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ULTRASONIC LOCAL POSITIONING SYSTEM 

 

by 

IEC Armando Manuel Valdez Rodriguez 

 

Abstract 
 

The purpose of this project is to implement a system that can provide different types of 

position and location information in a coordinate system, which can be scalable in order to 

increase its coverage. An arrangement of ultrasonic nodes is proposed to provide a mobile 

system with position and location information. This arrangement is also expected to ease 

the direction tracking of a node of interest. The increasing importance of positioning 

systems is an important reason to develop the proposed system. Positioning systems can 

estimate data like physical space, position and object orientation; however, the lack of 

accuracy and proper scaling will make useless the estimated data. The usual GPS and 

RFID systems can not provide enough accuracy as a result of the distortion naturally 

introduced during the navigation within indoor spaces. This is the main motivation to 

develop a Local Positioning System.  
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Chapter 1 

Introduction 

In recent years, the research in Local Positioning Systems (LPS) has become of great 

importance due to the amount of applications in which they can be used.   Since “typical 

indoor applications require better accuracy than what current outdoor location systems 

provide, and outdoor location technologies such as GPS have poor indoor performance 

because of the harsh nature of indoor environments” [1]. For these applications, the 

location information such as physical space, position and orientation must also be available 

at any moment in order to make it able to navigate avoiding any kind of natural obstacles 

of these environments without getting lost even if the environment changes. 

This system is based on the emission of ultrasonic signals and the use of compass 

modules in order to provide a proper location.   It also uses several beacons distributed 

along the control area, as well as a mobile device that will provide its current location to a 

central node.  Using a “Listener Assisted” beacon configuration, that is, measuring the 

distances to all the beacons within range, we can determine beacon coordinates that are 

consistent with the newly created coordinate system.  

1.1 Motivation 

There is an increasing demand for local positioning systems with an emphasis to indoor 

applications and moving targets. For the outdoor position measurement of moving targets, 

the global positioning system GPS is already available. For the positioning of fast moving 

objects, the GPS has limitations in accuracy and it is generally designed for outdoor 

applications. In this particular case, we are interested on indoor applications where a 

centimeter resolution is needed in distance measurements and tracking are required to 

transfer object coordinates automatically. Moreover high accuracy data processing is 

necessary for navigation with the help of a map scenario.   Besides, in order to be flexible 

within restricted local areas these measurements must be wireless, hence the use of an 

ultrasonic system.  
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1.1.1  Literature Search 

Before starting the thesis, an important step was to review previous work, about location 

techniques and the instruments needed to apply said techniques.   The inspiration about 

how to perform this thesis can be traced to our first reference [1] since the cricket system 

establishes both, distance measurement techniques and a system that can work on indoor 

environments.   References [3, 5] provide with data about the efficiency of position 

location systems, so we can have a reference to compare our work, and the techniques used 

to make those systems work, for example we know that the accuracy of the active bat is 

close to 95 % at 1.8 meters between the receiver and the tag.   The application note [4] 

covered the need to plan for a proper amplifier circuit, while [12] covers how to use a 

mobile RF system.   References [2, 6, 10] perform a thorough cover about how to set and 

locate nodes on a 3D coordinate system, [11] shows how to schedule the system and sets 

the bases for expansion and finally [7, 8, 9] cover alternate techniques and systems used to 

perform position location. 

1.1.2  Problem Statement 

The problem of indoors  position location can be formulated as that of finding or 

estimating the location, in a two-dimensional (2D) or three-dimensional (3D) space, of a 

point of interest within a coordinate system constructed using some known references in an 

area of interiors.   While other systems also cover indoor location, none of them analyze 

the routes taken by their nodes of interest, while that information lacks importance when 

the systems are used by a human they also become important if we want to know if there 

are anomalies in the behavior of a mobile device that uses a known route, so our secondary 

problem will be how to analyze said routes and mark any difference on the usual behavior.   

If we solve those problems we can provide with the information necessary for applications 

that rely on position information. For example a mobile device must know its current 

location, to make possible applications such as a navigation system.  
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1.2 Objective 

The objective of this project is to identify the position of a moving object over an interior 

area, with accuracy higher than 5 cm, because as shown in the table anything shorter than 

that will make the system irrelevant for interiors.   To track the movement of said object, 

with the help of ultrasonic sensors.   The tracking data should be available so that it can be 

used by another system, for example a moving robot. 

Table I: Comparison between location systems 

Name Precision Scale Limitations 

Cricket 99.5% at 2 m 1 beacon for 15 square feet No central management, 

receiver computation 

Active Bat 95% (9 cm) at 1.8 

m 

1 base per 10 square meters Ceiling sensor grids, 

administration. 

Microsoft 

RADAR 

3-4.3 m 3 bases per floor 802.11 network installation, 

wireless NICs require 

E911 150-100 m  Density of cellular 

infrastructure. 

Only where cell coverage 

exists. 

GPS 1-5m 24 satellites worldwide Not for indoors. 

 

 

1.3 Specific Objectives 

 
The specific objectives of this work are: 

• To implement an accurate system in the order of centimeters. 

• To provide different types of location information to support diverse indoor 

applications—user space (which requires accurate boundary detection), position in 

a coordinate system, and orientation. 

• To have the system adapt to indoor environments, due to the natural problems on 

signal propagation caused by obstacles, for example walls and people, since that 

makes it hard to achieve the desired accuracies for standard position location 

systems like the GPS.  

• To  have the system to be easily scalable in order to increase the covered area of 

location. 

• To  provide high  update rates on position with low latency. 

• To make the location system easy to deploy, configure, and maintain. The amount 

of manual configuration and precise placement should be as small as possible. 
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1.4 Justification 
 

As mentioned before, position location can be formulated as finding or estimating the 

location, in a two-dimensional (2D) or three-dimensional (3D) space, of a point of interest 

within a coordinate system constructed using some known references. In general location 

scenarios, and at the point of interest, a new location is determined bearing in mind the 

displacement from a previously known reference location [2].  Position location systems 

usually get information used for estimation, from measurements of the signal transmitted 

by the node to be located and this information is processed to determine parameters such as 

the time of arrival, direction of arrival, or the received signal strength while the location 

estimate is generally obtained from mappings or geometric relationships that relate such 

parameters to coordinates. 

In order to determine the new location of our point of interest many different 

approaches have been developed, all of them with their own strengths and weaknesses, 

however the most used systems like the GPS have a poor accuracy for indoor 

environments, that’s the reason why indoor position location systems like the “Cricket” 

and the “Active  Bat ” have been developed [5].  While these systems do provide an 

accurate location, of a node of interest mostly an human, the purpose of this project is to  

be able to provide a mobile system with this information, while at the same time  keep 

track of  the direction that the node of interest takes and comparing it with an expected 

change of position given the previous behavior.  The mobile system will be easily guided 

to any desired location as long as it is covered by the system, while providing at the same 

time the most likely path in presence of unexpected obstacles.    

1.5 Challenges 

There are three technologies commonly used for indoor location systems, ultrasonic, 

infrared and radio frequency [3].   Infrared systems tend to rely on the user taking explicit 

actions to identify their presence and RF-systems require sophisticated (and often 

cumbersome) antennas while  Sub-cell GSM positioning   as an example for transmissive 

radio localization and as demanded in the “E-911 mandate”  and similar European 

requirements  is currently too immature, requires still relative expensive mobile devices, 

and cannot distinguish room boundaries.   Ultrasonic systems offer a low cost solution 

which can operate without any user interaction.    

After choosing to use an ultrasonic system an analysis shows that on ultrasonic 

frequencies, objects placed between the emitter and sensor block the sound thereby 

preventing the calculation of a range. The strength of ultrasonic waves propagated into the 

air attenuate proportionally with distance. This is caused by diffusion loss on a spherical 

surface due to diffraction phenomenon and absorption loss, that energy is absorbed by 

medium. As shown in figure 1, the higher the frequency of the ultrasonic wave, the bigger 
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the attenuation rate and the shorter the distance the wave reaches, it also suffers from 
multipath reflections and it can be affected by high frequency noises. 

Figure 1: Attenuation on ultrasonic waves due to absorption loss [4] 

In order to overcome the first of these problems common sense must be used while 
setting the nodes, however when it comes to the second problem we can make an analysis 
of the characteristics of the system by using the following equations: 

Sound pressure level (S.P.L.) is a unit indicating the volume of sound and is expressed by 
the following equation [4]. 

Where "P" is Sensor sound pressure (Pa) and "Po" is reference sound pressure (20^Pa). 

Sensitivity is the unit indicating the sound receiving level and is expressed by the 
following equation. 

(2) 
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Where "S" is Sensor voltage (V) and "So" is reference sound pressure (V/Pa). 
If the ultrasonic sensor is installed on a table, then, the relationship between angle 

and sound pressure (sensitivity) is measured. In order to express radiation precisely, the 
angle in which the sound pressure (sensitivity) level attenuates by 6dB compared with the 
front is called the half attenuation angle with an expression of 6 1/2. 

Using the datasheet provided by the producer, shown on table II, and equations 1 
and 2, we can give ourselves an idea of how much gain it's going to be needed in order to 
compensate the natural attenuation suffered by the ultrasonic systems and provide an 
accurate reading. 

Table II: MA40S4 characteristics [4] 

First the pressure level is obtained for the desired distance measurement, in this case 4 meters. 
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This way we can obtain what would be our expected voltage output from the sensor. 

�� A���B��C	�A	 � 10DEF45 	� 707E + 6 ∗ 915= � 10.6mV	 
 

With this knowledge in mind, we can make an estimate of the gain needed from an 

operational amplifier in order to make the system register logic ones or zeroes so that the 

system knows when it has received a proper signal and when it has received noise that it 

must discriminate. 

The final challenge is provided by multipath reflections of the ultrasonic wave.   Said 

reflections can generally be countered by detecting the first pulse that arrives. The first 

pulse is guaranteed to have arrived via the direct path unless the signal is blocked. This 

feature comes from the fact that ultrasound travels at the speed of sound, allowing a 

significant time difference between direct and reflected path pulses. 

1.6 Organization 

The following chapters describe the system as follows.   The second chapter will provide 

us with a review about the previous position and location systems, after that it will begin to 

highlight the methods said systems used to resolve the position and location problem.   The 

third chapter will discuss the flow of information in the system, it will also review the 

algorithms used to solve the location problem for this system.   The fourth chapter will 

provide an insight to the electronical system used to make the system.   The fifth chapter 

will deal with the results obtained from the system and its analysis.   The final chapter shall 

discuss  conclusions of the obtained position and location system. 
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Chapter 2 

Location systems  

Traditionally, location systems were built to support outdoor navigation applications such 

as navigating military and commercial ships and aircrafts.   Most traditional location 

systems were designed for outdoor applications.   These systems began with techniques 

like triangulation, scene analysis, and proximity [5].   In order to review any location   

system it’s indispensable that we learn at some basic concepts about location techniques. 

2.1 Location Techniques 

2.1.1  Triangulation and multilateration 

In order to solve the location position problem lots of measurements of angle of arrival or 

the distance between nodes, must be obtained via signal transmissions to or from reference 

nodes or land references.   The measurements may be obtained from various land 

references and subsequently combined in an optimal or suboptimal way to obtain an 

estimate of the position of a node of interest, which is to say, the node we want to locate 

using the reference nodes as shown on figure 2. 
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Figure 2: Triangulation example 

The process of combining the multiple distances or angle of arrival related 

observations to obtain a final position estimate is usually referred to as multilateration.   

Whenever the number of observations reduces to three, then the process is referred to as 

trilateration, or triangulation, which corresponds to classical geometric concepts. Popular 

multilateration methods are usually divided into two main groups depending on the way 

the range, or angle of arrival, related information is processed.    Methods that find 

intersections between areas generated by means of the estimated range or angle of arrival 

from several reference points to the node of interest are referred to as geometric 

multilateration.   On the other hand, methods that consider the minimization of range or 

angle of arrival measurement errors via some statistical criterion are referred to as 

statistical multilateration. 
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There are three general approaches to measuring the distances required by any 

lateration technique. 

1. Direct.   Direct measurement of distance uses a physical action or movement.                 

2. Time of Arrival and time difference of arrival.   If the propagation speed of the 

transmission medium is known, and if a direct line of sight exists, then the distance 

between the transmitter and receiver may be directly related to this time of flight.   The 

basic problem of time of arrival based localization techniques is to estimate the 

propagation delay of a signal arriving from the direct line of sight propagation path.   Time 

difference of arrival measurements may be estimated directly from observations at two 

separate sensors, or indirectly through two time of arrival estimates obtained at each sensor.   

The former requires synchronization between the receivers while the latter requires 

synchronization between the receivers and the transmitter. 

It is expected that in order to make the measurements accurate that there must be a 

time agreement. Since it since both sensors maintain its own time with sufficient precision 

to calculate the distance between them. However, in a system like GPS, the receiver is not 

synchronized with the satellite transmitters and thus cannot precisely measure the time it 

took the signal to reach the ground from space.   Time of arrival location-sensing systems 

include GPS, the Active Bat Location System, and the Cricket Location Support System.  

 

3. Attenuation. The intensity of an emitted signal decreases as the distance from the 

emission source increases. The decrease relative to the original intensity is the attenuation. 

Given a function correlating attenuation and distance for a type of emission and the 

original strength of the emission, it is possible to estimate the distance from an object to a  

node by measuring the strength of the emission when it reaches node of interest.  
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2.1.2  Angulation or angle of arrival 

 

Figure 3: Given any two angles and the distance between them, the 2-D geometric relation of 

a node can be determined 

  

Angulation, as shown on figure 3, is similar to lateration except, instead of distances, 

angles are used for determining the position of an object. In general, two dimensional 

angulation requires two angle measurements and one distance measurement such as the 

distance between nodes.   In three dimensions, one length measurement, one azimuth 

measurement, and two angle measurements are needed to specify a precise position.   

Angulation implementations sometimes choose to designate a constant reference vector as 

0 degrees.    

Consequently, two collaborative nodes by exchanging the location information can 

crossly validate the estimated source location and therefore improve the accuracy of 

estimated node localizations [6].   

2.1.3 Scene Analysis 

There are two steps to estimate the target location.   In the first one, the signal or other data 

collected by the target is measured at a known location (reference node) and then stored in 

the database and referred to as fingerprint. The second step, involves the estimation of the 

target location by matching its signal parameters to those in the database.   Finally, the 

location of the data providing best match to the target data is returned as the estimated 

location of the target. The accuracy of the location estimation is high whenever the spatial 

sampling interval in the database is acceptable [7]. 
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2.1.4 Proximity 

Proximity algorithms give location information based on the relative symbols. The 

accuracy depends on a dense grid of the antennas with known locations. When the target is 

determined by one antenna, the target location will be the antenna location.   But if it is 

located by more than one antenna, the location of the antenna receiving the strongest signal 

will be the target location.    

There are three general approaches to sensing proximity: 

1. Detecting physical contact. Detecting physical contact with an object is the most basic 

sort of proximity sensing. Technologies for sensing physical contact include pressure 

sensors, touch sensors, and capacitive field detectors.  

2. Monitoring wireless cellular access points. Monitoring when a mobile device is in range 

of one or more access points in a wireless cellular network is another implementation of 

the proximity location technique. 

3. Observing automatic ID systems. A third implementation of the proximity location-

sensing technique uses automatic identification systems. 

 

2.2 Location Systems 

After reviewing the location techniques, we can finally start stepping into location systems, 

in order to learn how to properly apply these techniques, so the next step will be to review 

systems that have been used to answer the position location problem.   
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2.2.1 Sound Navigation and Ranging (SONAR) 

The SONAR, figure 4, was developed during the First World War for underwater 
navigation of submarines. SONAR uses an ultrasonic transmitter to emit ultrasonic pulses, 
which get reflected by obstacles such as ships in the sea. The time of flight of these 
reflected signals is used to compute the distance to the obstacle. Thus SONAR estimates 
the position of objects with respect to the coordinate frame defined by the transmitter. 

2.2.2 Aircraft RADAR 

R A D A R systems are used in diverse applications such as aircraft navigation, detecting 
enemy aircrafts, detecting speeding vehicles, and predicting weather. The basic R A D A R 
architecture consists of a radio transmitter and a receiver connected to a rotating antenna. 
The radio transmitter transmits shorts bursts of radio signals, which reflect from objects 
such as aircrafts, and are received at the radio receiver. The measured time difference 
between the transmission of a pulse and its reception, AT, and the distance D to the 
reflecting object can be obtained from the equation: 

Figure 4: Sonar system 
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2.2.3 Global Positioning System (GPS) 

The GPS system consists of twenty seven satellites (as of May 2005) that orbit the earth. 

The Global Positioning System (GPS) is a satellite based navigation system; system 

consists of twenty seven satellites (as of May 2005) that orbit the earth. As we mentioned 

before, GPS, the receiver of a GPS system is not synchronized with the satellite 

transmitters and thus cannot precisely measure the time it took the signal to reach the 

ground from space.   Therefore, GPS satellites transmit signals that allow one to determine 

the location of GPS receivers and also transmit their local time in the signal allowing 

receivers to calculate the in time of arrival.   In GPS, a typical technique for kinematic 

position estimation is differential positioning where two receivers are used: one receiver is 

stationary and its exact position is known, and the other is roving and its position is to be 

estimated [8].   GPS receivers can compute their 3-dimensional position (latitude, 

longitude, and elevation). 

Each GPS satellite continuously transmits two carrier radio waves L1 and L2 with 

precise frequencies 1575.42 MHz and 1227.60 MHZ, respectively. 

Superimposed on the L1 carrier are the C/A code (coarse acquisition) and the P 

code (precision),  while superimposed on the L2 carrier is only the P-code. The C/A code 

is for civilian users, while the P-code is for U.S. military or authorized users. The C/A and 

Pcodes allow a receiver to measure the signal travel time from satellite to receiver 

instantaneously. Many receivers are designed to receive only the L1 carrier, mainly for 

economical reasons. Basically, there are two kinds of measurements which can be used for 

positioning: code pseudorange (we will consider the C/A code) and carrier phase (we will 

consider the L1 carrier). Both measurements are subject to ionospheric refraction errors, 

tropospheric refraction errors, the receiver clock error, the satellite clock error, multipath 

errors, and random measurement noise.   

Using civilian GPS signals, it is possible to achieve receiver position accuracies of 

about fifteen to thirty meters. 

2.2.4 Indoor Systems 

Indoor applications require a smaller coverage area compared to a typical outdoor system, 

and it is often desirable to limit the coverage area to a single organization.   As a result, 

several research groups have developed a number of location technologies specifically 

tailored for indoor applications.    
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2.2.5 The Active Bat Location System 

In the Active Bat system, various objects within the system are tagged by attaching small 

wireless transmitters. The location of these transmitters is tracked by the system to build a 

location database of these objects.   The system consists of a collection of mobile or fixed 

wireless transmitters, a matrix of receiver elements, and a central RF base station.  

 

 

 

2.2.6 The Cricket Indoor Location System 

The Cricket system as shown on figure 5 consists of Cricket nodes: a small hardware 

platform consisting of a Radio Frequency (RF) transceiver, a microcontroller, and other 

associated hardware for generating and receiving ultrasonic signals and interfacing with a 

host device.  

There are two types of Cricket nodes: 

1. Beacons that act as fixed reference points of the location system and are typically 

attached to the ceiling and walls of a building, and listeners that are attached to 

fixed and mobile objects that need to determine their location. 

2. Single-user access. If multiple collocated transmitters send signals at the same time, 

the signals can interfere with one another, corrupting reception. 
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Figure 5: Cricket use of nodes [1] 

2.2.7 Place Lab 

The Place Lab, figure 6, architecture consists of three key elements: Radio beacons in the 

environment, databases that hold information about beacons’ locations, and the Place Lab 

clients that use this data to estimate their current location 

 

Figure 6: Place lab operation [9] 
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Table III: Comparison between standard 802.11, and GSM [9] 

 

Place Lab clients can achieve median accuracy of 15-20 meters. This accuracy is lower 

than GPS, but, unlike GPS, beacon-based location covers nearly 100% of users’ daily lives, 

we can find the data for the table and the figure on [9]. 
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Chapter 3 

Algorithms and Measurement 

Procedures 

Position estimation techniques can be divided into two groups depending on the presence 

of a database that contains signal measurements at known positions. A technique that 

makes use of such a database, which is usually obtained by a training phase (off-line 

phase) before the real-time positioning starts, is called a mapping technique.   Other 

techniques that do not utilize such a database commonly employ geometric or statistical 

techniques to estimate the position using only the parameter estimates from the first step in 

[10]. 

After the previous review of location techniques and systems, we are going to focus 

on the techniques used in this particular experiment, in this case the techniques of 

multilateration.   While these techniques usually avoid using databases, the purpose of this 

project is to eventually use location techniques along with mapping techniques to pinpoint 

our nodes of interest in a known space.   Then an ARX system identification technique 

shall be used in order to record the travelling data of our node of interest to start predicting 

the behavior of the node in order to evaluate any unexpected behavior it could have.   So 

first I’m going to review the ways to apply the multilateration technique, and along the 

way examples of how we can measure the distance between two points with an ultrasonic 

systems shall be reviewed along with the scenarios to operate multilateration, and then 

how it was all applied to this experiment along with one simulation. 
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3.1 Multilateration Overview 

The position location problem involves the measurement of distance. Measurements that 
are obtained by a node of interest via signal transmissions to or from reference nodes or 
land references. Multiple measurements may be obtained from various land references 
and subsequently combined in an optimal or suboptimal way to obtain an estimate of the 
position of the node of interest. As mentioned before, using more than three distance 
detection or angle of arrival nodes to estimate position is called multilateration. If we 
have three measurements, we are using the method of trilateration, or triangulation, which 
correspond to classical geometric concepts. Popular multilateration methods are usually 
divided into two main groups depending on the way the distance or angle of arrival related 
information is processed [2]. 

Methods that find intersections between areas generated by means of the estimated 
distance/angle of arrival from several reference points to the node of interest are referred to 
as geometric multilateration [2]. While methods that consider the minimization of 
distance/angle of arrival measurement errors via some statistical criterion are referred to as 
statistical multilateration. In the presence of noise or measurement inaccuracies, a range 
or angle of arrival related observation between one land reference and the node of interest 
may be expressed as: 

where ft (x, y) is a function that describes the type of measurement ( distance or angle of 
arrival measurements) obtained between the land reference i and the node of interest, (x, 
y) are the unknown node of interest coordinates that we want to estimate, and v t is the 
measurement error or noise that may be assumed to be a zero mean random variable. 
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In the case of angle of arrival related measurements. 
However, in both cases we are referring to a two dimension setting as of this 

moment we are going to dwell a little more into two dimensions, before going to the 
expected three dimensional setting. 

3.1.1 Geometric multilateration 

Ranged-based geometric multilateration techniques consist in general of intersection of the 
areas generated by the estimated distances from several land references to the node of 
interest as shown on figure 7. 

Figure 7: Multilateration nodes and measurement example 

the form of the Euclidean distance 
the case of a range-related measurement, or the 
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When three reference points are connected to the node of interest, the intersection of the 
generated areas can provide a good approximation of its position 

Estimated ranges or distances di,i=1,2,3 and angle of arrival i=1,2,3 can be obtained from 
signal transmissions between the land references and the node of interest, so that in a 
noise-free scenario, they satisfy the previously mentioned equations: 

Since time of arrival multilateration techniques, are going to be used to evaluate the 
distance between a node of interest and the references, the time must be carefully 
synchronized in both, the reference and the node of interest. This is to avoid errors the 
former equations so assuming that the node of interest sends the signal to start the counter 
of transmission time ont 0, and that this signal is received at the land reference at time t j 

with a wave propagation speed of c, the range or distance estimate may be found as: 

(8) 

In this project particular case c is expressed as the speed of sound, 331.5+0.607t (m/s) 
where t = temperature (°C), and it's approximately 343.64 m/s at 20 °C. 

For a first approximation we can consider a two dimensional scenario with points 
(xi,yi) for i = 1,2,3,... have known positions, and establishing the closest point as the 
origin (0,0), we can simplify the system by applying the beam equation three times so we 
can get: 

(9) 

(10) 

(11) 
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From this example we can probe that it's possible to pinpoint the location of a node of 
interest on a Cartesian map of coordinates as long as at least three different positions are 
known and that the node of interest is located on a range of surveillance were all of those 
three known nodes of reference have a direct line of sight. 

3.1.2 Development 

The ideal goal of PL techniques is to determine the exact position of node of interest. To 
achieve this goal it is desired to use a net of ultrasonic sensors and triangulation techniques. 
In order to measure the distance from one point to another with the sonar we must solve 
this simple equation: 

Finally solving for x we get: 

(14) 

Where 

D is the actual distance. 
T is the time it takes for the wave to rebound. 
V is the speed of sound in the air (344 m/s). 

On "Rapid Coordinate System Creation and Mapping Using Crickets" Roshan Bantwal 
[10] tested these techniques, using a frame with three listeners, where two of these listeners, 
Lx and Ly, are located a distance r away from the third listener, Lo. 
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Assigning the following coordinates to the listeners, nodes one to three, as in figure 8: 

Figure 8: Measurement nodes configuration 

The algorithm works by initially assigning a rough polar coordinate system to beacons by 
counting connectivity "hops" around the network. A node is considered to be 1 hop away 
from its neighbor if it can measure the distance between itself and its neighbor. 
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Using the distance measurements d1, d2, and d3, we can set up the following equations, 
where (x, y, z) represents the unknown coordinates of the beacon: 

(15) 

(16) 

(17) 

Solving for x,y and z, supposing z = 1: 

z ( n ) = (2 
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If we want to use these equations for any distance between nodes "r" then we can change 
the equations to: 

3.2 Real Time Organization 

In order to properly measure and organize the system, a tight control over the data will be 
needed otherwise the system might lose a measurement, making the system to either create 
a disarray with all of the measurements, or creating a measurement of 0 cm. The last 
problem makes the array for node N1 carry a zero causing an error in the estimated 
position or while the first makes the system skip the data, so the node N2 will now carry 
the data for the first node and so on. So for the system to avoid these undesirable scenarios 
and carry proper measurements in their proper every single sample period must be properly 
timed and organized. 

Since the system is required to react to stimuli from the environment (time it takes 
an ultrasound wave to move from one node to another) within time intervals dictated by 
the environment (distance between nodes) it can be said that the project works with a real 
time system. 

Due to the need of having to organize all of the data in at regularly spaced time 
instants, the location system, is using a clock-driven approach, so if the nodes miss one or 
measurements, the system will simply skip to another step due to an expiration of the timer, 
that way even if one position it's lost the following position will not be compromised by 
the previous lost of data. 

Previously it was mentioned that at least three nodes are needed in order to make a 
proper estimation of the position of a node of interest, so in order to realize this project it 
will be assumed that those three nodes are capable of measuring the distance between 
themselves and the node of interest are the only ones being used for the moment. This 
way we can set the number of periodic tasks in the system to four, three for the 

After dealing with the equations needed to locate the node of interest, a way to deal with 
the organization of the system, since it will be operated in real time. 
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measurement nodes and one for the node of interest.    Every single one of these tasks will 

be executed by a different microcontroller in order to have mobility with all of the nodes, 

so the only thing left is scheduling the system according to figures 9 and 10. 

 

Figure 9: Schedule flow diagram  

All of the microcontrollers must work in parallel to achieve an accurate reading, 

however an special cases appears when the ultrasound signal arrives to the nodes from a 

point at exactly the same distance from every single node making them finish their 

calculations at the same time creating a deadlock in the  bus when that happens.  
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Figure 10: Second part of the schedule flow diagram 

Since all of the data in the bus is needed to calculate the current position of the 

node of interest, it is indispensable to avoid said deadlock.   In order to do that all of the 

microcontrollers must be scheduled on a set timeframe, they also must be organized in a 

way that when the project gets expanded, the timeframe will be able to allow three 

reference nodes within the vicinity of the node of interest to be  chosen in order.   That way 

even if a reference node corresponding to the first position in the data array of the program 

it is the last to calculate its distance from the node of interest, the system will avoid any 

kind of deadlock.   To achieve this goal the system will use a clock driven scheduling. 
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3.2.1 Clock-Driven Scheduling 

Since the system has a fixed number of periodic tasks, and the variations in the interrelease 

times of the jobs can be fixed, so that all of the jobs are ready for execution when their 

release time comes, then it can be said that the system is ready for a clock-driven schedule. 

The following nomenclature will be used to create the schedule: 

A periodic task is called  lP, and it has a phase  mP, period nP, execution time �P and 

relative deadline aP , ;C	9mP, nP , �P, lP=	[11].    While aperiodic jobs are contemplated for a 

clock driven scheduling, the system doesn’t have any sporadic jobs or interruptions so far, 

so they won’t be included in the schedule.  

As mentioned before the system must specify when each task executes, also it must 

meet the deadlines imposed by the microcontrollers and the computer process, in a cycle, 

were the parameters of the schedule can be defined before execution, so that many of them 

have same amount of time allocated.   With all of these characteristics the schedule can be 

defined as a cyclic schedule.   So in order to simplify the scheduling system of figures 9 

and 10, the system will be converted first into a finite number of tasks (figure 11), before 

implementing the system as a table. 
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Figure 11: Task diagram 

 

In order to understand what it’s what every task does, and to schedule all of them in the 

system table, the following precedence graph will be included. 

  



30 

 

Table IV: Task organization 

Task Predecessor Action 

T0 - Program starts (PC) and sends the  start signal to the 

ultrasonic circuit. 

T1 T0 The U.C.  receives the start signal and prepares to 

send the password, to start counting, to the nodes of 

interest. 

T2 T1 The password is sent and the circuit prepares to send 

the ultrasonic wave. 

T3,T4,T5,T3’ T2 The nodes start counting.   Meanwhile the U.C.  

sends the ultrasonic wave to the nodes. 

T6,T7,T8 T3’ The nodes stop counting when they receive the 

ultrasonic wave, and then they calculate their distance  

to the ultrasonic circuit. 

T9, T12 T6 The first node of interest sends its distance back to a 

multiplexer.  Meanwhile the multiplexer feeds the 

data  to the computer. 

T10, T12 T7,T9 The second node of interest sends its distance back to 

a multiplexer.  Meanwhile the multiplexer feeds the 

data  to the computer. 

T11, T12 T8,T10 The third node of interest sends its distance back to a 

multiplexer.  Meanwhile the multiplexer feeds the 

data to the computer. 

T13 T9,T10,T11,T12 The data gets stored in the computer on one array, 

then the program uses the data to calculate its 

position, and the program maps the position of the 

ultrasonic circuit.  

T14 T13 Evaluate the possibility of using the ARX program, if 

the result is false then call the ARX function, else, 

enter the standby mode. 

T15 T14 Executes the ARX. 

T16 T15 Analysis of the system created by the displacement of 

the ultrasonic circuit.  

 

After dividing all of the tasks, it can be observed that tasks T1 to T12 are the only ones that 

need proper scheduling since they are executed by independent microcontrollers that need 

a proper order to send data.   That’s because  the time it takes them to receive a signal 

varies according to their distance to the ultrasonic circuit, meanwhile tasks T0, T13, T14, 

T15 and T16 are executed by the computer, and the computer has the control program that 

decides when to start all of the previous tasks.    
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So since the number of independent processors the system is going to have, will 
always be five (the computer, one ultrasonic circuit, and three receiver circuits), and the 
order of the tasks was defined by the previous table, the system now needs a proper time 
frame to operate so the following step is to add that timeframe. 

To choose a frame size we must take the following steps: 

Table VI: Tasks schedule 



3.2.2 ARX Model 

An A R X model of the (na, nb) order with the input sequences {uk} and output {yk} with a 
size N+1 has the following solution: 

However if new input data is acquired we would need to recalculate everything in order to 
obtain an updated 0 N + l matrix. 

Since it is necessary to add these new alternatives we need to use a recursive 
procedure in order to get a new estimation by renewing the vectors in order to avoid using 
matrix inversion. Then we can use these algorithms to make an equation capable of 
analyzing the movement of the node of interest as a system, and at the same time being 
capable of predicting the direction that the node will take at a future step. 
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Where W N its a diagonal matrix that gives a greater weight to the newest values against the 
old values. And H N it's a correlation matrix of H N . 

If we can identify our system as a 4 t h order then: 
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So the following algorithm will be used: 

1. The constants a, Y and N must be chosen. 
Where a and y are weight constants used to increase the values of every new input 
against the old values and N is the number of samplings that will be taken into 
account before being using a recursive system. 

2. Then the system must read y k and u k assigning values up to the Nth iteration to 

10. After all the previous steps have been covered the process usually ends, in case 
more iterations are needed, the process must return to the fourth step. 
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Chapter 4 

Simulation and Hardware 

Now that the bases to perform the measurements have been set the next step is to create a 

test environment for the system and a prototype. We will use the previous measurement, 

scheduling and system analysis techniques to make a local positioning system within a 

defined test range. 

4.1 Scenario 

Because the maximum sensing area of the ultrasonic sensors  is around  35 feet (10.66 m) 

while operating at a maximum distances 0f 28% of the maximum range (3 m), we can 

consider a one test area “block” to be     (3 x 3).    The first step would be then to start a 

simulation for said area in order to explore the possibility of using a set of nodes.  

So, by recalling the equations for the three axis X, Y and Z and simulating a larger 

set of nodes  than three, while  simultaneously using only three measuring nodes at the 

same time within the previously described scenario. We can finally develop a three-

dimensional test using Matlab, the results of the test can be observed by taking a look to 

the figures 12, 13 and 14: 
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Figure 12: Simulation with four nodes 

 

Figure 12 shows that it is possible to follow an object in a three-dimensional map, 

so long as at least three receiver nodes have direct line of sight to an ultrasonic node.   

Figure 13 on the other hand shows how the ARX system equation can mimic the behavior 

of the actual system (in this scenario, the movement of the ultrasonic node).

 

Figure 13: Actual behavior versus ARX system behavior 
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Figure 14 compares the actual path followed by the simulated object (the circles) 

against the predicted path (the line). 

 

Figure 14: Here we can compare the dotted line (the actual behavior of the system) against 

the line that represents the expected behavior of said system 

So in order to end the  review of the possibility of using making the system a table 

containing the actual obtained values of x, y and z  will be reviewed, while the table was 

truncated for this analysis,   the complete table is  included at the appendix with every 

single input value and its  proper result.  A quick look at the following fragments of the 

table and its results while comparing them manually using the equations for X, Y and Z   

shows that it is possible to make a system that can map a moving object in a three-

dimensional map. 
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Table VII: Map simulation data. 

Node 

measurements 

in cm D1 D2 D3 

Distance 

in cm X Axis Y Axis Z Axis 

  0 900 900   0 0 0 

  5 785 845   2 1 0 

  17 677 857   4 1 0 

  37 577 877   6 1 0 

  68 488 848   8 2 0 

  104 404 884   10 2 0 

  131 371 851   11 3 1 

  742 1282 142   6 25 9 

  722 1382 122   4 25 9 

  644 1424 104   2 24 8 

  579 1419 99   1 23 7 

  520 1420 100   0 22 6 

  467 1427 107   -1 21 5 

  420 1440 120   -2 20 4 

  342 1422 162   -3 18 3 

  276 1416 216   -4 16 2 

  225 1425 285   -5 14 2 

  173 1373 353   -5 12 2 

  125.04 1325.04 425.04   -5 10 0.2 

  89.01 1289.01 509.01   -5 8 0.1 

  61 1261 601   -5 6 0 

  32 1172 692   -4 4 0 

  13 1093 793   -3 2 0 

  4 1024 904   -2 0 0 
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4.2 Hardware Considerations 

Now that the possibility of mapping a moving node of interest has been proved, and that a 

proper schedule to the system has been created the following step is to make an array of 

nodes that can properly carry on with the series of tasks to make the system work.   So the 

following pages will review the circuits needed to carry on the tasks of the ultrasonic 

transmitters and receivers, starting with the sensors and the amplifier circuits, and ending 

with the devices needed for transmission. After all the objective of this project it’s to build 

the following system (figure 15). 

 

Figure 15: Position Location System block diagram 
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Because using a gain of 500 in a single phase limits the input frequencies to 16 KHz, this is 
unacceptable because the ultrasonic sensors use frequencies in the range of 40 KHz so the 
maximum gain allowed for 40 KHz will be: 

For the amplifier circuit it's appropriate to remember that chapter 1.5 shows that in 
order to use the ultrasonic sensors with the established of sensitivity of 10.6 mV for 4 m 
that means that we need an amplifier with a gain of at least 500 in order to perceive the 
ultrasonic wave at said distance. So the operational amplifier NJM4556A was chosen, 
however as we can see in the figure, the operational amplifier has a typical gain bandwidth 
of 8 MHz, we need to obtain at least that gain in two phases. 

Since: 

Due to this being the maximum gain allowed for the amplifier circuits, the final circuit 
must use the product of at least two different amplifier phases in order to have two low 
pass filters that allow frequencies in the range of 40 KHz. Common sense dictates that 
both gains must be lower than 200 V / V so, after splitting the gain of 500 into two different 
circuits, using the gain equation for the standard inverter amplifier operational amplifier 
circuit we have: 
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So the circuit will allow frequencies at a maximum of: 

Meanwhile the capacitors used to separate the phases provide two high pass filters in the 
following ranges: 

And 

So the amplifier circuits for the receiver circuits will be in the configuration shown on 
figure 16. 

Figure 16: Amplifier circuit 
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The microcontroller is unable of handling analog signals without using the DAC.   

However since using the DAC in logic statement slows down the performance of the 

microcontrollers, the reference voltages are going to be manipulated, along with a buffer so 

that the system will only receive ones and zeroes to when it is time to evaluate.   Once a 

signal has been properly “listened” the microcontroller can stop counting the time 

difference between the “start” signal and the ultrasonic signal as previously shown in 

figure 16.    

When it comes to the ultrasonic emitter circuit, the output signal of the 

microcontroller isn’t enough to appropriately   drive the ultrasonic emitter since the 

MA40S4S needs 20 Vpp to access their maximum range.   Since the maximum transmitter 

range makes the job easier to the receiver circuits, a driver system will be needed so the 

circuit will use four HEF4049 inverter buffers with a source of 10 V to drive the necessary 

20 Vpp, as shown in the next figure. 

 

 

Figure 17: Buffer circuit 

 

So far the system has ignored the transmitter that will allow the system to 

communicate and hold an accurate timing before the ultrasonic signals arrive so the last 

circuits to be introduced will be XBEE network.  The reason to use them are that the XBee 

multipoint RF can easily handle  applications requiring low latency and predictable 

communication timing, they also allow for a range of 30 m and can be arranged to more 

than one power configuration. 

 

 

 



42 

 

4.2.1 XBee Communication 

As previously described, radio communication will be needed to establish the 

synchronicity for the clock driven schedule, otherwise a failure in the proper schedule will 

cause a miscount of the time needed to reach each node, and then, the system will produce 

an erroneous measurement.  Since the selected hardware interfaces with ease due to its 

internal Universal Synchronous Asynchronous Receiver Transmitter (USART), a device 

that is compatible with this kind of serial communication was chosen (XBee) also, because 

these devices are a low-cost, low-power wireless network systems besides the system 

allows for serial port communication with the microcontroller as shown in the figure below 

[12].  

 

 

Figure 18: System Data Flow Diagram in a UART‐interfaced environment 

 

To modify or read RF Module parameters, the module must first enter into 

Command Mode to configure the RX/TX channels, power, baud rate, password, etc.   

However since using the command mode every single restart with the microcontroller will 

slow down the schedule, the system will be permanently set beforehand the appropriate 

commands and what they set in the system will be entered in the appendix.   Also the XBee 

is incapable of using the same 5 V source of the microcontroller (requiring a 3.3 V source) 

and interface, therefore, an expansion board was used to maintain the same power source 

for the XBee and the microcontrollers. 

Now that the elements of the system have been defined, the following chapter will 

deal with the results obtained from the system, while the used programs, will be mostly 

relegated to appendix because everything they do has already been disclosed in the 

schedule. 
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Chapter 5 

Testing Results 

After using the system, the only thing left was to check if it behaved properly, so the 

following pages will compare the error margins between the previous simulation and a real 

life measurements and maps, also included will be the analysis of the response of the ARX 

program, so that the system will also have an estimated error when it comes to the behavior 

of the movements of the node of interest.   Due to the limitations on the number of nodes, 

the results will only deal with a system with four nodes, the node of interest, the node that 

will change position, and the receiver nodes, which are in charge of measuring the distance 

between each of them and the node of interest. 

5.1 Setting 

Since the scenario was already described on the fourth chapter, this section will show the 

nodes and how they were used.   The following pictures belong to the receiver nodes; all of 

them are separated from the central node by a distance of 93 cm for the purpose of the test.   

Also all of the nodes are connected to the central multiplexer and the radio transmitter 

(figure 19), at the same time they are interconnected in order to relay the order the tasks 

will be executed.   Figure 19 also shows the microcontroller in charge of the central node 

in the first half while the second half shows the receiver on the ceiling.    
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Figure 19: Central receiver node and multiplexer 

 

Figures 20 and 21 shows the other two receiver nodes, since they do not carry the 

XBee radio because they are connected with the central multiplexer, they can carry their 

microcontrollers amplifier circuits and ultrasonic receiver, both nodes stand at 90 degrees 

of the central receiver shown in figure 20 and 21,  these characteristics allow them to make 

the necessary calculations to know the distance between them and the ultrasonic node and 

to communicate with the multiplexer at the central node. 



45 

 

 

Figure 20: Secondary receiver nodes 

 

Figure 21: Secondary receiver nodes 

Figure 22 shows the ultrasonic transmitter circuit, this circuit it’s also the smallest 

hardware wise since it’s going to be the only mobile node and it will be mapped as it 

moves around, it carries its own radio transmitter, a trio of ultrasonic transmitters and a 

buffer circuit, and finally figure 23 shows the complete scenario. 
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Figure 22: Ultrasonic transmitter node 
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Figure 23: Scenario where all of the nodes are located at the same distance “D” (93 cm). 
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5.2 System Test 

After setting the nodes the system was put to test with the node in a slight movement so 

that it could be mapped, for these tests the node was set to measure eight values and then 

ask if the user wants to measure another set of eight values.   The reason to use at least 

eight values before mapping, is because the ARX needs to build a fourth order system to 

work so the more values it gets feed the more accurate the resulting system will mimic the 

behavior of the mobile node, so two tests were made to check how the system behaves, the 

first time included two consecutive runs to test if the system can account for small 

movements, and the second only ran once to test how much the system changes its values 

if any changes are present due to ambient noise,  when the mobile node stays motionless in 

the same place. 

So for the first test there were a couple of slight movements that can be appreciated 

in the figures, both movements were realized in all three axes, the resulting distance 

measurements are included in the following table.  

Table VIII: First test received data and obtained coordinates 

  Obtained Coordinates in cm Reference Node Direct 

Measurements in cm 

   F
irst    T

est 

 X Y Z dC dA dB 

1 40.04839 35.20968 110.2561 150 162 171 

2 40.04839 35.20968 108.427 146 158 167 

3 39.51075 35.74731 108.9084 147 160 167 

4 40.04839 36.82258 109.2713 149 161 167 

5 40.04839 36.28495 109.451 149 161 168 

6 40.04839 36.28495 108.0719 146 158 165 

7 39.51075 35.74731 108.9084 147 160 167 

8 40.58602 36.82258 109.0728 149 160 167 

1 39.51075 35.20968 109.9963 149 162 170 

2 40.04839 35.74731 108.2509 146 158 166 

3 39.51075 35.74731 110.7295 151 164 171 

4 39.51075 35.20968 109.9963 149 162 170 

5 40.04839 36.28495 110.3609 151 163 170 

6 41.66129 32.52151 107.7343 144 153 170 

7 41.12366 36.82258 106.0799 143 153 161 

8 41.12366 35.74731 104.072 138 148 158 
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It can be observed on the figures 24 and 25 that the slight movements on the X and 

Z axes (3 cm) where measured by the system.   The system could only perform a 

measurement when all of the three nodes where within the range of the line or sight, since 

on the occasions when one node reported a zero due to being outside the direct line of sight 

of the node, caused originally an imaginary error result.   On the following figure these 

moves on the axes can be appreciated. 

 

Figure 24: Ultrasonic node movements of the first test on the X and Y axes 
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Figure 25: Ultrasonic node movements  on a three-dimensional coordinate system 

Now for the second run, the purpose was to measure how much the system changes 

for a constant point, in order to know how accurate the system is, the following tables and 

figure 26 and 27 show the changes on eight different measurements of the same point. It 

can be shown then that each individual node has a standard deviation of at least 2.69 cm 

from the same point, that manifest in changes mainly on the Y and Z axes of at least 1.1 

cm, however when measured the distances on the nodes, there was also an external 

deviation that changed between 2 and 7 centimeters giving us a maximum change of less 

than 10 cm for a constant point in space. 
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Table IX: Second test received data and obtained coordinates and standard deviation 

  Obtained Coordinates in cm Reference Node Direct 

Measurements in cm 

S
eco

n
d
 T

est 

 X Y Z dC dA dB 

1 35.74731 30.37097 102.4682 127 147 157 

2 35.74731 32.52151 104.2328 132 152 158 

3 35.20968 29.2957 101.9904 125 146 157 

4 35.20968 30.37097 102.166 126 147 156 

5 36.28495 30.37097 102.2791 127 146 157 

6 35.20968 28.75806 104.5622 130 151 163 

7 35.20968 30.37097 101.1824 124 145 154 

8 35.74731 29.83333 101.1539 124 144 155 

Standard Deviation 

 0.4 1.1037 1.2663 2.8504 2.8158 2.6959 

Figure 26: Deviations on the Y and  Z axes 
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Figure 27 Deviations on the X and Y  axes 

 

 

As we can note the changes on the axes are quite small, so in order to properly 

appreciate them we had to separate them on two figures, to cover the differences between 

all of the axes. 



53 

 

 

Figure 28: ARX system versus actual behavior 

Figures 28 and 29 where made considering that the system has stored the data from 

both the first and second run as a complete movement from more than two points in order 

to give enough data to the ARX to observe how the ARX can accurately mimic the 

behavior of the system as long as it has enough points to   create it’s fourth order equation, 

given than fewer points will create an inaccurate system.   While figure 29 compares the X 

and Y coordinates with the points representing the system, while the blue line represents 

the ARX behavior. 
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Figure 29: X and Y ARX coordinates versus actual coordinates where the points represent 

the actual coordinates and the line represents the ARX. 
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Chapter 6 

Conclusions  

When the project was started the goals were to implement a system that could provide 

different types of position and location information in a coordinate system, with accuracy 

in the order of centimeters that the system could be scalable and relatively easy to deploy.   

After developing the system it could be observed that said system also had limitations, for 

example the need of a direct line of sight, uses of the same bus to convey different 

information and efficiency on the use of the hardware.  Besides the system needed to be 

reviewed so it also included software that could evaluate the movements that were made by 

the mobile node so an ARX program was also included. 

So the final observations that can be made are that while it is possible that an 

ultrasonic position location system to accurately map a moving object, it will only perform 

accurately when said object stays on a direct line of sight, otherwise it can cause an 

undesirable result, the system is also susceptible to high frequency noises.   However in 

order to overcome noise the system can discard any sound that stays outside of the 

schedule of operation used to measure distances, meaning that the system only stay 

vulnerable for only a few microseconds and only if said noise has enough power to be 

detected and it happens to coincidentally arrive before the ultrasonic sound that the mobile 

node uses to measure distance.  Even a noise at 40 KHz it’s frequent, only in very few 

intervals it will be able to cause a false positive, besides if said sound happens to interrupt  

before a minimal expected time  it will also  be discarded. 

As mentioned before, the measurement system in order to avoid undesirable 

scenarios uses a rigid schedule, so as long as the system remains properly timed and 

organized, the system can avoid accuracy errors of less than 10 centimeters. Finally the 

ARX stays as an option for expansion to a mobile devise that could carry the system by 

means of creating an equation that mimics the behavior of the system, besides it also helps 

the user to detect easily if there was a problem due to a false value in the system by having 

an equation that behaves erratically compared to a moving system. 

When it comes to building a  future work  that makes the system more robust we 

can expect an expansion that also includes a secondary location system like an RF-ID 

badge or a small power GPS system in order to be able to have a redundant location 

comparison and also to have at least limited coverage on areas where a direct line of sight 

for the sensors it’s unavailable, in case the ARX shows an unexpected behavior of the 

system by failing to adjust to the actual behavior of the system  due to for example being 

out of line of sight, or detecting a false value. 
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6.1 Contributions 

If we return to section 1.2 we can observe the characteristics of many Position Location 

Systems, so before we measure the “Ultrasonic Local Positioning System” against these 

systems, we must know that only the “Cricket” system uses similar techniques.   However 

the way they are configured is completely different, the Cricket uses two kinds of nodes, 

“listeners” cover the nodes of interest, while the “beacons” cover the nodes of reference, 

however, using this system, we always have three and usually more ultrasonic transmitters 

working at the same time while hung on the ceiling so “multiple beacon distances are 

received at different instances of time, when the listener is at different positions” as said on 

[1]
1
. 

 Meanwhile our ULPS uses an inverse approach instead of dealing with receiving 

many signals that could arrive at the same time on the special case that the node of interest 

it’s located at the same distance between all references, the ULPS only uses the node of 

interest to send ultrasonic signals.   So even if the distance to the node of interest is the 

same for all references, they can receive the signal appropriately and calculate their 

distance from that node.   This configuration also comes with the bonus of saving power 

since only the node of interest is sending ultrasonic signals if we compare to a series of 

beacons sending ultrasonic signals.  

 Now we can use the following table to compare how the ULPS measures against 

other Position Location Systems. 

 

 

 

 
Table X: Updated Comparison Between Location Systems  

Name Precision Scale Limitations 

ULPS 1.27 cm at 1m 1 beacon for 4 square meters Line of sight. 

Cricket 99.5% at 2 m 1 beacon for 15 square feet No central management, 

receiver computation 

Active Bat 95% (9 cm) at 1.8 

m 

1 base per 10 square meters Ceiling sensor grids, 

administration 

Microsoft 

RADAR 

3-4.3 m 3 bases per floor 802.11 network installation, 

wireless NICs require 

E911 150-100 m  Density of cellular 

infrastructure. 

Only where cell coverage 

exists. 

GPS 1-5m 24 satellites worldwide Not for indoors. 

 

                                                             
1
 Chapter 5.2 of [1]. 
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Appendix A 

Matlab Programs 

 
Matlab 

Base test program 

clear 

clc 

pause(1) 

 

%%%3d Map Graphics 

az=[-10,0,10,20]; 

bz=[0,0,0,0]; 

c=[20,20,20,20]; 

az1=[20,20,20,20]; 

bz1=[0,10,20,30]; 

c1=[20,20,20,20]; 

  

az2=[-10,0,10,20]; 

bz2=[30,30,30,30]; 

c2=[20,20,20,20]; 

az3=[-10,-10,-10,-10]; 

bz3=[0,10,20,30]; 

c3=[20,20,20,20]; 

  

for ii=0:.4:20%3d Map Builder 

figure (1) 

    plot3(az,bz,c-ii,az1,bz1,c1-ii,az3,bz3,c3-ii,az2,bz2,c2-ii) if ii==0 

hold 

end 

  

end 

a=1; 

ij=1; 

while a == true 

 

for ij=1:1:9%%2 veces LOL 

  

[d11,d22,d33]= tes 

d1(ij,1)=d11; 

d2(ij,1)=d22; 

d3(ij,1)=d33; 
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end 

r=15;%Distance between the nodes in meters *10 

  

 

[x,y,z]=Sum(r,d1,d2,d3); 

pause(1) 

a=input('Continue true or false? '); 

end  

mincuad(x,y); 

  

 

 

“Sum” function 

function [x,y,z]=Sum(r,d1,d2,d3) 

n1=size(d1,1); Vector Size 

movx=0; 

movy=0; 

flagy=0; 

flagx=0; 

%%%%%%%%%%%%%%%%%%%%Nodes position 

na=1; 

nb=1; 

xx=[0,15]; 

yy=[0,15]; 

z=10; 

  

for n=1:4 

  

plot3(xx(na),yy(nb),z,'p','MarkerFaceColor','b','MarkerSize',12) 

    if na==2 

        nb=nb+1; 

        na=1; 

    else 

        na=na+1; 

    end 

   

end 

 

for n=1:n1 

 

x(n)=(1/(2*r))*(-(d2(n))+(r)^2+(d1(n)));% 

y(n)=(1/(2*r))*(-(d3(n))+(r)^2+(d1(n))); 

z(n)=(1/(2*r))*sqrt(  -(d2(n))^2+(2*d2(n)*(r)^2)+(2*d2(n)*d1(n))-(2*(r)^4) -

(2*(d1(n))^2)+(-(d3(n))^2)+(2*d3(n)*(r)^2)+(2*d3(n)*d1(n))); 
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end 

  

legend('X,Y,Z') 

for n=1:n1 

   refreshdata%% 

plot3(x(n),y(n),z(n),'O') 

  

end 

 

 

 

“Tes” function 

function [d11,d22,d33]= tes 

  

% Create a serial port object. 

obj1 = instrfind('Type', 'serial', 'Port', 'COM4', 'Tag', ''); 

n=1;nn=1; 

% Create the serial port object if it does not exist 

% otherwise use the object that was found. 

 

if isempty(obj1) 

    obj1 = serial('COM4'); 

else 

    fclose(obj1); 

    obj1 = obj1(1) 

end 

  

% Connect to instrument object, obj1. 

fopen(obj1); 

% Configure instrument object, obj1. 

set(obj1, 'BaudRate', 9600); 

  

fprintf(obj1,'%s','1999') 

 

  

while nn<4 

 

data = fscanf(obj1,'%d'); 

d(n,nn)=data; 

nn=nn+1; 

 

end 

nn=1; 

d11=d(1,1)%+d(2,1)+d(3,1))/30;%Promediando 
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d22=d(1,2)%+d(2,2)+d(3,2))/30; 

d33=d(1,3)%+d(2,3)+d(3,3))/30; 

% Disconnect from instrument object, obj1. 

fclose(obj1); 

% Clean up all objects. 

delete(obj1); 

 

end 
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Appendix B 

Microcontroller Programs 

 
Mobile object/controller program 

 

DEFINE HSER_RCSTA 90h 

DEFINE HSER_TXSTA 20h 

DEFINE HSER_BAUD 9600  

define OSC 20 

DEFINE PULSIN_MAX 200000 

 

W0      var word 

char    VAR BYTE[4]   

i  var word 

PAUSE 100    

 

ini: 

   W0=1999;    

Hserin 10, ini, [STR char\4] 

pause 155; 

Hserout [DEC W0,13,10] 

pause 15 

High PORTB.7          

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7          

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 
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High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 

 

High PORTB.7 

PAUSEUS 12 

Low PORTB.7 

PAUSEUS 11 
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goto ini 

end 

 

Receivers program (First Receiver) 

 

DEFINE HSER_RCSTA 90h 

DEFINE HSER_TXSTA 20h 

DEFINE HSER_BAUD 9600  

DEFINE OSC 20 

DEFINE PULSIN_MAX 200000 

 

 

W0  VAR WORD 

i  VAR WORD 

char    VAR BYTE[4]   

 

  

ini: 

 

low PORTB.7 

Hserin 10, ini, [STR char\4]; 

 

--First Receiver 

 

RCTIME PORTB.5,1,W0     ; 

    W0= ((W0)*15)/290 ;  

    HSEROUT [DEC W0,13,10 ]; 

    pause 30        ; 

    high PORTB.7 

    pause 90        ; 

 

goto ini 

end 

 

--Second Receiver 

 

RCTIME PORTB.5,1,W0     ; 

    W0= ((W0)*15)/290 ;   

    pause 40        ; 

    HSEROUT [DEC W0,13,10 ]; 

    pause 40        ; 

    high PORTB.7  

    pause 40        ; 
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goto ini 

end 

 

 

 

--Third Receiver 

 

RCTIME PORTB.5,1,W0     ; 

    W0= ((W0)*15)/290 ; 

    pause 90    ;  

    high PORTB.7 

    HSEROUT [DEC W0,13,10 ]  ; 

    pause 30        ;   

 

goto ini 

end 
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Appendix C 

XBee  Setup 
 
 

To set the  XBee, the first thing will be entering in command mode then there’s a wait for a 

response from the XBee for 2000 ms, otherwise, the system must be restarted if no valid 

response comes.   Now comes the setting of the PAN (personal area network) ID number 

in this case the XBee uses 0x3330, but any number  between 0x0 and 0xFFFE can be used 

for the receiver  set the Destination High to 0x0  to select 16 bit addressing mode and the 

destination low, in this case low will be set to 0x0 for send and 0x1 for receive. These 

addresses can be assigned and changed between 0x0 and 0xFFFE  too.   If we want a node 

to be set only to receive  the MY (16 bit address) must be set for example in this project 

only uses MY1. 

So the commands for the nodes end up being: 

First “+++” for command mode, and then   using an RS232 connection to the receivers at a 

Baudrate of 9600, no parity, byte size 8 and 1 stop bit. 

 

Control 

ATID3330,DH0,DL1,PL0,WR,CN       

 

Receiver 

ATID3330,MY1,PL0,WR,CN     
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Appendix D 

Tables 
 

 
Table XI: Complete simulation part one 

Nodes D1 D2 D3 Distance X Axis Y Axis Z Axis 

  0 900 900   0 0 0 

  5 785 845   2 1 0 

  17 677 857   4 1 0 

  37 577 877   6 1 0 

  68 488 848   8 2 0 

  104 404 884   10 2 0 

  131 371 851   11 3 1 

  157 337 877   12 3 2 

  187 307 907   13 3 3 

  228 288 888   14 4 4 

  275 275 875   15 5 5 

  306 246 906   16 5 5 

  350 230 950   17 5 6 

  398 218 998   18 5 7 

  461 221 1001   19 6 8 

  530 230 1010   20 7 9 

  545 245 965   20 8 9 

  562 262 922   20 9 9 

  581 281 881   20 10 9 

  602 302 842   20 11 9 

  625 325 805   20 12 9 

  677 377 737   20 14 9 

  737 437 677   20 16 9 

  805 505 625   20 18 9 

  881 581 581   20 20 9 

  883 643 523   19 21 9 

  889 709 469   18 22 9 

  899 779 419   17 23 9 

  913 853 373   16 24 9 

  931 931 331   15 25 9 

  902 962 302   14 25 9 
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Table XII: Complete simulation part two 

Nodes D1 D2 D3 Distance X Axis Y Axis Z Axis 

  875 995 275   13 25 9 

  850 1030 250   12 25 9 

  827 1067 227   11 25 9 

  806 1106 206   10 25 9 

  770 1190 170   8 25 9 

  742 1282 142   6 25 9 

  722 1382 122   4 25 9 

  644 1424 104   2 24 8 

  579 1419 99   1 23 7 

  520 1420 100   0 22 6 

  467 1427 107   -1 21 5 

  420 1440 120   -2 20 4 

  342 1422 162   -3 18 3 

  276 1416 216   -4 16 2 

  225 1425 285   -5 14 2 

  173 1373 353   -5 12 2 

  125.04 1325.04 425.04   -5 10 0.2 

  89.01 1289.01 509.01   -5 8 0.1 

  61 1261 601   -5 6 0 

  32 1172 692   -4 4 0 

  13 1093 793   -3 2 0 

  4 1024 904   -2 0 0 
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