, multiple output 
source: [61] 
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2.3 Terms and factors related to channel characteristics 

2.3.1 LoS/NLoS 

 

A type of propagation which can receive and transmit information only where transmis-

sion and receiving stations are in the view of each other deprived of any sort of a hin-

drance among them is known as line of sight, shortly 𝐿𝑜𝑆. 

The route of propagation of a radio frequency which is partially or completely masked by 

hindrances and assembling it difficult for the radio signal to pass through refers to non-

line of sight (𝑁𝐿𝑂𝑆). 

Not only for location-based applications and facilities in internal atmosphere, but also for 

overwhelming the adverse impact of 𝑁𝐿𝑂𝑆 broadcasts in any kind of wireless services, 

awareness of line of sight / non-line of sight conditions turn out to be a vital asset. 

For illustration, the transmitter could tune the power or the data rate attaining a further 

dependable communication with the information of 𝐿𝑂𝑆/𝑁𝐿𝑂𝑆. Another case of the use 

is refining the accuracy in the site approximation in positioning systems with the help of 

𝐿𝑂𝑆/𝑁𝐿𝑂𝑆 identification. Attaining most dependable data determining the location of a 

device in different atmospheres, consciousness of 𝐿𝑂𝑆/𝑁𝐿𝑂𝑆 could be a vital factor [27]. 

Such way, for accurate localization system, 𝐿𝑂𝑆/𝑁𝐿𝑂𝑆 credentials could be a pre-requi-

site. 

 

2.3.2 Shadowing and fading 

 

Shadowing refers to the outcome that the received signal power differs owing to the 

substances obstructing the broadcast path among transmitter and receiver. These vari-

ations are practiced on the local-mean influences. 

Owing to multipath propagation, denoted to as multipath persuaded fading, climate 

(mainly rain), or surveillance from hindrances distressing the wave propagation, occa-

sionally stated as shadow fading [28]. 
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2.3.3 Scattering 

When the propagating wave encounters a rough surface, scattering occurs. As level of 

roughness increases, the amount of scattering increases and the energy from the spec-

ular reflected component is reduced.   

Whenever gains in intensity due to scattering along a line of sight are insignificant related 

to the following gains and losses, scattering can be ignored [30]: 

• The losses attributable to extinction 

• Improvements attributable to thermal emission 

 

 Elastic scattering – when the frequency of the sprinkled light is the same as the 

occurrence light, mainly Rayleigh and Mie scattering elastic scattering occurs 

[66]. 

• Inelastic scattering – if the produced radiation has a frequency dissimilar from 

that of the event radiation like Raman scattering, fluorescence inelastic scattering 

befalls [66]. 

• Quasi-elastic scattering – when the frequency of the dispersed light moves (for 

instance, in moving matter due to Doppler effects, Quasi-elastic scattering tran-

spires [65]. 
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3. TDOA ADVANTAGES, DISADVANTAGES AND 

FACTORS FOR ACHIEVING HIGH-ACCURACY 

TDOA 

3.1 TDOA  

Time difference of arrival known as 𝑇𝐷𝑂𝐴, which is founded on the knowledge of 

calculating the variance in distance to multiple base stations as contrasting to two way 

ranging that calculates the intervening space between user equipment to base stations. 

By means of the speed of light, time can be transformed to distance and time in this 

framework is associated to spread of radio waves.  

Approximating the location from 𝑇𝐷𝑂𝐴 data is little difficult whether it’s easier in two way 

ranging data and it might seem outlandish to use this set up in 𝑇𝐷𝑂𝐴. Nevertheless, the 

foremost purpose is that it’s not impossible gauging the time difference of arrival data in 

the user equipment through passively paying attention to the messages directed by the 

broadcasters. As the user equipment is only paying attention, there is no restriction in 

the structure for the quantity of identifiers that can be detriment simultaneously likened 

to global positioning system satellites and receivers [32].  

 

3.2 Advantages, Disadvantages 

A 𝑇𝐷𝑂𝐴 system determines the variance in the topic of interest's distance to pairs of 

stations at known fixed locations. For one station pair, the distance difference results in 

an infinite number of possible subject locations that satisfy the 𝑇𝐷𝑂𝐴, but characteristi-

cally they necessitate a bandwidth concentrated cross relationship among receivers [33].  

 TDOA increasingly useful due to the availability of inexpensive and compact com-

puting power 

 With advanced processing techniques, TDOA may be used to geolocate high 

bandwidth signals indoors and outdoors at short range ( <  100 𝑚 on a side) and 

in high multipath environments [62]. 

 Shadowing properties of tall structures like structures, buildings are possible to 

overcome for the TDOA receivers.  
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 𝑇𝐷𝑂𝐴 performs well for new and emerging signals with complex modulations, 

wide bandwidths, and short durations. 

 TDOA performance is a strong function of signal bandwidth. TDOA performance 

generally improves as signal bandwidth increases.  

 With wide bandwidths, complex modulations and short durations, it performs well 

for novel and evolving signals  

 Due to its simpler antenna than AOA, power, size, and simplified positioning ne-

cessities, it is well-matched to numerous receiver deployments. 

 

 

TDOA Disadvantages 

 

TDOA also has weaknesses with respect to other positioning method, especially in lo-

cating narrowband and unmodulated signals, usually more demanding data backhaul 

requirements, and it requires at least two receivers for line of position information and at 

least three receivers for location in 2D. Modern signal monitoring is experiencing a trend 

toward ever increasing signal bandwidths and decreasing power spectral densities.  

 

 𝑇𝐷𝑂𝐴 requires additional hardware compared to other positioning method such 

as AOA to make synchronization more precise 

 TDOA requires high quality time synchronization relative to the inverse bandwidth 

of the signal of interest.  

 TDOA algorithms may generate signals that might contain periodic elements un-

der some conditions. Repeating data sequences or synchronization pulses are 

the examples of such signals. 

 Sampled signals are typically transmitted to a geolocation server for computation. 

These areas demand on networking capacity and speed. Geolocation compute 

time can be significantly delayed for a slow link. 

 A minimum of 3 sensors are needed for geolocation in 2D for TDOA, whereas 

AOA can be used for single site location 

 TDOA accuracy is precise when the signal source is within a limit. Immediately 

outside this perimeter, the location precision and effectiveness decrease more 

rapidly for TDOA than for AOA [33]. 
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3.3 Factors for Achieving High-Accuracy TDOA 

3.3.1 Timing accuracy 

 

Achieving high accuracy 𝑇𝐷𝑂𝐴, localization of user equipment and 𝑒𝑁𝑜𝑑𝑒𝐵  are indis-

pensable. Accuracy for the 𝑇𝐷𝑂𝐴 is strappingly rely on the excellency of reception, but 

sometimes it will every so often be restricted to few 𝑚𝑒𝑡𝑒𝑟𝑠 under distinctive circum-

stances. 

For the reason of jamming or solar flares if user equipment is not found where 𝑇𝐷𝑂𝐴 

geolocation is needed, an alternative synchronization method is necessary to proceed. 

 

3.3.2 Bandwidth and sample rate 

Depending on the sample rate, time resolution and spatial resolution can be fore-

seeable from TDOA network. For instance, sampling a gesture of 10 𝑀𝐻𝑧 stretches a 

time resolution of  

𝑡𝑖𝑚𝑒 =  1𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  110 𝑀𝐻𝑧 =  0.1 µ𝑠;  Which corresponds to spatial res-

olution of  

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 ×  𝑡𝑖𝑚𝑒 =  3 × 108 𝑚/𝑠 ×  0.1 µ𝑠 = 30 𝑚 < 

 

Tactlessly, to make progress in TDOA accuracy, sample rate and bandwidth plays a vital 

role. It’s possible getting a law of diminishing returns, as the differences are gradually 

related to noise rather than to differences in the signal by rising the sample rate much 

beyond the bandwidth of the signal or modulation rate. The ideal illustration rate for time 

difference of arrival will be comparable with the bandwidth of the signal, which is being 

geolocated, and the exactness will be specified roughly by 

  

𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 4 ×  𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ =  3 × 108 𝑚/𝑠 / 𝑠4 × 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ 

that is reliable with an accurateness of 10 𝑚 at a bandwidth 10 𝑀𝐻𝑧, deteriorating to 

100 𝑚 at 100 𝑀𝐻𝑧. 
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3.3.3 Correlation and Signal Periodicity 

 

Correlation is a quantity of similarity between two signals. The broader correlation peak 

resembles to a greater imprecision in the time delay, and henceforth it effects to the 

accuracy of location [38]. 

When a signal is periodic, the function of cross-correlation will have more than a peak, 

corresponding to more than one conceivable standard for the time. There is more than 

one location is feasible (once the period is shorter), the location will then fall into uncer-

tainty [39].  

 

The distance among conceivable positions will be of the order in the periodicity of 𝑇𝐷𝑂𝐴 

3 × 108  ×  𝑝𝑒𝑟𝑖𝑜𝑑 

Thus, 𝑇𝐷𝑂𝐴 is unlikely to be fruitful once the period is 𝑚𝑖𝑐𝑟𝑜𝑠𝑒𝑐𝑜𝑛𝑑𝑠 or a smaller amount 

(positions are no more than ℎ𝑢𝑛𝑑𝑟𝑒𝑑𝑠 𝑜𝑓 𝑚𝑒𝑡𝑒𝑟𝑠 apart) and likely to be fruitful once the 

period is 𝑚𝑖𝑙𝑙𝑖𝑠𝑒𝑐𝑜𝑛𝑑𝑠 or greater (possible locations are ℎ𝑢𝑛𝑑𝑟𝑒𝑑𝑠 𝑜𝑓 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟𝑠 at a 

distance). The worst circumstance is an unmodulated continuous wave which is also 

known as CW signal, for which time difference of arrival geolocation is improbably to be 

useful, except for the rate of recurrence lower than 1 𝑀𝐻𝑧. Angle of arrival geolocation 

performs much better than 𝑇𝐷𝑂𝐴 for periodic signals [40].  

3.3.4 Network geometry 

 

Where there is a small alteration in time variance results from a minor alteration, and 

less precise if a greater alteration in position is needed. To generate the similar minor 

alteration in time variance, the geolocation will be the utmost precise at a location [41]. 

To an initial calculation, the greatest accurateness will be attained once the transmitter 

deceits within the UE of the three (otherwise further) 𝑒𝑁𝑜𝑑𝑒𝐵. Uncertainty announced by 

other issues will be exaggerated by the geometry outside of the UE [42]. The image 

below provides information regarding greater uncertainty in location. With the sequential 

estimation method, it is crucial to infer the estimated position and find the resolution of 

the matter. 
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3.3.5 Obstacles 

 

It is essential for the receivers to be able to “take into consideration” the signal with lo-

cation load: hindrance known as shadowing will avert successful geolocation for the time 

difference of arrival. From reflected and diffused signals multipath effects might convo-

lute geolocation, while time difference of arrival is relatively strong in exchange for mul-

tipath comparing with angle of arrival methods of geolocation. The prime hindrance of 

entirely, the earth’s flexure can also make flashpoint time difference of arrival over long 

extent [43]. 

 

For network optimization, the existence of hindrances is a vital aspect. The easier it will 

be to see around obstacles such as mountains, buildings and the earth itself, once the 

receiver altitudes will be bigger. Optimal positioning can also progress geolocation per-

formance for any given height overhead base level. For instance, placing receivers on 

the pinnacle of hills rather than backward of location. 

 

Using simulation and modeling tools are habitually beneficial, such as which granted by 

CRFS, modeling these obstacle and effects of receiver positioning as well as the other 

issues distressing accuracy of time difference of arrival. These let geolocation circum-

stances to be established and placement of receiver to be improved beforehand a prac-

tical implementation of network [44]. 
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4. 5G POSITIONING SIMULATOR 

The following positioning simulator provides the way of using the time variance of arrival 

(𝑇𝐷𝑂𝐴) positioning tactic in combination through the 𝑃𝑅𝑆 to analyze the location of a 

user kit in the interior of a system of base station using 𝑀𝐴𝑇𝐿𝐴𝐵 LTE Toolbox™. 

A sum of base station transmissions is formed and united along with diverse adjourn-

ments and received powers to model the reception of the entire base station waveforms 

through one user equipment. The user equipment achieves connection with the PRS 

launching postponement from each base station and afterward the postponement differ-

ence among all duos base station. These postponement changes are accustomed to 

figure out the hyperbolas of continuous postponement alteration, which are conspired 

qualified to known base station positions and having the traverse at the location of user 

equipment. 

The target localization based on 𝑇𝐷𝑂𝐴 measurement is presented in the line of sight en-

vironment. Determining the position of the target, let’s assume there are 𝑁 ≥  3, 

eNodeB, which can also be called base sensors (𝐵𝑆), to determine the position of the tar-

get.  

The coordinates of the sensor nodes are known, which are 𝑆𝑖 = ( 𝑎𝑖 , 𝑏𝑖) 𝑇,  

𝑖 ∈ { 1,2, … , 𝑁 }, where [ ]𝑇 denotes the matrix transpose. Assuming that the target’s co-

ordinate is 𝑃 = (𝑥, 𝑦)𝑇. 

 

  

 

Figure 4:Multiple hyperbolas for the optimal position 
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There are base stations in the 2D plane to determine the position of the target which 

form group of hyperbolas. The hyperbola has intersections in the absence of noise and 

there is one ambiguous position in them. 

Once the noise exists, the other group of hyperbolas have other intersections and all the 

intersections have errors. It is suggested to increase the number of the base stations to 

avoid ambiguous position. Figure 4 demonstrated 𝑒𝑁𝑜𝑑𝑒𝐵’𝑠, where base stations form 

group of hyperbolas. When noise exists, it is necessary to follow certain principles to ob-

tain the optimal results. 

 

Taking the first base station 𝑒𝑁𝑜𝑑𝑒𝐵1 as a reference sensor and assume that the sig-

nal propagates in a straight line between the target and each base station without con-

sidering the influence of NLOS propagation. 

Let’s assume, 𝑡1 𝑎𝑛𝑑 𝑡2 as times the signal arrives at base station 𝑒𝑁𝑜𝑑𝑒𝐵1 and 𝑒𝑁𝑜𝑑𝑒𝐵𝑖  

with the propagation speed of the signal is 𝑐. 

The distance between the target and base station 𝑒𝑁𝑜𝑑𝑒𝐵1 and 𝑒𝑁𝑜𝑑𝑒𝐵𝑖, is  {𝑟𝑖,1}. 

This thesis assumes that range difference errors {𝑛𝑖} are independent Gaussian ran-

dom variables with zero mean and known variance σ𝑖
2, 𝑖. 𝑒. , 𝑁(0, σ𝑖

2 ). So,  

{𝑟𝑖,1}= c |𝑡1 − 𝑡𝑖| 

{𝑟𝑖,1}= 𝑑𝑖,1 + 𝑛𝑖,1, 𝑖 ∈ {2, … 𝑁}. 

taking 𝑑𝑖,1 =  𝑑𝑖 − 𝑑1, we found c |𝑡1 − 𝑡𝑖|= 𝑑𝑖,1 + 𝑛𝑖,1 … (01) 

So, distances among the target and the receiver pair 𝑒𝑁𝑜𝑑𝑒𝐵1 and 𝑒𝑁𝑜𝑑𝑒𝐵𝑖 can be writ-

ten as: 

𝑑1 = √(𝑥 − 𝑎1)2 + (𝑦 − 𝑏1)2 + (𝑧 − 𝑐1)2 

𝑑𝑖 = √(𝑥 − 𝑎𝑖)2 + (𝑦 − 𝑏𝑖)2 + (𝑧 − 𝑐𝑖)2, 𝑖 ∈ {2, … 𝑁}. 

The process of obtaining results based on 𝑇𝐷𝑂𝐴 measurements is the process of solv-

ing the 𝑁‐ 1 equation from equation (01) and obtaining the optimal solution.  
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4.1.1 Broadcast Configuration 

 

Cell array of base station arrangements are the consequent from R5 reference meas-

urement channel. The R.5 defines a bandwidth downlink shared channel known as 

𝑃𝐷𝑆𝐶𝐻 transmission by means of 64 − 𝑄𝐴𝑀 modulation. Intended for individual base 

station, to make the cell identity exclusive, the formation is modernized and other param-

eters like 𝐼𝑃𝑅𝑆, 𝑁𝑃𝑅𝑆𝑅𝐵, 𝑎𝑛𝑑 𝑃𝑅𝑆 period have been settled. With the help of 𝑋, 𝑌, 𝑍 co-

ordinates for each and every mobile base station, a random position is being generated, 

where the number of 𝑒𝑁𝑜𝑑𝑒𝐵 was five.  

 

 

 

 

 

 

 

 

 

 

4.1.2 Plot Position of Mobile Base station and User Equipment 

Base stations and user equipment spots are contrived for orientation. The user equip-

ment deceits at (0,0) and the base stations are dispersed round the user equipment. 

 

Figure 5: 𝑒𝑁𝑜𝑑𝑒𝐵 configurations from 𝑚𝑎𝑡𝑙𝑎𝑏 with parameters [68]  
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Figure 6 illustrates the positions of the eNodeB’s and user positions. The user equipment 

(UE) measures the time of arrival of signals received from multiple base stations. The 

time of arrivals from several neighbor eNodeB’s are subtracted from a time of arrival of 

a reference eNodeB to form time difference of arrivals.  

Each time difference determines a hyperbola, and the point at which these hyperbolas 

intersect is the desired user equipment location 

 

 

 

 

 

 

 

 

 

Figure 6:Plot location of eNodeB’s and UE 
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4.1.3 PRS Configuration 

 

PRS have been designed so there is no data transmission when a base station transmits 

PRS signals. As a result, PRS only suffers interference from other PRSs transmitted on 

the same frequency. Different references provide examples of PRS transmission pat-

terns in positioning subframes. To exploit the high detection capability of the PRS, the 

network needs to be synchronized to 5G frame boundaries, and the PRS occasions for 

all base stations on one frequency layer need to be aligned in time. Specifically, this 

means the same number of PRS subframes 𝑁𝑃𝑅𝑆 in each positioning occasion for each 

cell on the same frequency layer, and the same PRS periodicity 𝑇𝑃𝑅𝑆 for each cell on the 

same frequency layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  eNodeB                                             eNodeB 

 

                                           

 

      UE                                eNodeB 

 

 

 

 eNodeB    eNodeB 

Figure 7: PRS sent by eNodeB’s 
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4.1.4 Broadcast Generating 

 

For each base station component, a broadcast is completed containing of the positioning 

reference signal, primary synchronization signal, cell-specific reference signal, and sec-

ondary synchronization signal. An unfilled reserve network is shaped along with a refer-

ence signal generation and charted on the network via resource of PRS besides PRS 

indices. The Cell RS, PSS and secondary synchronization signal are combined in a com-

parable way.  

 

 

 

 

(𝑥1, 𝑦1, 𝑧1)       (𝑥2, 𝑦2, 𝑧2)  

 

 

 

                               𝑡2 =
𝑑2

𝑐
 

 

 

 

(𝑥3, 𝑦3, 𝑧3) 

 

 

 

 

Figure 8 demonstrates the position of the base stations with (𝑥1, 𝑦1, 𝑧1) , (𝑥2, 𝑦2, 𝑧2),  

(𝑥3, 𝑦3, 𝑧3). Time of arrival between base stations being calculated with the help of dis-

tance and the light of speed (c), and written as 𝑡1 =
𝑑1

𝑐
 and 𝑡2 =

𝑑2

𝑐
. 

𝑡1 =
𝑑1

𝑐
 

Figure 8: Base stations with their positions 
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4.1.5 Computing delays from base station to UE’s 

 

By means of the known base station component locations, the time interruption as of 

respective base station component to the user equipment is being calculated by means 

of the distance between 𝑒𝑁𝑜𝑑𝑒𝐵 and UE, speed of propagation (speed of light), and the 

radius. Consuming knowledge of the sample/specimen rate, the model for the delay is 

intended and stored. The versatile going to cast-off prototyping the environment among 

the component of base station and the component of user equipment while information 

won’t be provided to user equipment. 

 
  
 
 
 

Figure 9: Broadcast generation from MATLAB [68]  

Figure 10: Computing delays from eNodeB’s to UE’s [68]  
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4.1.6 Quantity of Established Waveforms and Plot Conventional 

Waveforms 

 

The established indicator at the user equipment is modeled by delaying individually base 

station component broadcast rendering to the standards in delay sample, besides less-

ening the conventional signal beginning with individual base station equipment by means 

of the values in radius and aggregation with an execution of TR 36.82. The execution 

process for the path loss model named as urban macro line of sight. 

The established waveform from individual base station is amplified by zeros to confirm 

entire waveform has the similar span. 

 

 

 

 

4.1.7 Accomplishing Cell Search and Launching Cell Identities 

Multicell exploration is performed with the aim of identifying the compartment distinctive-

ness of each base station. Arrangement of shapes for base station component is then 

shaped founded on the sensed compartment identities also pretentious that the position-

ing reference signal formation has been provided through advanced-layer signaling 

which is known to the user equipment. A sum of added physical layer constraints such 

as the cyclic prefix dimension and duplex mode are expectedly identified and is imagi-

nary to be similar for all base station components.  
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4.1.8 Computed Time Difference of Arrival 

 

The time of arrival for the signals from each base station component are recognized at 

the UE by association of incoming signal with a limited PRS generated with the cell char-

acter of each base station component. Letter that the absolute influx times cannot be 

used at the user equipment to estimate its position as it has no acquaintance of how far 

away the base station components are, only the alteration in distances specified by the 

variance in arrival times. Hence, the crowning correlations for each base station compo-

nents are used as a delay approximation to allow contrast. 

 

 

 

 

 

 

 

 
     

Figure 11: Accomplishing cell search and launching cell identities [68] 
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Figure 12 illustrates the PRS correlation for detected cells at the location of user 

equipment. Due to PRS nature, there will be lateral lobes beside the foremost peaks for 

higher SNR. These side slices can be reflected as the main basis of probable exposure 

errors for high SNR values.  

Therefore, the detection threshold should be based on both noise level and contribution 

of side lobes from nearby peaks to achieve a robust noise suppression for all SNR val-

ues.  

 
 

 

 

Beholding at the information among absolute value and time, for both the 

𝑒𝑁𝑜𝑑𝑒𝐵 1 𝑎𝑛𝑑 2 lies in between of 0 𝑎𝑛𝑑 1 with an absolute value of 0.0220 and 0.016 

respectively. 

 

 

 

 

 

 

 

 

 

Figure 12: PRS correlations for detected cells at UE location for eNodeB 1 and 2 
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Figure 13 shows that there was a sequential decrease in the absolute value up to 

1 ∗  10−5𝑠 time for each 𝑒𝑁𝑜𝑑𝑒𝐵, while the absolute value vs time doesn’t provide much 

fluctuation up to 7 ∗  10−5𝑠. 

 

 

 

 

 

 

 

Observing figure 13, it can be concluded for each base station component that noise 

is seen as the main error contributor for low SNR values. And side slices are the probable 

exposure errors for high SNR values. 

 

 

 

 

 

 

 

 

 

 

Figure 13: PRS correlations for detected cells at UE location for eNodeB 1 and 2 
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4.1.9 Computing TDOA and design frequent TDOA hyperbolas 

 

 

By means of the arrival times, time differences of arrival among every pair of base station 

component are computed using a MATLAB file.  

 

 

 

 

 

In figure 14, we can observe the different view of the positions for different Tx power. 

The positions of the user equipment get differ for each single different value.  

The precise time variance of arrival among a pair of base station components can result 

from the user equipment being situated at any position where two circles, each centered 

on a base station component, intersect. Two circles have extents which diverge by the 

distance shielded at the speed of light in the assumed time difference.  

 

Figure 14: Different view of the positions with different Tx power 
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Complete set of conceivable UE positions diagonally all possible radiuses for one circle 

forms a hyperbola. The "hyperbolas of constant suspension difference" for all the diverse 

pairs of base station components are plotted comparative to the known base station 

components positions and crisscross at the position of the user equipment. 
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5. SIMULATION BASED RESULTS 

The selection of the 𝑃𝑅𝑆 signals in 5G and different bandwidths are tradeoff between 

performance and overhead. The UE intra-frequency 𝑅𝑆𝑇𝐷 measurement performance 

requirements are specified in 3𝐺𝑃𝑃 𝑇𝑆 36.133 [08]. 

From the 𝑃𝑅𝑆 signals in 5G-NR table, which gives the best tradeoff between performance 

and overhead with different bandwidths to obtain the specific minimum performance. In-

creasing 𝑇𝑃𝑅𝑆 would reduce the overhead but it would then also increase the 𝑈𝐸 re-

sponse time. 

The idea of Monte Carlo algorithm is to generate replications of the model and repetitively 

solving the problem with varying input parameter(s) [48]. 

Monte Carlo technique is used to study the responds to the model and randomly gener-

ated inputs. It works in a three-stage process: 

 

 Arbitrarily generated “𝑁” inputs. 

 Consecutively a simulation for individual “𝑁” time inputs. Replications are go-

ing to track on a computerized system being evaluated. 

 Aggregating and assessing the productivities from the replications, common 

measure contains mean value of an output, distribution of productivity stand-

ards, and the least or determined output values. 

 

 

Diverse and higher bandwidth provides different signal to noise ratio (𝑆𝑁𝑅) and root 

means square error (𝑅𝑀𝑆𝐸) value depending on many factors and obstacles. 

Before the simulations and experiments, the definition of the 𝑆𝑁𝑅 and the evaluation in-

dex are given. 𝑆𝑁𝑅 of the signal is defined as: 

 

𝑆𝑁𝑅 = 10 log10(
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
) 

 

SNR is defined as the ratio of signal power to the noise power, often expressed in deci-

bels. A ratio higher than 1:1 (greater than 0 dB) indicates more signal than noise [67].  

 



39 

 

 

Therefore, if the 𝑆𝑁𝑅 is known in advance, the variance of the noise can be obtained 

Otherwise, when the 𝑆𝑁𝑅 is not known in advance, the variance of noise has to be at-

tained using the approximate method. The performance index of the receiver is usually 

known according to the specifications or can be measured by testing.  

 

The arrival time of signal’s was measured by the receiver. Assuming that the measure-

ment error targeting at the time of arrival of different receivers is no more than ∆𝑡̂𝑖 =

(𝑖 = 1, 2, …  𝑀),  where 𝑀 denotes the number of the receivers. Let’s assume the time 

difference of arrival between 𝑒𝑁𝑜𝑑𝑒𝐵1 and 𝑒𝑁𝑜𝑑𝑒𝐵𝑖 is ∆𝑡𝑖,1.  

 

Then we can get,  

 

∆𝑡𝑖,1 = |𝑡1 − 𝑡𝑖| 

 

where 𝑡1 and 𝑡𝑖 denote the measured values when the signal arrives at the base station 

𝑒𝑁𝑜𝑑𝑒𝐵1 and 𝑒𝑁𝑜𝑑𝑒𝐵𝑖, respectively. 

The variance of the noise of ∆𝑡𝑖,1 can be approximated to σ𝑖
2 = 𝑐2( ∆𝑡̂1

2 + ∆𝑡̂𝑖
2), where 𝑐 

represents the propagation velocity of the signal. The localization performance was 

evaluated referring to the root mean square,  

 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑(𝑥𝑖 − 𝑥)2 + (𝑦̂𝑖 − 𝑦)2 + (𝑧̂𝑖 − 𝑧)2

𝑁

𝑖=1

 

 

where N represents the number of simulations times, (𝑥, 𝑦, 𝑧) are the real position coor-

dinates of the target and 𝑥𝑖 , 𝑦̂𝑖 , 𝑧̂𝑖  are the estimated positions based on the 𝑖𝑡ℎ calcula-

tions. 

RMSE was used to measure the average coordinate distance between the estimated 

target position and the actual target position. The lower 𝑅𝑀𝑆𝐸, the higher accuracy it is. 
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5.1 Analysis with Different Bandwidth of PRS in resource blocks 

 

The subsequent plot (Figure 15) illustrates the effects of bandwidth of PRS in resource 

blocks, from 0 𝑑𝐵 to 60 𝑑𝐵 for different number of bandwidths. 

Over the period, it can be observed that there was a successive decrease in the 𝑅𝑀𝑆𝐸, 

while the signal to noise (𝑆𝑁𝑅) value was increasing for different transmission value and 

there was significant change due to the different bandwidth of 38.4 𝑀𝐻𝑧 𝑎𝑛𝑑 36.2 𝑀𝐻𝑧. 

For bandwidth values 38.4 𝑀𝐻𝑧 𝑤𝑖𝑡ℎ 𝑁𝑃𝑅𝑆𝑅𝑆 = 15 and 36.2 𝑀𝐻𝑧 𝑤𝑖𝑡ℎ 𝑁𝑃𝑅𝑆𝑅𝑆 = 12, the 

𝑅𝑀𝑆𝐸, value and signal to noise value was almost close when the 𝑅𝑀𝑆𝐸 was nearly 

about 200𝑚 and SNR 09 𝑑𝐵. There was a small fluctuation in 36.2 𝑀𝐻𝑧   when the SNR 

was close to 32 𝑑𝐵, while the 𝑁𝑃𝑅𝑆𝑅𝑆 = 15 remains progressive. Later, the 𝑅𝑀𝑆𝐸 was 

0.84𝑚 and SNR 47.04 𝑑𝐵 for 38.4 𝑀𝐻𝑧 , while the 𝑅𝑀𝑆𝐸 and SNR was different for 

36.2 𝑀𝐻𝑧 , which was 0.79𝑚 and SNR 54.22 𝑑𝐵 respectively. 

 
 

 

 

Looking at the information by level of different bandwidth, it reveals that higher levels 

of 𝑅𝑀𝑆𝐸 corresponds to lower levels of SNR in both of those 38.4 𝑀𝐻𝑧 𝑎𝑛𝑑 36.2 𝑀𝐻𝑧 

bandwidths. 

 

 

 

Figure 15: SNR vs RMSE with a Bandwidth of 38.4 MHz and 36.2 MHz 
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The below figure 16 set forth the effects of number of 38.4 𝑀𝐻𝑧 𝑎𝑛𝑑 35.1 𝑀𝐻𝑧 band-

widths for 0 𝑑𝐵 to 60 𝑑𝐵 SNR values. It can be said that there was a decrease in the root 

mean square error (𝑅𝑀𝑆𝐸), while the SNR (signal to noise) value was increasing except 

some fluidity and there was significant change due to the different bandwidths. 

 

For both 38.4 𝑀𝐻𝑧 𝑎𝑛𝑑 35.1 𝑀𝐻𝑧, the root means square error (𝑅𝑀𝑆𝐸) and signal to 

noise (SNR) value was almost 200𝑚 and SNR 8.6 𝑑𝐵. Among of several perturbation, 

SNR 22 𝑑𝐵, 34 𝑑𝐵 and 40 𝑑𝐵 has to be in count as 38.4 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧 , both curves 

compounded in these levels of SNR. 

 

After some perturbation, both 38.4 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧  gained different 𝑅𝑀𝑆𝐸 and 𝑆𝑁𝑅. 

The 𝑅𝑀𝑆𝐸 was 0.84𝑚 and SNR 47.04 𝑑𝐵 for 38.4 𝑀𝐻𝑧 and 𝑅𝑀𝑆𝐸 0.89𝑚 and 𝑆𝑁𝑅 

58.21𝑑𝐵 for 35.1 𝑀𝐻𝑧 . 

 
 

 

 

 

 

 

 

 

Figure 16: SNR vs RMSE with a Bandwidth of 38.4 MHz and 35.1 MHz 
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Figure 17 expresses and compares the differences for 36.2 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧 band-

widths, for −05𝑚 to 210𝑚 𝑅𝑀𝑆𝐸 values. 

 

Comparing both plots, it is observed that SNR value was increasing while there was a 

decrease in the 𝑅𝑀𝑆𝐸 except some mutability. 

 

In cooperation, both bandwidths 36.2 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧 , the root means square error 

(𝑅𝑀𝑆𝐸) and signal to noise ratio (SNR) value was nearly 200𝑚 and SNR 8.6 𝑑𝐵. After 

several agitation, SNR 21 𝑑𝐵, 30 𝑑𝐵 and 50 𝑑𝐵 has to be in count as 𝑁𝑃𝑅𝑆𝑅𝑆 = 12 and 

𝑁𝑃𝑅𝑆𝑅𝑆 = 02, both curves composited in these levels of SNR. 

 

 

 
 

 

 

 

Finally, after some trepidation, 𝑁𝑃𝑅𝑆𝑅𝑆 = 12 and 𝑁𝑃𝑅𝑆𝑅𝑆 = 02 comes with different 𝑅𝑀𝑆𝐸 

and signal to noise ratio. For both 𝑁𝑃𝑅𝑆𝑅𝑆 and different Bandwidth the 𝑅𝑀𝑆𝐸 was be-

low 1𝑚 and SNR was above 50𝑑𝐵. 

 

 

 

 

Figure 17: SNR vs RMSE with a Bandwidth of 36.2 MHz and 35.1 MHz 
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Figure 18 unravel the effects of number of bandwidths for a consecutive number of, 

38.4 𝑀𝐻𝑧, 36.2 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧, for different 𝑅𝑀𝑆𝐸 and SNR values. 

 

Comparing all the effects for different bandwidths and  𝑁𝑃𝑅𝑆𝑅𝑆, it is clear that there was 

a meaningful decrease in the 𝑅𝑀𝑆𝐸 and momentous increase in the signal to noise. 

The starting point of different bandwidths and 𝑁𝑃𝑅𝑆𝑅𝑆 started without much difference in 

𝑅𝑀𝑆𝐸 and SNR, and at a point of 22𝑑𝐵 and 79.44𝑚 all these curves for different param-

eters kneading each other. After that, there were fluctuation and at a point around 40𝑑𝐵 

and 35𝑚, bandwidths of 38.4 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧 has almost same value than 36.2 𝑀𝐻𝑧. 

After some mild agitation, bandwidths of 38.4 𝑀𝐻𝑧, 36.2 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧 gained dif-

ferent 𝑅𝑀𝑆𝐸 (root mean square error) and 𝑆𝑁𝑅. Finally, the 𝑅𝑀𝑆𝐸 was 0.84𝑚 and SNR 

47.04 𝑑𝐵 for 𝑁𝑃𝑅𝑆𝑅𝑆 = 15, 𝑅𝑀𝑆𝐸 0.79𝑚 and SNR 54.22𝑑𝐵 for 𝑁𝑃𝑅𝑆𝑅𝑆 = 12 and 

𝑅𝑀𝑆𝐸 0.89𝑚 and SNR 58.21𝑑𝐵 for 𝑁𝑃𝑅𝑆𝑅𝑆 = 02. 

 

 

 
 

 

 

To conclude, it can be mentioned that there have been considerable climbs in SNR for 

all the different bandwidth along with PRS in resource blocks.  

 

 

Figure 18: SNR vs RMSE with a Bandwidth of 38.4 MHz,36.2 MHz and 35.1 MHz 
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5.2 Performing analysis with different Sample Size 

 

Figure 19 compares both sample size, 𝑁 = 600 and 𝑁 = 700 for the signal to noise 

ratio and Root Mean Square Error, it is detected that Root Mean Square Error was de-

creasing while SNR value was increasing except some mutability. 

 

In cooperation 𝑁 = 600 and 𝑁 = 700 , the RMSE and SNR value was approximately 

200𝑚 and SNR 8.65 𝑑𝐵. After several agitation, SNR 25 𝑑𝐵, 42 𝑑𝐵 and 47 𝑑𝐵 has to be 

in count as 𝑁 = 600 and 𝑁 = 700, both curves amalgamated in these levels of SNR. 

 

 

 
 

 

 

 

 

Lastly, after some apprehension,𝑁 = 600 and 𝑁 = 700 comes with different RMSE 

and signal to noise ratio. For both Sample Size, the RMSE was below 1𝑚 and SNR was 

nearly 57 𝑑𝐵. 

 

 

 

 

 

 

 

Figure 19: SNR VS RMSE with Sample Size, N=600 and N=700 
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In figure 20, we can observe that root mean square error was decreasing while SNR 

value was increasing except some flexible move. 

 

Both 𝑁 = 500 and 𝑁 = 700 , provides a value close to the 200𝑚 for RMSE and 

8.65 𝑑𝐵 for SNR.  

 

 

 
 

 

 

 

 

Finally, 𝑁 = 500 and 𝑁 = 700 comes with diverse SNR and RMSE. For the RMSE 

was below 0.91𝑚 and SNR was nearly 58 𝑑𝐵 for 𝑁 = 500 and 0.75𝑚 and 57.91 𝑑𝐵 for 

𝑁 = 700. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 : SNR VS RMSE with sample size, N=500 and 700 
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Figure 21 unravels the effects of sample size for a consecutive number of 𝑁 = 500 , 𝑁 =

600 and 𝑁 = 700, for different RMSE and SNR values. 

 

Associating all these properties for different sample size, it is clear that there was a 

meaningful decrease in the RMSE and momentous increase in the signal to noise. 

 

The starting point of different sample size started without much difference in RMSE and 

SNR, and at a point of 25𝑑𝐵 and 71.52𝑚 all these curves for different parameters knead-

ing each other. Later, there were variation and at a point above 40𝑑𝐵 and 25𝑚, 𝑁 =

500 , 𝑁 = 700 has almost same value than the sample size 𝑁 = 600. 

 

After some tension, 𝑁 = 500 , 𝑁 = 600 and 𝑁 = 700, gained different root mean square 

error and SNR. Finally, the RMSE was 0.80𝑚 and SNR was above 50 𝑑𝐵 for all the 

different sample size. 

 

 
 

 

 

In conclusion, it can refer that there have been substantial climbs for all the different 

sample size.  

 

 

Figure 21 : SNR VS RMSE with sample size, N = 500,600 and 700 
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Table 4: SNR VS RMSE when Sample Size, N = 600 and N=500 



48 

 

5.3 Investigation of Received waveforms at UE Locations 

 

Resulting figures are representing the potential solutions to the problems of positioning. 

Their atmospheres are color-coded (green, red, blue) in accordance by which explana-

tion these neighbors congregate on.  

 

 

 

 

 

 

 

Figure 22 demonstrates the received signal at the UE is modeled by delaying each 

eNodeB transmission according to the values in sample delay, and attenuating the re-

ceived signal from each eNodeB using the values in radius in conjunction with an imple-

mentation of the TR 36.814 [68] urban macro line of sight (LOS) path loss model. The 

received waveform from each eNodeB is padded with zeros to ensure all waveforms has 

the same length. 

Figure 22: Received waveforms at UE locations  
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6. CONCLUSION AND FUTURE WORKS 

The simulation work demonstrated that the time difference of arrival (TDOA) method is 

effective in improving the position estimation for 5G. The mean location fault was 

abridged in respect to the 𝑇𝐷𝑂𝐴 multiliteracies, reducing the signal to noise ratio at the 

same time.  

The results showed also that three base stations are enough to obtain good measure-

ments, while the simulation was performed with five base station components for better 

output. With the help of three base stations, sometimes it’s really hard to achieve an 

accuracy below 1𝑚 for RMSE whereas five base station works well. The gained RMSE 

with TDOA method was 0.79𝑚 with five base stations. 𝑇𝐷𝑂𝐴 accuracy for 5𝐺 is sturdily 

devoted to the excellency of assumption. 

Performing analysis with the different bandwidth of 38.4 𝑀𝐻𝑧, 36.2 𝑀𝐻𝑧 and 35.1 𝑀𝐻𝑧 

and comparing all the analysis, it is indisputable that there was a meaningful decrease 

in the RMSE and momentous increase in the noise. The higher bandwidth brings higher 

noise while the SNR was lower and lower bandwidth provides higher noise with lower 

SNR values. The positivity of the analysis with different bandwidth reveals keeping the 

RMSE value lower than a meter each time with different statistics. Among of all analysis, 

a bandwidth of 38.4 𝑀𝐻𝑧 performs better than a bandwidth of 35.1 𝑀𝐻𝑧, where we have 

found the accuracy lower than a meter with SNR of 47.04 𝑑𝐵. 

Another execution analyzed with different sample size and associating all the analysis 

with different sample size, the decrease in the root mean square error and crucial up-

surge in the signal to noise ratio was observed. The execution was analyzed for the 

sample size of 𝑁 =  500, 600 𝑎𝑛𝑑 700. For each higher sample size performed well for 

the analysis of 𝑅𝑀𝑆𝐸 𝑣𝑠. 𝑆𝑁𝑅.  

Among of other influences related for achieving high-accuracy TDOA namely timing ac-

curacy, network geometry, different types of obstacles etc. One important feature that 

was found is the higher bandwidth. Furthermore, it is vital to remind the fact of PRS 

frequency and cyclic prefixes along with bandwidth. 

This time difference of arrival considers a procedure to exploit the abilities of the algo-

rithms without considering the presence of errors due to signal broadcast, synchroniza-

tion of the system or signal processing. For this purpose, in forthcoming works it is 
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needed to consider optimization in a framework where a non-line-of-sight (NLOS) sce-

nario exists, clock synchronization is well-thought-out and other belongings related to 

node dispersal are also considered. 

To conclude, it can be said that higher bandwidth plays a vital role gaining an accuracy 

lower than a meter. Also, it’s impossible to accomplish whether the time difference of 

arrival method can be fruitful to positioning schemes by means of enough nodes and 

sufficient assurance to pledge the correct estimation of the position. However, it’s prob-

able to encourage that uninterrupted estimation techniques do pledge towards one of 

the best accuracy possible. This methodology with the developed sample size along with 

higher bandwidth and PRS signals ultimately provides countless progresses to the posi-

tioning system possessions used all over the thesis. 

The analysis obtained in this work can be prolonged in a plethora of ways and adapted 

to many dissimilar scenarios. First and foremost, the algorithm, being based on 

knowledge and no supposition about the network, is disposed to adapt different sur-

roundings and situations. Secondly, higher bandwidth and PRS signals variant unlocks 

the way to even more competences and possible postponements [45]. Not only the 

range-based regions, but also angle-based regions are possible to define or even better. 

Moreover, it is likely to exploit machine learning even more by allowing the classification 

of these regions to the system itself. One method to attain this would be the use of clus-

tering of the channel prejudice over space instead of clustering over time. This style can 

be improved to 𝐼𝑜𝑇 and ultra-wide band (𝑈𝑊𝐵) signals wherever recurrent reflections 

easily worsen the position estimation.  
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