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1. SUMMARY  
 

 Nowadays, healthcare professionals face many challenges providing care while 

managing expenses. The capability to track the location of patients and medical equipment in 

real time and over time gives the hospital the ability to manage assets effectively, tackling safety 

problems and increasing efficiency, thus reducing costs while improving patient outcomes. 

 

 In this thesis I established the fundamentals for a reliable, flexible but also low-cost 

indoor localization system which is able to provide both low and high accuracy in real time. To 

this end, different wireless indoor localization principles were compared and an ultrasound 

based approach was selected. Then, the necessary hardware and software components for the 

proposed system were developed and several simulations were performed to study the 

optimum number of transmitter (TX) and receiver (RX) modules in the room. These simulations 

also provide an insight of the average distance measurement error over the room and an entire 

real hospital floor to prove the system’s feasibility.  

 

 Next, I started the first steps towards a full-scale implementation benchmarking a 

1TX-1RX prototype in a lab-environment and finally, I provided a clear roadmap as to how to 

proceed towards a finished indoor localization system for hospital use.  

 

2. INTRODUCTION 

2.1 THESIS FRAMEWORK  

 This thesis was conducted thanks to the active support and collaboration of 2 different 

research groups. It started on summer 2015 in the Biorobotics Laboratory (BioRob) under the 

mentorship of Dr. Alessandro Crespi in the context of the Summer Research Program for 

Undergraduate Life Science Students at the École Polytechnique Fédérale de Lausanne 

(EPFL). During that summer, the hardware and the software components for the Indoor 

Localization System (ILS) were developed and several experiments to test its performance were 

carried off.  

 During the next academic year under the mentorship Dr. Antoni Ivorra, the lead 

researcher of the Biomedical Electronics Research Group (BERG) at the Universitat Pompeu 

Fabra (UPF), several simulations were performed to foresee possible future problems of the 

proposed system and the whole research project was written down.  

2.2 MOTIVATION  

 

 ‘What do infusion pumps and taxicabs have in common? There are hundreds in 

circulation, but you can never find one when you need one.’ Unfortunately, it is no joke and so 

starts the GE study.  
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 The GE Healthcare Asset Management team analyzed data collected from 45 hospitals 

across the US (1995-2010) and concluded that hospitals are filled with thousands of underused 

clinical devices such as infusion pumps, ventilators and telemetry units that represent more than 

95% of a hospital’s clinical asset inventory. According to GE study, however, the average 

utilization of mobile devices is only 42%. So not only more than the half of an investment of tens 

of millions of dollars is useless but it is also increasing maintenance costs [1]. 

 

 But in spite of the appearing oversupply, availability is inconsistent; for instance, nurses 

spend an average of 21 minutes per shift searching for lost equipment and about 15% of a 

typical hospital’s mobile assets are lost or stolen during their useful life [2]. A survey was made 

on 989 nurses and they answered the following when asked what they do search for:  

 

 “Bladder scanner! We are the surgical floor of the hospital so we need it often, but 

somehow all of the other units lost/broke theirs and always come and steal ours.” 

 

  ‘…and for some reason, whenever you have to take blood, it’s a thirty minute adventure 

to track down a working thermometer…’ 

 

 ‘The glucometers are another story. In my old ED we had them placed throughout the 

dept and everyone would put them back after they were done using them. In my current unit 

(…) they’re left everywhere, and you do not know where they are.’ [3] 

 

 Furthermore, not only medical equipment is lost. The HSCIC reported that missed 

hospital appointments cost the National Health Service in UK £700m each year [4][5] and The 

Guardian affirms [4] that the doctors attribute part of the problem to navigation problems, 

especially at large hospitals. An indoor localization technology could be used to enable the 

patients and visitors of a hospital to find their location without interrupting hospital staff and get 

to the medical appointments in time [6]. 

 

 Not only patients get lost. Also junior doctors reported getting lost on the way to urgent 

calls. In these life-or-death situations, it would be very useful to able to track the location of 

medical staff [7]. 

 

 And what if a patient tries to leave his area with a wheelchair without permission? The 

possibility to track patients, either for their safety or to track their care is also promising [2] since 

it could avoid situations such as the one occurred at Hospital de Sant Pau in Barcelona. A 

patient of psychiatry escaped from the hospital and was found the day after with a concussion 

and had to be admitted in the semi-critical unit [8]. 

 



3 
 

 Furthermore, according to the National Alzheimer Association, 60% of patients with 

Alzheimer will go ‘wandering’ and of those that ‘wander’ 46% will die if not found within 48 hours 

[9]. To prevent this scenario, the current system in hospitals is a locked door. The problem is 

that the patients wait until the door is opened and once they get out there is no way of knowing 

where they are.  

 

 Therefore, a system capable of reporting the location of devices and persons in a 

hospital, that is, an Indoor Localization System (ILS), would be very helpful both for patients and 

clinicians. In addition, it would have a huge impact on costs. 

 

 Other uses of a ILS in a hospital could be to monitor which medical personnel access 

supply rooms or medicine cabinets (particularly for restricted drugs) or to monitor when medical 

personnel use the hand-washing stations, to ensure that sanitary policies are followed [7]. 

 

 According to the former Hospital del Mar manager, Rafael Manzanera, it is surprising 

that ‘despite all the advances in hospitals, we still do not have a good indoor localization 

system. It would be so useful in our day-to-day’. 

 

 Indeed nowadays there is only one ILS technology targeting hospitals. This system is 

called Locatible and it is a healthcare real-time indoor locating system based on Bluetooth. 

Apart from indoor localization it offers many related applications such as asset management, 

person safety and patient flow. The system is also built to integrate with existing systems within 

a hospital, for example pharmacy or lab systems and management also has real time analytics 

[2]. 

 Locatible is only used in some hospitals from Ireland, the US and Adu Dhabi.The main 

reason why such systems have not spread out massively is their cost. Today’s healthcare 

expenses are rising and, consequently, an ILS needs to be economical to be adopted in a 

generalized way. Thus, this thesis has focused on a low-cost and easily scalable technology 

that could serve hospital applications that require low accuracy (i.e. room-based) such as 

medical equipment location or patient location. 

 

3. STATE OF THE ART 

 

 Indoor localization has become more and more important in recent years since it has 

the potential to transform the way people navigate indoors in the same manner that GPS 

changed how people navigate outdoors. Their applications are plentiful and as diverse as the 

navigation to the right store in a mall or office in a public building, the detection of the location of 

police dogs trained to find explosives in a building or enabling precise museum guides on the 

screen of any smartphone just to mention a few not even related to healthcare [10]. So it comes 
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as no surprise that large multinational technology companies such as Microsoft Corporation 

have supported initiatives to promote their development [11].   

 

 Nevertheless, despite the great interest raised and the fact that over the last two 

decades various Indoor Localization Systems (ILS) have been proposed by both academia and 

industry, we have yet to see large-scale deployment. Some of the reasons why indoor 

localization is particularly challenging are the high attenuation and signal scattering due to 

greater density of obstacles, the severe multipath from signal reflection from walls and furniture, 

the non-line-of-sight conditions and the fast temporal changes due to the presence of people 

and opening of doors [10].  

 

 In next sections, I attempted to provide a brief overview of the main approaches used in 

wireless indoor localization, the currently existing ILSs based on these localization principles 

and I finally compared them according to a few key features. Nonetheless, it must be taken into 

account that most of the information is extracted from scientific literature in which an ILS is 

proposed. Thus, in spite of our efforts to contrast as many sources as possible, the information 

provided in them might occasionally lack of impartiality. 

3.1 WIRELESS LOCALIZATION PRINCIPLES  

 

 

 Several methods are used for location techniques and algorithms in wireless based 

localization. Although it varies from one classification to another, the 4 main localization 

principles are:  

 

1. Proximity: one of the simplest location techniques. It is mainly implemented in Radio 

Frequency (RF) based systems and requires a grid of fixed antennas. When an object is 

detected, its position is assumed to be the one of the closest antenna or the one that 

receives the strongest signal ─in case it was perceived by several antennas [12], [13].  

 

2. Triangulation: it uses triangles geometry to calculate the location of an object. It can be 

subdivided in angulation and trilateration [13]: 

a. Angulation: it is based on direction. The estimated position corresponds to the 

intersection of the lines defined by the angles of arrival at two or more reference 

points.   

b. Trilateration: it is based on distances. It estimates the position of an object using the 

distances from three or more reference points. When a signal is received, the 

distance between the mobile node and the receiving beacons is calculated from the 

Time of Arrival (ToA) and the signal speed. The estimated position corresponds to 

the intersection point of three or more circles (Figure 1). 

Other localization principles also based on trilateration include Time Difference of 

Arrival (TDoA) which uses relative time measurements rather than absolute ones 

and Round Trip Time of Arrival (RToA) which measures the time of flight of the 
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signal pulse traveling from the transmitter to the receiver and back.  

It is worth emphasizing however that all these techniques require accurate 

synchronization in the transmission of a signal.  

 

 

Figure 1: Localization based on ToA  [14].  

 

Finally, although most of the wireless localization systems based on triangulation 

employ either angulation or trilateration, some radio frequency based systems use 

the signal property based method. This method estimates the distance of the 

unknown node to the reference node using the attenuation of emitted signal 

strength, the so-called Received Signal Strength Indicator (RSSI). 

 

3. Scene Analysis: it is based on pattern recognition. To estimate an object position, first it 

collects information from the scene and then compares it with the existing database [13]. 

 

4. Dead Reckoning: Current position is estimated from last determined position plus an 

increment based on known or estimated speeds over elapsed time. The main disadvantage 

of the method is that error is cumulative [12]. 

3.2 WIRELESS INDOOR LOCALIZATION SYSTEMS 

 

 In this section, several wireless ILS that implement the localization principles mentioned 

above are described. They have been categorized into infrared (IR) based systems, RF based 

systems and ultrasound (US) based systems and are depicted in Figure 2.  

 

 Take into consideration that the below described systems are just the most common 

approaches but that there are other technologies currently being developed. The advances in 

artificial vision for instance are enabling the development of vision-based ILSs with fairly good 

accuracy. Although the cost and the complexity of these systems is still high, these progresses 

are one of the most promising [15].  
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Figure 2: Schematic representation of the different signals used in indoor localization systems.  

 

3.2.1 INFRARED BASED SYSTEMS 

 

IR-based ILSs are one of the most common localization systems that use wireless technology. 

Although IR-based system architectures vary a lot, usually one of these 3 methods are 

employed: use of active beacons; IR imaging using natural radiation or IR imaging using 

artificial light sources [10]. These kinds of systems normally achieve an accuracy of 1–2 meters 

and have low power consumption but their hardware is quite expensive both to install and to 

maintain (Table 1) [12]. 

 

3.2.2 RADIOFREQUENCY BASED SYSTEMS  

 

 RF-based ILSs can be further classified into wide band based technologies like 

UltraWideBand (UWB) and narrow band based technologies and wide band based technologies. 

Examples of narrow band technologies are Radio Frequency IDentification (RFID), bluetooth, 

Wireless Local Area Network (WLAN) and Frequency Modulation (FM). In contrast to IR, radio 

waves can penetrate through obstacles like building walls and human bodies easily. 

Consequently, RF-based ILSs have larger coverage area and need less hardware than 

IR-based ILSs [12]. Besides, each of the mentioned technologies has their own advantages and 

drawbacks.   

 

 RFID is one of the most promising indoor localization technologies. RFID systems 

include 3 basic components: RFID readers, RFID tags and the communication infrastructures 

between them. The role of the RFID reader is to read the data emitted from the RFID tags. 

Consequently, they both use a defined RF and protocol to transmit and receive data. RFID tags 

can be classified as either active or passive. Active tags are battery-powered and they 

continuously broadcast their own signal enabling real-time localization [13]. Their accuracy is 

about 1 – 2 meters but they are also much more expensive than passive tags and than most 

Indoor Localization 
Systems 

Infrared based 
systems 

Active beacons 

Imaging of 
natural IR 
radiation 

Imaging of 
Artificial IR light  

RF based  
systems 

Narrow Band 

RFID Bluetooth WLAN FM 

Wide Band 

UWB 

US based 
systems 
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ILSs technologies. On the contrary, passive tags operate without a battery and reflect instead 

the RF signal transmitted to them from a reader and add information by modulating it. Their 

main disadvantages are that since they do not consume energy, their reading range is very 

limited (around 1–2 meters) and in addition to these the cost of the readers is fairly high [12].  

 

 Bluetooth is a wireless standard for wireless personal area networks (WPANs) for 

exchanging data over short distances. It operates in the 2.4 GHz ISM band and is managed by 

the Bluetooth Special Interest Group (SIG). This technology has several advantages such as 

being present in almost every WIFI enabled mobile device, its low power consumption and its 

low cost. Moreover, its accuracy is fairly good, between 2–5 meters. Nevertheless, bluetooth 

devices have a localization latency (10–30 s) that makes them unsuitable for real-time 

localization applications [12].  

 

 Unlike Bluetooth, WiFi-based ILSs can be used for real-time localization applications 

and would be very appropriate for indoor settings since they would allow locating almost every 

compatible device without installing extra software or manipulating the hardware. So they 

represent not only a practical and low cost solution but also a quite accurate one since their 

accuracy is normally in the range from 1–5 meters. The main reason why WiFi-based ILSs have 

not been deployed in large scale it is because their power consumption is still extremely high 

[12].  

 

 Finally, FM radio based systems use the frequency-division multiple access (FDMA) 

approach which splits the band into a number of separate frequency channels that are used by 

stations. This kind of systems are low cost, consume low power and achieve an accuracy from 

2–4 meters so it is surprising that despite all these advantage only a few works are dedicated to 

FM radio based systems [16], [17].  

 

 All the previously mentioned RF-based systems were narrow band based technologies. 

By contrast, UWB is a wide band based technology that achieves an accuracy from 20–30 cm 

and consumes a low amount of power. The greatest hindrance to the implementation of this 

technology is that UWB hardware is expensive, making it costly for wide-scale use [12]. 
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System Principle used for localization Accuracy Power 

consumption 

Cost 

Infrared Proximity, ToA 1-2 meters Low Medium 

RFID Proximity, ToA, TDoA, RToA, RSSI 1-2 meters Low Low 

Bluetooth RSSI 2-5 meters Low High 

WLAN Proximity, ToA, TDoA, RToA, RSSI 1-5 meters High Low 

FM RSSI 2-4 meters Low Low 

UWB ToA, TDoA, RToA, AoA, RSSI 20 – 30 cm Low High 

US ToA, AoA 3cm–1 meter Low Low  

 

Table 1: Comparison of common indoor localization systems [12], [13], [18].  

 

3.2.3 ULTRASOUND BASED INDOOR LOCALIZATION SYSTEMS  

 

 In comparison to these technologies, US-based ILSs have several advantages such as 

the slow propagation speed of the US signal which enables to measure the time of arrival, its 

negligible penetration in walls which avoids interferences from adjacent rooms and the low cost 

of the transducers. Moreover, it can normally achieve an accuracy of a few centimeters or even 

millimeters depending on the system architecture [19]. Low cost, low power consumption, low 

localization latency and the possibility to have high accuracy are the main reasons why an 

US-based ILS is chosen.   

  

 In order to work, however, it is very important that the nodes of the network are 

temporally synchronized. In wireless sensor networks this is usually obtained using 

radiofrequency (RF) pulses (since their propagation delay is negligible they can be used to 

indicate the beginning of the US signal transmission). So there are several examples of US 

based ILSs that employ RF signals (Figure 3) for synchronization purposes [20]. 

 

Figure 3: Schematic representation of ultrasound based indoor localization systems.  

 On of these systems is the Active Bat in which users and objects are marked with 

ultrasonic tags (so-called bats) whereas signal receivers are a large number of fixed nodes 

located on the ceiling. The tagged node works as US emitter and its location is estimated from 

the ToA in a central node. The reverse is true for the Cricket. In this system, the fixed nodes 

work as US transmitters whereas the mobile node works as US receiver and calculates its own 

location [21], [22]. 

 

US-based ILSs 

Active Bat Cricket Dolphin 3D-Locus Teliamade 
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 On the other hand, the Dolphin system makes use of US transducers of greater beam 

width and bandwidth [19]. Since each node has two US transducers, one of them can be used 

for transmitting and the other for receiving. As a consequence, the system can be configured in 

a centralized way like the Active Bat or in a privacy-oriented one like the Cricket [23]. 

 

 Nevertheless, the main problem of the above mentioned systems is their accuracy 

which is only of several centimeters and thus it might not be enough for some applications. 

Sub-centimeter accuracy is achieved in newer systems like the 3D-LOCUS but this has several 

drawbacks such as limited scalability, limited coverage, low adaptiveness and high cost [24]. 

This is why the ILS proposed is based on TELIAMADE, a low cost, real time ILS platform able to 

achieve sub-centimeter location accuracy [19]. More information about TELIAMADE and its 

differences with the developed system is provided in the next sections.  

 

4. METHODS  

4.1 SPECIFIC OBJECTIVES 

 

 As previously mentioned, the goal of this thesis was to develop a reliable, flexible but 

also low-cost indoor localization system which was able to provide both low and high accuracy 

in real time. In the last section, different wireless ILSs are compared and an US-based 

approach was chosen.  

 In the next sections the developed US-based ILS architecture is explained and its 

hardware and software components are described. In addition, several simulations are 

performed to learn about key aspects of the system’s functionality such as how many TXs are 

necessary in a room and where should these be placed in order to minimize the average 

distance measurement error. These simulations are also used to provide a first insight of the 

system’s performance (i.e. the average distance measurement error over an entire real hospital 

floor is computed). Finally, as a first step towards a full-scale implementation of the proposed 

ILS, a 1TX – 1RX prototype is tested in the lab.   

 

4.2 SYSTEM ARCHITECTURE 

 

 The ILS proposed in this thesis is based on the Cricket system which uses, as starting 

point, the hardware design from TELIAMADE system [19]. It consists of a set of wireless nodes 

equipped with a module for the transmission and reception of US waves and a RF module for 

synchronization purposes.  

 

 It has a master-slave topology with a mobile coordinator node and a set of fixed end 

nodes located on the ceiling at known positions (Figure 4). It works as follows: first, the 

coordinator node requests an US pulse (i.e. a RF pulse is sent to the transmitters present in the 
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same room sequentially). Then, the end nodes transmit the pulse and the coordinator computes 

its distance to them based on the ToA. Lastly, the mobile position is determined by the 

coordinator using trilateration. This node will, eventually, communicate the measured position to 

the hospital’s IT system (see the Future Works section for a more detailed explanation).  

 

 

Figure 4: Configuration of the proposed ILS system.  Notice that the coordinator of the network is also the 

receiver (RX) of the US pulse sent by the end nodes or the transmitters (TXs) so the two terms are used 

interchangeably. 

 One of the main differences between TELIAMADE and the proposed system is that the 

first uses a quadrature sampling detector followed by a parabolic interpolation to estimate the 

ToA from the signal phase information. In this thesis, this is achieved by means of the Goertzel 

algorithm.  

 

 The Goertzel algorithm quantifies the magnitude of a specific, predetermined, frequency 

component in a signal so it can be used to determine the arrival of the US sound wave with a 

frequency of 40 kHz. This algorithm is computationally cheaper than the Fast Fourier Transform 

and therefore a candidate for small embedded systems [25].   

4.3 ILS CIRCUIT DESIGN 

 

 The purpose of this section is to introduce the hardware and software components of 

the developed ILS. As depicted in Figure 5, each module contains a 8-bit Peripheral Interface 

Controller (PIC) microcontroller (PIC18F25K80) [26], a Xbee radio (i.e. a wireless 

communication module built to the 802.15.4/ZigBee standard) [27], a signal conditioning circuit 
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that filters and amplifies the received or transmitted US signal and a pair of ceramic ultrasonic 

transducers (400ST/R120) with a resonance frequency of 40 kHz and a 6 dB bandwidth of 

2 kHz [28]. Therefore, each node can be configured both as a coordinator or and an end point 

of the network depending on the program memory.  

 As to the details in the signal conditioning circuit, the received US signal is amplified 

(24.8dB) and filtered to reduce the out-of-band noise using an active second order analog filter 

with a 40 kHz center frequency and a Q = 8 quality factor. Its implementation requires the use of 

a precision dual operational amplifier (TLC272B) [29] and some passive components (resistors 

and capacitors). Then, the conditioned analog signal is sampled and stored in a memory buffer.  

 On the other hand, the US transmitter is a piezoelectric crystal (i.e. a piece of quartz 

crystal compressed between two metal plates) that deforms as voltage is applied. Notice that 

since quartz material is extremely stable, it is also used for precision timing as an external 

crystal clock source for the microcontroller. Because quartz material is non-conductive, the US 

transmitter behaves effectively like a capacitor and to make it oscillate it has to be charged 

periodically with the same frequency (40kHz). In view of the fact that the microcontroller can 

only deliver a reduce amount of output current (of the order of magnitude of mA), a circuit that 

can act as a current source and recharge the TX very quickly is needed. This is achieved by 

means of inverting logic gates (SN7404) [30]. By wiring three of them in parallel, the amount of 

available output current is tripled. Moreover, by having these inverters on each leg of the TX, 

the amplitude is doubled again because ∓5V are applied instead of 5/0V. Nevertheless, then 

the phase between the two supply lines needs to be corrected so that they are always out of 

phase (i.e. if one carries 5V the other has to be at 0V and vice versa) To accomplish that, the 

seventh inverter (NC7WZ14) [31] is used in front of the upper group. 
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Figure 5: ILS circuit design schematics.   

 Next, the circuit design shown above has been manufactured into a Printed Circuit 

Board (PCB) using Altium Designer, an electronic design automation software package [32]. 

The Surface-Mount Device (SMD) components have been soldered under an optical 

microscope (Figure 6).  
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a 

 

b 

 

c 

 

d 

 

e 

 

f 

Figure 6: a) PCB Altium Designer schematics 2D view; b) PCB Altium Designer schematics 3D view; c) 

PCB top view; d) PCB bottom view; e) Receiver module; f) Transmitter module  

 Regarding the software, Figure 7 summarizes the Unified Modeling Language (UML) 

sequential diagram of the designed system. As can be seen, after being initialized, the 

coordinator’s microcontroller sends an Application Programming Interface (API) transmission 

though the USART1 (Enhanced Universal Synchronous Asynchronous Receiver Transmitter 

module 1) serial port to the Xbee radio. Then, the Xbee radio transmits the data packet to the 

end-point module with the stated 64-bit destination address and returns a status frame to the 

coordinator’s microcontroller via the USART1. When the coordinator’s microcontroller receives 

the status frame, an 8-bit counter is started and waits until the arrival of the US pulse to 
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compute the ToA. The reception of the US pulse is performed by the receiver ultrasonic 

transducer and then the signal is amplified (24.8dB) and band-pass filtered (40 kHz) before 

being sampled and digitized using the 12-bit A/D converter of the microcontroller. Afterwards, 

the Goertzel algorithm analyzes the digital data and if the returned magnitude at the 

predetermined frequency (40kHz) is higher than the threshold, the counter is stopped and the 

ToA is calculated. Finally, an experimentally determined calibration function is used to obtain 

the distance measurement.  

 Similarly, after being initialized the end-point module awaits the arrival of the API 

packet. When the packet is received by the Xbee, it is notified to the end-point’s microcontroller 

using USART1 and in response an US pulse of 40kHz is transmitted. To generate this analog 

signal using a digital source, the 10-bit resolution Pulse-Width Modulation (PWM) mode of the 

microcontroller is used.  

 For further details please refer to the codes provided in the Appendix for the transmitter 

and the receiver modules. These codes have been created in MPLAB X, an integrated 

development environment for the development of embedded applications on PIC and dsPIC 

microcontrollers [33]. 

 

Figure 7: UML sequential diagram of the ILS system.    

4.4 ILS SIMULATIONS  

 

 The objective of this section is to find the optimum number of TXs and their placement 

in the considered scenario. Next, I also verify that a system using the Goertzel algorithm yields 

reasonable accuracy and error tolerance when used in a room.  All these simulations are written 

in Wolfram Mathematica 10.3 Student Edition. 

 

 In order to determine the optimum number of TXs and where these should be placed in 

the hospital room, the Nelder-Mead Simplex heuristic search method is used to find the 

minimum of the objective function which is proportional to the average error over the entire 
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room.  

 

 To define the objective function I started assuming a quadratic room setting (based on a 

real hospital building plan shown in Figure 8) with a mobile coordinator node and a variable set 

of fixed TXs (3TXs, 4TXs and 6TXs).  

 

Figure 8: Hospital del Mar (Barcelona) building plan of the 4
th
 floor.  

 In this scenario, the mobile position         can be calculated by applying trilateration 

using the estimated distances from the RX to each TX, which are denoted as   . The subscript i 

refers to each TX and takes values within the range         , where N is the total number of 

TXs whose position is known and denoted as          . The coordinator node position can be 

determined using the least squared method for minimizing the following cost function:  

             
          

     
 

 

   

 

 Notice that    represents the distance from the coordinator node position to TXi and 

although in the real case this would be estimated from the ToA measurements in this simulation 

I used the real value (computed as the Euclidean distance) and added some error as will be 

justified afterwards.  

 

 The non-linear system above can be transformed into a linear system of equations and 

expressed in matrix form as:  
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 See the proof:  

             
          

     
 

 

   

     

             
        

          
    

 

 
  

 

 
        

          
    

 

        
          

    
 
  

 
   

           
     

           
    

 

   
           

     
           

    
 
  

  
    

      
           

     
           

  

     
           

     
           

  

    
            

            
            

         

  
    

     
     

     
     

                               

  
    

      
     

     
     

                              

                 
  
  
  

 

 
   

    
      

     
     

     
    

 Then, using the least squares method the coordinator vector          position can be 

reconstructed:   

                    

  

  
                  

                

 where: 

            

 To compute the average error over the entire room, the eigenvalues and eigenvectors of 

the covariance matrix of the reconstructed position are needed. The covariance matrix of the 

reconstructed position can be defined as:  

 

                         

 

 Assuming that        is a diagonal matrix (i.e. that there is no correlation in the 

measurements of the distances to the Txs)        can be computed as:  
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 where assuming independent variables    is estimated using error propagation as 

follows [34]: 
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 where     and     represents the standard deviation of    and    repectively. 

Experimentally, the error in the position measurements has been found to be about +/- 10% so 

assuming that the error is uniformly distributed the variances    
         

  can be determined 

from the probability density function of a continuous uniform distribution [35] on the interval       

being a = 0.9d and b = 1.1d. 

 

       
 

  
       

 

  
             

  
 

  
  
              

  

 

 Now that I have the covariance matrix of the reconstructed position, its eigenvectors 

and eigenvalues can be used to determine the directions in which the data varies the most and 

how large are these variations respectively. Next, it is reasonable to assume that the probability 

distribution for the reconstructed distance measurement is Gaussian as depicted in the following 

figure. 

    

Figure 9: (Left) 3d histogram of the reconstructed position when the coordinator is at (0.5, 0.5) in a 1m*1m 

room where 4TXs are placed at the corners. (Right) histogram of the reconstructed position for the first TX 

located at the bottom left corner of the room. Both graphs are in meters.  

 

 Afterwards, the expected value [36] of a measurable function of x and y, g(x,y), given 

that x and y have a joint density function f(x,y), is given by the inner product of f and g:  

 

                            
 

  

 

  

 

 

 which in our particular case for the reconstructed distance measurement error is given 

by:  
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 where    and    are the eigenvalues of the covariance matrix of the reconstructed 

position vector and E is the complete elliptic integral of the first kind.  

 

 The results of the average distance measurement error over the entire room and also 

the optimum number of TXs and its position are shown in the Results and Conclusions section.  

4.5 EXPERIMENTAL TESTING  

 

 To test the developed prototype a 1TX - 1RX configuration was chosen since it provides 

basic localization capabilities (e.g. it would enable the hospital managers to know in which room 

a patient or a medical device is).  

 Consequently, the TX and the RX module were placed on top of a tripod at the same 

height (1.5m) and at a known distance (d) apart (Figure 14). Note that although the modules are 

prepared to be battery powered, during this experiment and the following ones they were 

powered by an external power supply that provided 5V. In order to visualize the data, the ToA 

measurements from the RX were transmitted to the computer through the USART2 (Enhanced 

Universal Synchronous Asynchronous Receiver Transmitter module 2) serial port. Then the 

measured distance was retrieved using the following formula: 

         

where ToA stands for Time of Arrival and c is the propagation speed of the sound waves. 

Finally, the measured distance is printed in the computer terminal.   
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Figure 10: Experimental setup for the 1 Transmitter (TX) – 1 Receiver (RX) configuration. The letter d 

stands for distance and is computed as         , where ToA represents the Time of Arrival and c 

represents the propagation speed of the sound waves.  

 An important thing to mention is that since the US pulse frequency is 40kHz, the 

sampling frequency      has to be at least 80kHz in order to fulfill the Nyquist criteria. In a PIC 

the time needed to complete a one-bit conversion is defined as TAD. The PIC18F25K80 [26] 

has a 12-bit ADC, so it takes 13 TAD to do a conversion cycle as indicated in Figure 23-6 in the 

datasheet plus the acquisition time itself (i.e. the time needed to charge the capacitors to get the 

input value). So the sampling period      equals:  

                  

 Another constrain (table 31-26 in the datasheet [26]) is that the minimum value for 

          in order to fulfill the requirements so since             , where      is the period 

of the external oscillator (i.e. 40MHz),         

 Next, since             and according to the datasheet equation 23-3      has to be 

at least       , the value of      so                       .  

 Finally the                                         which corresponds to a 

sampling frequency         of 73529 Hz which less than the required 80kHz and 

consequently aliasing will occur. Therefore, instead of detecting the US pulse frequency the 

8-sample Goertzel algorithm is programmed to detect the aliasing frequency      which turned 

out to be:  

                                        

 Up to this point, the resolution of the system was supposed to be the following:   

                    
      

      
            

  

     
    

 

 
                

 

 
RX TX 
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 Although to achieve the same value than in the simulations the samples were also 

taken in a sliding window manner (    
      

 
       ).  

 Nevertheless, the real distance measurements showed a resolution of        and when 

measuring the    of the system experimentally, this turned out to be 60244Hz, about 20% less 

than expected.  

 Finally, in order to further reduce the fluctuations in the measurements, a 5-point 

average was performed so at the end the resolution of the system is approximately 3cm:  

                   
 

       
       

 

 
               

 The reason why a 5-point average was performed was because I discovered by means 

of a logic analyzer that     precision synchronization among the XBee radio cannot be achieved 

without special hardware [27]. The interval between the order from the PIC to when the 

US-pulse is sent is not regular which causes uncertainty in the ToA measurements. So this is a 

perfect illustration of what I concluded from the optimum TX-placement simulation in a previous 

section: to get more accuracy, more readings from each TX are needed since the timing 

uncertainty comes from the Xbee radio and not from the Goertzel algorithm.  

 Another important aspect I realized after the first measurements is that the measured 

distances are too long because the initial algorithm did not subtract from the ToA the several 

communication intervals depicted in the UML sequential diagram from Figure 7. Consequently, 

the system needed to be calibrated. 

 In order to perform the calibration, the same experimental setup presented in Figure 10 

was used and 200 measurements were taken for each separation distance between the TX and 

the RX module. Once the calibration function was determined, the TX and the RX were placed 

2.5m away and 200 ToA measurements were taken to test the performance of the system. The 

results of both experiments can be found in the Results and Conclusions section.  
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5. RESULTS AND CONCLUSIONS 

5.1 SIMULATION RESULTS  

 

  The next figure depicts the average measurement error in a           room for the 

cases of 3TXs, 4TXs and 6TXs placed at the optimum position:  

 

a b 

  

c d 

  

e  

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Simulation results in the cases of 3TXs 
(a), 4TXs (b, c and d) and 6TXs (e) at the optimum 
position. Each of the TXs has been numbered. A 
position with more than one number indicates more 
than one TX in the same location. Distance 
measurement errors are expressed in meters.  
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and the average error in the reconstructed position      is shown in the table below:  

  

TXs placement    (in cm) 

3TXs optimum placement 4.37 

4TXs optimum placement 3.73 

4TXs centerwalls 4.03 

4TXs diagonals 4.03 

6TXs optimum placement 2.8 

 

 As follows from the figures shown above, the optimum placement is a triangle. Observe 

that in the case of 4TXs and 6TXs there is more than one TX at the same position which in the 

true world would imply just placing 3TX and get multiple distance readings from each for higher 

accuracy. So in a          room someone will have to put the 3TXs at the following positions:  

 

                    

                    

                    

 

 Notice also that the system presented in this report (i.e. with 3 TXs per room) is thought 

to be the one with higher accuracy. For applications that require less accuracy like the ones 

mentioned in the introduction, using the same hardware but placing only 1 TX in each room 

would provide basic localization capabilities. So the transition from the low accuracy system to 

the high accuracy one is fairly seamless, as it only would involve the installation of additional 

TXs and not even the firmware would need to be updated for it to recognize in which mode the 

system is being operated.  

 

 Now that I have derived the formula to compute the average distance measurement 

error over the entire room and that I have found the optimum number of TXs and its position, I 

can calculate the average distance measurement error over the entire hospital floor. So using a 

section of the 4
th
 floor plan from Hospital del Mar, the 3TXs are placed in each room at the 

optimum positions (Figure 12) and the average distance measurement error is calculated 

(Figure 13).   
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Figure 12: Schematization of the Hospital del Mar 4
th

 floor plan with the 3TXs/room placed in the optimum 

positions.  

 

 

Figure 13: Average error in the reconstructed position (in meters) in a section of the 4
th
 floor of Hospital 

del Mar (Barcelona).  

5.2 PROTOTYPE TESTING RESULTS  
 

 A 1TX - 1RX configuration was chosen to test the developed prototype which first 

needed to be calibrated. Consequently, the experimental setup of Figure 10 was used and 200 

measurements were taken for each separation distance between the TX and the RX module. 

 The obtained results are shown in Table 2 which also illustrates the mean distance 

measurement and its standard deviation.  

Distance (cm) 0 5 15 25 50 

Mean ToA (s) 
                                        

 
          

Std ToA(s)           
 

                              
 

          

 

Distance (cm) 100 200 300 400 500 

Mean ToA (s) 
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Std ToA (s)                               
 

          
 

          

Table 2: Mean and standard deviation values of the ToA measurements at different separation distance.   

 

Figure 14: Calibration data plot. In the x-axis the separation distance in centimeters between the TX and 

the RX module is shown. The Mean Time of Arrival is plot in the y-axis. The regression line equation is  

                          and the coefficient of determination is          .  

 If the calibration data is plotted (Figure 14), statistical model that best fits the points is a 

straight line with equation:  

                         

 Observe also that the plot above only depicts separation distances equal or greater than 

50cm. The reason why is because if the separation distance is less than 50cm, the data points 

are slightly diverted from the fitting function and, in any case, a separation distance of 50cm or 

less will hardly ever be the case since the TX modules will be mounted in the room ceiling.  

 On the other hand, the reason why distance measurements are taken only up to 5m is 

because it has been experimentally seen that the amplitude of the received US pulse falls by 

approximately 50% at a separation distance of 5m between the TX and the RX module. But 

again, this is not a problem in a hospital setting since hospital rooms are always smaller than 

the mentioned limit.  
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 The next step is simply to compute the inverse of the regression line above to get the 

function that relates the ToA with a certain separation distance which turns out to be the 

following:  

  
             

         
 

 Then, in order have an idea of the relative error in the ToA measurements the standard 

deviation divided by the mean has been plotted as can be seen in Figure 15.  

 

Figure 15: Calibration data plot. In the x-axis the separation distance in centimeters between the TX and 

the RX module is shown. In the y-axis the ToA standard deviation divided by the Mean Time of Arrival 

(ToA) was plotted.  

 As shown above, there is a general downward trend in the relative error as the 

separation distance increases. This is because when the US-pulse propagates for a longer time 

through the air, the fluctuations due to the Xbee radio dot not have such a significant impact.  

 Finally, in order to verify the function above the TX and the RX were placed 2.5m away 

and took 200 ToA measurements (Figure 16). The obtained data points follow a normal 

distribution with a mean of           and a standard deviation of           which corresponds 

to a measured distance of 2.32m so the relative error is        
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Figure 16: Data points from 200 Time of Arrival (ToA) measurements at a separation distance between 

the TX and the RX module of 2.5m.  

5.3 CONCLUSIONS  

 

 In the previous sections, I have successfully demonstrated that the concept of the 

system (the general US-based ILS idea) and the means to implement it (the developed 

hardware and software) are viable.  

 The data obtained from a lab situation in order to test the performance of the system 

showed promising results. In addition, during these experiments I found some not anticipated 

behavior of the Xbee radio which transmits at irregular intervals. This affects negatively in the 

performance of the ILS system but provides no insurmountable difficulties.  

 Nevertheless, more work needs to be done to make the ILS proposed feasible for a 

full-scale hospital deployment. Consequently, in the next section I introduce the main 

challenges remaining to make it possible.    

6 FUTURE WORKS 

 

 In the last section, I evaluated the performance of the system in the lab with the basic 

1TX-1RX configuration but the full-fledged ILS that a hospital could use, would differ from the 

one tested in several aspects. As discussed earlier, for instance, the 1TX-1RX configuration 
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provides basic localization capabilities but if 3TXs per room are used higher accuracy is 

achieved. Although this only would involve the installation of additional TXs and not even the 

firmware would need to be updates it does raises the issue of how the system will be able to 

recognize in which mode is being operated. The simplest solution may be to make available to 

the mobile node the list of addresses of the Xbee radios of all the TXs that participate in the 

network. This way, whenever the mobile node wants to make a measurement, it checks which 

of the TXs are in range and if more than one is reachable, it calculates its position by applying 

trilateration using the estimated distances to each TX. Otherwise, if only one TX is available, it 

could report the position of this particular TX as a coarse estimate of its own position.  

 

 In any case, this information needs to be communicated to the hospital Information 

Technology (IT) system. Although there are many ways to do it, a straightforward one would be 

to use additional Xbee radios not connected to a TX or RX module but to a device that is linked 

to the hospital’s network or to integrate this functionality into one of the TX modules present in 

the room which would report the mobile node position to the hospital IT system.  

 

 I just mentioned above that the RX node would check which TXs are available. In order 

to go through the list of TXs in the most efficient way possible so that real-time localization is 

feasible, the following procedure could be used: since medical equipment stays usually in the 

same floor, the first time the mobile node is switched on it would go over all the list and put the 

reachable TXs at the top, since these are more likely to be available the next time. In addition of 

expediting the process, this would provide an estimation of the mobile node position in the 

building without any ToA measurements.  

 

 Another possible concern is how to avoid that if there are two or more RXs in the same 

room, both requesting pulses at the same time, these interfere with one another. However this 

could be solved by the TX sending back a radio message to the mobile node right before 

sending its US pulse. The mobile node would start its timer right after receiving this message 

and wait until the arrival of the pulse.  If there is a second mobile node requesting a pulse, it 

simply will wait until is its turn and it gets notified by the TX.  

 

 In this next paragraph, I would like to discuss the transmission irregularities I noticed in 

the Xbee radio that limit the resolution of the system to approximately    . A feasible solution 

for this problem would be to substitute the Xbee for another radio chip with very low latency and 

broadcast capability. Furthermore, if the system is used to do tracking in real-time, it may be 

necessary to filter the localization noise. There are many denoising algorithms but the Kalman 

filter could be an interesting option since if all noise is Gaussian, this filter minimizes the mean 

square error of the estimated parameters. So this kind of filter uses a series of measurements 

over time that contain statistical noise and other inaccuracies, and produces estimates of 

unknown variables that tend to be more precise than those based on a single measurement 
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alone [37]. In summary, everything hinges on how often the hospital needs updates about the 

position of the medical devices (e.g. once per day, once per shift, once per hour…) and how 

accurate this estimation has to be.  

 

 Finally, an understandable concern for a full-scale deployment is the cost and the power 

consumption of the proposed system. In total, each module of the prototype costs a little bit less 

than 50 euros being the Xbee radio by far the most expensive component (25 euros) which 

would be an additional reason to substitute it for another radio chip much cheaper. In terms of 

power consumption, the system is prepared to be battery powered by AA batteries with a typical 

capacity of 2,000 mAh. How long these would last really depends on the duty cycle (i.e. how 

often the position of the position of the medical equipment needs to be provided) since in the 

meantime the microcontroller and all peripheral devices could be set in sleep mode extending 

the battery life almost indefinitely.  

 

 In conclusion, this work has established the foundations for a reliable, flexible and yet 

low-cost ILS that is able to provide both low and high accuracy in real time. First, I compared 

different system architectures and chose an US-based approach. Then, simulating a 

hospital-wide deployment based on US, I answered the question of the system's feasibility in 

the affirmative. Developing the necessary hardware and software components and 

subsequently benchmarking a 1TX-1RX prototype in a lab-environment, I made the first steps 

towards a full-scale implementation. Finally, I provided a clear roadmap as to how to proceed 

towards a mature system for hospital use which will make tasks such as medical equipment and 

patient location much easier. 

 

7 BIBLIOGRAPHY  

 

[1] R. Horblyuk, K. Kaneta, G. L. McMillen, C. Mullins, T. M. O’Brien, and A. Roy, “Out of 

control little-used clinical assets are draining healthcare budgets.,” Healthc. Financ. 

Manage., vol. 66, no. 7, pp. 64–8, 2012. 

[2] Rónán O’Cóigligh, “Locatible,” 2015. [Online]. Available: http://locatible.com/. [Accessed: 

10-Jul-2015]. 

[3] R. O’Cóigligh, “Nurses Spend up to 30% of Their Time Searching for Equipment.,” 2015. 

[Online]. Available: http://locatible.com/blog/nurses-time-searching-for-equipment/. 

[Accessed: 10-Jul-2015]. 

[4] Health and Social Care Information Centre, “Hospital outpatients: Appointments top 100 

million for first time in 2013-14,” 28/01/2015, no. January, pp. 1–32, 2015. 

[5] T. T. O. Website, “Locatible indoor navigation to solve more than £700m problem of 

missed hospital appointments,” 2015. [Online]. Available: 



29 
 

http://www.technology.org/2015/07/13/locatible-indoor-navigation-to-solve-more-than-

700m-problem-of-missed-hospital-appointments/. [Accessed: 20-Jul-2015]. 

[6] J. Pinchin, “Getting lost in hospitals costs the NHS and patients,” March 5, 2015, 2015. 

[7] DecaWave, “Indoor Location Technology in Healthcare - Healthcare Business Today 

(US),” 2015. [Online]. Available: http://www.decawave.com/news/current-news/indoor-

location-technology-healthcare-healthcare-business-today-us-0. [Accessed: 20-Jul-

2015]. 

[8] U. G. de T. de Catalunya, “Davant la manca de personal un pacient de psiquiatria 

s’escapa de l’Hospital de Sant Pau,” 2013. [Online]. Available: http://www.ugt.cat/davant-

la-manca-de-personal-un-pacient-de-psiquiatria-s-escapa-de-l-hospital-de-sant-pau/. 

[Accessed: 20-Jul-2015]. 

[9] A. Association, “60% of patients with Alzheimer will go ‘wandering’ and of those that 

‘wander’ 46% will die if not found within 48 hours,” 2014. [Online]. Available: 

http://www.alz.org/. [Accessed: 20-Jul-2015]. 

[10] R. Mautz, “Indoor Positioning Technologies,” no. February 2012, p. 127, 2012. 

[11] M. Corporation, “Microsoft Indoor Localization Competition - IPSN 2015,” 2015. [Online]. 

Available: http://research.microsoft.com/en-us/events/indoorloccompetition2015/. 

[Accessed: 20-Jul-2015]. 

[12]  and M. I. Zahid Farid, Rosdiadee Nordin, “Recent Advances in Wireless Indoor 

Localization Techniques and System,” J. Comput. Networks Commun., vol. 2013, p. 12, 

2013. 

[13] A. Disha, “A Comparative Analysis on indoor positioning Techniques and Systems,” Int. 

J. Eng. Res. Appl., vol. 3, no. 2, pp. 1790–1796, 2013. 

[14] X. L. Nan Wu, “RFID Applications in Cyber-Physical System,” in Deploying RFID - 

Challenges, Solutions, and Open Issues, 2011, p. 396. 

[15] A. Rusdinar and S. Kim, “Vision-Based Indoor Localization Using Artificial Landmarks 

and Natural Features on the Ceiling with Optical Flow and a Kalman Filter,” vol. 13, no. 

2, pp. 133–139, 2013. 

[16] V. Moghtadaiee, A. G. Dempster, and S. Lim, “Indoor Localization Using FM Radio 

Signals : A Fingerprinting Approach,” pp. 3–9, 2011. 

[17] A. Popleteev, V. Osmani, and O. Mayora, “Investigation of indoor localization with 

ambient FM radio stations,” no. March, pp. 171–179, 2012. 

[18] K. U. Leuven, “System Design for Ultra-Low-Power UWB-based Indoor Localization,” pp. 



30 
 

580–585, 2007. 

[19] C. Medina, J. C. Segura, and Á. De la Torre, “Ultrasound indoor positioning system 

based on a low-power wireless sensor network providing sub-centimeter accuracy,” 

Sensors (Switzerland), vol. 13, no. 3, pp. 3501–3526, 2013. 

[20] R. Ballazhi, “Wireless Indoor Positioning Techniques,” 2012. 

[21] N. B. Priyantha, A. Chakraborty, and H. Balakrishnan, “The Cricket location-support 

system,” Proc. 6th Annu. Int. Conf. Mob. Comput. Netw. - MobiCom ’00, pp. 32–43, 

2000. 

[22] A. Harter, A. Hopper, P. Steggles, A. Ward, and P. Webster, “The anatomy of a context-

aware application,” 5th Annu. ACM/IEEE Int. Conf. Mob. Comput. Netw. (Mobicom ’99), 

vol. 1, pp. 59–68, 1999. 

[23] Hazas Mike and A. Hopper, “Broadband Ultrasonic Location Systems for Improved Indor 

Positioning,” IEEE Trans. Mob. Comput., vol. 5, no. 5, pp. 536–547, 2006. 

[24] J. C. Prieto, A. R. Jimenez, J. Guevara, J. L. Ealo, F. Seco, J. O. Roa, and F. Ramos, 

“Performance evaluation of 3D-LOCUS advanced acoustic LPS,” IEEE Trans. Instrum. 

Meas., vol. 58, no. 8, pp. 2385–2395, 2009. 

[25] K. Banks, “The Goertzel Algorithm.” [Online]. Available: 

https://courses.cs.washington.edu/courses/cse466/12au/calendar/Goertzel-

EETimes.pdf. [Accessed: 30-Jul-2015]. 

[26] E. F. Microcontrollers, “PIC18F66K80 FAMILY PIC18F66K80 FAMILY.” 2012. 

[27] X. X. R. F. Modules, “XBee ® /XBee-PRO ® RF Modules.” 2009. 

[28] M. C. Ltd, “Air Ultrasonic Ceramic Transducers 400ST/R120.” . 

[29] T. Instruments, “TLC272, TLC272A, TLC272B, TLC272Y, TLC277 - LinCMOS - 

PRECISION DUAL OPERATIONAL AMPLIFIERS,” no. February. 2002. 

[30] T. Instruments, “SN5404, SN54LS04, SN54S04, SN7404, SN74LS04, SN74S04 HEX 

INVERTERS,” no. January. 2004. 

[31] F. Semiconductor, “NC7WZ14 TinyLogic ® UHS Dual Inverter with Schmitt Trigger 

Inputs,” no. June. pp. 1–9, 2011. 

[32] A. Limited, “ALTIUM DESIGNER.” [Online]. Available: http://www.altium.com/altium-

designer/overview. [Accessed: 23-Mar-1BC]. 

[33] M. T. Inc., “MPLAB® X Integrated Development Environment (IDE).” [Online]. Available: 

http://www.microchip.com/mplab/mplab-x-ide. [Accessed: 23-Mar-1BC]. 



31 
 

[34]  the free encyclopedia From Wikipedia, “Propagation of uncertainty,” 2016. [Online]. 

Available: https://en.wikipedia.org/wiki/Propagation_of_uncertainty. [Accessed: 01-Jan-

2016]. 

[35]  the free encyclopedia From Wikipedia, “Uniform distribution (continuous),” 2016. 

[Online]. Available: https://en.wikipedia.org/wiki/Uniform_distribution_(continuous). 

[Accessed: 01-Jan-2016]. 

[36]  the free encyclopedia From Wikipedia, “Expected value,” 2016. [Online]. Available: 

https://en.wikipedia.org/wiki/Expected_value#General_definition. [Accessed: 01-Jan-

2016]. 

[37] “Kalman filter.” [Online]. Available: https://en.wikipedia.org/wiki/Kalman_filter. [Accessed: 

15-Apr-1BC]. 

 

8  APPENDIX  

8.1 RECEIVER MODULE CODE  

#include <xc.h> 

#include <stdint.h> 

#include <stdio.h> 

#include <stdlib.h> 

#include <string.h> 

 

// CONFIG1L 

#pragma config RETEN = OFF      // VREG Sleep Enable bit #pragma config 

INTOSCSEL = HIGH // LF-INTOSC Low-power Enable bit  

#pragma config SOSCSEL = HIGH   // SOSC Power Selection and mode 

Configuration bits  

#pragma config XINST = OFF      // Extended Instruction Set (DISABLED!!!) 

 

// CONFIG1H 

#pragma config FOSC = HS1       // Oscillator (HS oscillator (Medium 

power, 4 MHz - 16 MHz)) 

#pragma config PLLCFG = ON      // PLL x4 Enable bit (Enabled) 

#pragma config FCMEN = OFF      // Fail-Safe Clock Monitor (Disabled) 

#pragma config IESO = OFF       // Internal External Oscillator Switch 

Over Mode (Disabled) 

 

// CONFIG2L 

#pragma config PWRTEN = ON      // Power Up Timer (Enabled) 

#pragma config BOREN = SBORDIS  // Brown Out Detect (Enabled in hardware, 

SBOREN disabled) 

#pragma config BORV = 3         // Brown-out Reset Voltage bits (1.8V) 

#pragma config BORPWR = ZPBORMV // BORMV Power level (ZPBORMV instead of 

BORMV is selected) 

 

// CONFIG2H 

#pragma config WDTEN = OFF      // Watchdog Timer (WDT disabled in 

hardware; SWDTEN bit disabled) 

#pragma config WDTPS = 1048576  // Watchdog Postscaler (1:1048576) 

 

// CONFIG3H 



32 
 

#pragma config CANMX = PORTB    // ECAN Mux bit (ECAN TX and RX pins are 

located on RB2 and RB3, respectively) 

#pragma config MSSPMSK = MSK7   // MSSP address masking (7 Bit address 

masking mode) 

#pragma config MCLRE = ON       // Master Clear Enable (MCLR Enabled, RE3 

Disabled) 

 

// CONFIG4L 

#pragma config STVREN = ON      // Stack Overflow Reset (Enabled) 

#pragma config BBSIZ = BB2K     // Boot Block Size (2K word Boot Block 

size) 

 

// CONFIG5L 

#pragma config CP0 = OFF        // Code Protect 00800-01FFF (Disabled) 

#pragma config CP1 = OFF        // Code Protect 02000-03FFF (Disabled) 

#pragma config CP2 = OFF        // Code Protect 04000-05FFF (Disabled) 

#pragma config CP3 = OFF        // Code Protect 06000-07FFF (Disabled) 

 

// CONFIG5H 

#pragma config CPB = OFF        // Code Protect Boot (Disabled) 

#pragma config CPD = OFF        // Data EE Read Protect (Disabled) 

 

// CONFIG6L 

#pragma config WRT0 = OFF       // Table Write Protect 00800-01FFF 

(Disabled) 

#pragma config WRT1 = OFF       // Table Write Protect 02000-03FFF 

(Disabled) 

#pragma config WRT2 = OFF       // Table Write Protect 04000-05FFF 

(Disabled) 

#pragma config WRT3 = OFF       // Table Write Protect 06000-07FFF 

(Disabled) 

 

// CONFIG6H 

#pragma config WRTC = OFF       // Config. Write Protect (Disabled) 

#pragma config WRTB = OFF       // Table Write Protect Boot (Disabled) 

#pragma config WRTD = OFF       // Data EE Write Protect (Disabled) 

 

// CONFIG7L 

#pragma config EBTR0 = OFF      // Table Read Protect 00800-01FFF 

(Disabled) 

#pragma config EBTR1 = OFF      // Table Read Protect 02000-03FFF 

(Disabled) 

#pragma config EBTR2 = OFF      // Table Read Protect 04000-05FFF 

(Disabled) 

#pragma config EBTR3 = OFF      // Table Read Protect 06000-07FFF 

(Disabled) 

 

// CONFIG7H 

#pragma config EBTRB = OFF      // Table Read Protect Boot (Disabled) 

 

#define USE_AND_MASKS 

#define _XTAL_FREQ 40000000 

// oscillator is 40 MHz (10 MHz crystal + 4x PLL) 

 

#define LD1 LATBbits.LATB1 // green  

#define LD2 LATBbits.LATB2 // red  

#define NRST LATBbits.LATB0 // reset pin Zigbee  

#define BUFFER_SIZE            64 

#define N_SAMPLES 8 

#define SENSOR LATAbits.LA0  

 

volatile int8_t ad_valid = 0; 

volatile int16_t ad_result = 0; // 16 bits because it is a 12 bit adc so 8 

bit would not be enough 

volatile int8_t N = 0; 
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volatile uint8_t idx_in = 0; 

volatile uint8_t idx_out = 0; 

volatile uint8_t UART_buffer[BUFFER_SIZE]; 

 

volatile uint8_t dataR[128];         ///< data buffer for received 

messages 

volatile uint8_t dataT[128];         ///< data buffer for transmitted 

messages 

 

uint16_t samples[122][N_SAMPLES]; 

 

uint32_t counter=0; //Overflow counter 

const long double step = 1.0/(_XTAL_FREQ/4*1/16); // 16 is the prescale 

const long double period = 1.0/(_XTAL_FREQ/4*1/16)*256; 

 

void UART_clear_oerr() //Clear overrun in serial port (PIC buffer in UART) 

{ 

  if (RCSTA1bits.OERR) { 

    di(); 

    CREN1 = 0; // Disable receiver 

    CREN1 = 1; // Enable receiver 

    RCIE = 1; // Enable interrupt flag  

    ei(); 

  } 

} 

 

uint8_t UART_getc() 

{ 

  uint8_t data; 

  while (idx_in == idx_out) { 

    UART_clear_oerr(); 

    CLRWDT(); 

  } 

  data = UART_buffer[idx_in++]; 

  idx_in = idx_in % BUFFER_SIZE; 

  return data; 

} 

 

void UART_isr() 

{ 

  while (RCIF) { 

    if (!RCSTA1bits.FERR) { 

      UART_buffer[idx_out++] = RCREG; 

      idx_out = idx_out % BUFFER_SIZE; 

    } else { 

      RCREG;  // ignore byte with framing error 

    } 

  } 

} 

 

void interrupt ISR() 

{ 

  if (RCIF) { 

    UART_isr(); 

  } 

    if (PIR1bits.ADIF){ 

      ad_result = (ADRESH << 8) | ADRESL;  

      ad_valid = 1;  

      PIR1bits.ADIF = 0; // Clear interrupt flag  

      ADCON0bits.GODONE = 1; // Start the conversion  

    } 

  if(TMR2IE && TMR2IF) // for timer2 

   { 

      //TMR2 Overflow ISR 
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      counter++;  //Increment Over Flow Counter 

      TMR2IF = 0;  

   } 

} 

 

void putch_UART1(char c) 

{ 

  while (!TXIF);   // TRMT is 1 when the transmit buffer is free 

  TXREG = c; 

} 

 

// this is for printf() and writes on UART2 only! 

void putch(char c) 

{ 

  while (!TX2IF);   // TRMT is 1 when the transmit buffer is free 

  TXREG2 = c; 

} 

 

void init_UART() 

{ 

    TRISCbits.TRISC7 = 1; //UART RX pin set as input 

    SPEN1 = 1;    // enable UART 1 

    SYNC1 = 0;    // async mode 

    BRGH1 = 1;    // high baudrate = 1 

    SPBRGH1 = 0;  // divider, high part 

    SPBRG1 = 86;  // divider, low part (until 2^8 = 255) 

    BRG161 = 1;   // whether to use 16-bit divider 

    CREN1 = 1;    // enable receiver 

    TXEN1 = 1;    // enable transmitter 

     

    RCIE = 1;     // use UART RX interrupts 

     

    // init UART2 

    TRISBbits.TRISB6 = 0; //UART2 TX pin set as output 

    SPEN2 = 1;    // enable UART 2 

    SYNC2 = 0;    // async mode 

    BRGH2 = 1;    // high baudrate = 0 

    SPBRGH2 = 0;  // divider, high part 

    SPBRG2 = 86;  // divider, low part 

    BRG162 = 1;   // whether to use 16-bit divider 

    CREN2 = 1;    // enable receiver 

    TXEN2 = 1;    // enable transmitter 

} 

 

//Function to Initialise the ADC Module 

void ADCInit() 

{ 

   //We use default value for +/- Vref 

   //VCFG0=0,VCFG1=0 

   //That means +Vref = Vdd (5v) and -Vref=GEN 

   //Port Configuration 

   //We also use default value here too 

   //All ANx channels are Analog 

 

   ADCON0bits.CHS = 0000; // Channel 0 

   /* 

      ADCON2 

 

      * ADC Result Right Justified. 

      * Acquisition Time = 0 TAD //4 TAD -> We can use 0 instead of 4 

because we don't need to change channel 

      * Conversion Clock = 32 Tosc 

   */    

   ADCON2=0b10010010;  

   ADCON0bits.ADON = 1; // Switch on ADC 
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   PIR1bits.ADIF = 0; // Clear the ADIF interrupt flag 

   PIE1bits.ADIE = 1; // Set the ADIE bit (enable A/D interrupt) 

   ADCON0bits.GODONE = 1; // Start the conversion  

} 

 

void Timer2Init() 

{ 

   //Setup Timer2 (2450.98Hz; 0.00040800 sec) 

   TMR2IE=1;   //Enable TIMER0 Interrupt 

   // Set prescale to 1:16 

   T2CONbits.T2CKPS = 0b11; 

   // Set postscaler to 1:1  

   T2CONbits.T2OUTPS = 0b0000;  

   T2CONbits.TMR2ON = 0; // start off until configurated 

    } 

 

//Function to Read given ADC channel (0-13) 

uint16_t ADCRead() 

{    

    // while(GODONE); //wait for the conversion to finish 

 

   //ADCON0bits.ADON = 0; // switch off adc 

   while(!ad_valid);          

   ad_valid = 0;  

   return ad_result;  

} 

 

void delay_ms(uint16_t len) 

{ 

    while (len != 0) { 

        __delay_ms(1); 

        len--; 

    } 

} 

 

int24_t Goertzel (uint8_t row) 

{ 

    int24_t input;  

    int24_t Q0 = 0;  

    int24_t Q1 = 0;  

    int24_t Q2 = 0;  

    const int16_t coeff = -181; //-230; // -181;  

    int24_t output = 0; // magnitude squared  

     

    LD1 = 1; 

    for (uint8_t j = 0; j< N_SAMPLES; j++) {    

        input = (int24_t)samples[row][j]; 

        //printf("Output: %d\r\n", input); 

        Q0 = (coeff*Q1)/128 - Q2 + input;  

        Q2 = Q1; 

        Q1 = Q0;  

    } 

    output = (Q1*Q1+Q2*Q2-(Q1*Q2*coeff)/128)/128; 

    LD1 = 0; 

    //printf("%f\r\n", output * 1.0); 

    return output;  

} 

 

void receiveAPIFrame() 

{ 

    uint8_t len, sum;  

    len = 0; 

    do { 

        do { 

          dataR[0] = UART_getc(); 
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        } while (dataR[0] != 0x7E); 

        //LD1 = 1;  

        dataR[1] = UART_getc(); 

        dataR[2] = UART_getc(); 

        len = (dataR[1]<<8) | dataR[2]; // hexadecimal length  

        // Checksum computed following: 

http://knowledge.digi.com/articles/Knowledge_Base_Article/Calculating-the-

Checksum-of-an-API-Packet  

        sum = 0;  

        for (uint8_t i = 0; i < len; i++) { 

            dataR[i+3] = UART_getc(); 

            sum = sum + dataR[i+3]; 

        } 

        sum = 0xFF - sum;  

        dataR[len+3] = UART_getc(); 

        if (dataR[len+3] == sum) { 

            return; 

        } else { 

            LD2 = 1; 

            delay_ms(100); 

            LD2 = 0; 

            printf("Communication error");  

        } 

        //LD1 = 0; 

    } while (1); 

 

} 

 

void waitXbeeReady() // To check the modem status (0x8A) of the 

coordinator (0x06).  

// Make sure it is initialized before starting the packet transmission.  

{ 

    do { 

        receiveAPIFrame(); 

    } while (dataR[2] != 2 || dataR[3] != 0x8A || dataR[4] != 0x06);   // 

exit loop when length = 2 and modem status = coordinator ready (6) 

} 

// Notice that it actually receives two of this packets, in the first the 

status is (0 = hardware reset) and then is 6 (coordinator) 

 

int waitRxStatusFrame()  

 

{ 

    do { 

        receiveAPIFrame(); 

        LD1 = 1;  

    } while (dataR[2] != 7 || dataR[3] != 0x8B || dataR[4] != 0x01  || 

dataR[7] != 0x00 || dataR[8] != 0x00);    

    return dataR[9]; // Discovery status. May be useful later.  

} 

 

void reset_xbee() 

{ 

    NRST = 0; 

    TRISBbits.TRISB0 = 0;   // reset pin as output, sending a 0 

    __delay_ms(10); 

    TRISBbits.TRISB0 = 1;   // reset pin as input (pull-up -> will be 1) 

} 

 

uint32_t measurement(uint8_t packet_length) 

{ 

    uint16_t time[122];  

    uint32_t output;  

    uint8_t i = 0; 

    //LD2 = 1; 
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        for(i=0; i < (18+ packet_length); i++){ 

            putch_UART1(dataT[i]); 

        } 

         

        //printf("TX... "); 

        //waitRxStatusFrame(); 

        delay_ms(10); // experimentaly determined. The problem with the 

RxStatusFrame is that it gets to the PIC coordinator once the US pulse 

already started and not before!  

         

        //printf("ok\r\n"); 

         

        // sync with AD interrupt (mainly for debug at oscilloscope) 

        ad_valid = 0; 

        while(ad_valid==0); 

        ad_valid = 0; 

         

        T2CONbits.TMR2ON = 1; // turn on timer2 

        for (i = 0; i < 122; i++) { 

            T2CONbits.TMR2ON = 0; // turn off timer2 

            time[i] = TMR2 + (256 * counter); 

            T2CONbits.TMR2ON = 1; // turn on timer2 

            for (uint8_t j = 0; j < N_SAMPLES; j++) { 

                samples[i][j] = ADCRead(); 

            } 

        } 

        T2CONbits.TMR2ON = 0; // turn off timer2 

        TMR2 = 0; 

        counter = 0; 

        for (i = 0; i < 122; i++) { 

            if(Goertzel(i) > 10) 

            { 

                output = time[i]; 

                break;  

            } 

        } 

        //printf("index: %0.7f\r\n", i * 1.0); 

        return output;  

        //printf("------\r\n"); 

        //delay_ms(100); 

} 

 

 

void main() 

{ 

    uint32_t ticks;  

    uint32_t average;  

    uint8_t packet_length = 5; 

    // LED setup & reset 

    LD1 = 0; // Start off  

    LD2 = 0; // Start off  

    NRST = 0; 

    TRISB = 0b11111001;  // RB1 & RB2 outputs 

    TRISAbits.TRISA0 = 1; // sensor pin as input 

    init_UART(); 

    PEIE = 1; // enable peripheral interrupts 

    ei();    //INTCONbits.GIE = 1; // Global interrupt enabled  

    reset_xbee(); 

 

    printf("Coordinator starting... "); 

    waitXbeeReady();  

    printf("ok\r\n"); 

     

    //Initialize the ADC Module 

    ADCInit(); 
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    // Initialize the Timer2 

    Timer2Init();  

    // Transmission request API model (following datasheet)  

    dataT[0] = 0x7E; 

    dataT[1] = 0;       // length MSB (most-significant-byte) 

    dataT[2] = 14 + packet_length;   // length LSB (least-significant-

byte) 

    dataT[3] = 0x10; 

    dataT[4] = 0x01; // Frame ID. If set to 0 no response is sent  

    dataT[5] = 0x00; // Adress (5 to 12) 

    dataT[6] = 0x13; 

    dataT[7] = 0xA2; 

    dataT[8] = 0x00; 

    dataT[9] = 0x40; 

    dataT[10] = 0x8C; 

    dataT[11] = 0x5B; 

    dataT[12] =  0xAF; 

    dataT[13] = 0xFF;   // any network ID (0xFFFE) 

    dataT[14] = 0xFE;  

    dataT[15] = 0x01;      // number of hops = 1  

    dataT[16] = 0x01;     // if 01 (no retries) does not work  

    dataT[17] = 'P'; 

    dataT[18] = 'U'; 

    dataT[19] = 'L'; 

    dataT[20] = 'S'; 

    dataT[21] = 'E';   

    uint8_t sum = 255; 

    for (uint8_t i = 3; i < (17 + packet_length); i++) { 

        sum = sum - dataT[i]; 

    } 

    dataT[17 + packet_length] = sum; // checksum; 

    // API packet configurated!  

     

    while (1) { 

        LD2 = 1;  

        for (uint8_t i=0; i<5; i++) 

        { 

            ticks = measurement(packet_length);  

            average += ticks;  

        } 

        average = average/5;  

        double difference = average * step; 

        double result = (difference+0.0002)/0.00004; 

        printf("%0.7f\r\n", result * 1.0); 

        //printf("Time: %0.7f\r\n", difference * 1.0); 

        LD2 = 0; 

    } 

    CLRWDT(); 

} 

 

8.2 TRANSMITTER MODULE CODE 

 

#include <xc.h> 

#include <stdint.h> 

#include <stdio.h> 

#include <stdlib.h> 

#include <string.h> 

 

// CONFIG1L 

#pragma config RETEN = OFF      // VREG Sleep Enable bit  

#pragma config INTOSCSEL = HIGH // LF-INTOSC Low-power Enable bit  

#pragma config SOSCSEL = HIGH   // SOSC Power Selection and mode 

Configuration bits  
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#pragma config XINST = OFF      // Extended Instruction Set  

 

// CONFIG1H 

#pragma config FOSC = HS1       // Oscillator (HS oscillator (Medium 

power, 4 MHz - 16 MHz)) 

#pragma config PLLCFG = ON      // PLL x4 Enable bit (Enabled) 

#pragma config FCMEN = OFF      // Fail-Safe Clock Monitor (Disabled) 

#pragma config IESO = OFF       // Internal External Oscillator Switch  

 

// CONFIG2L 

#pragma config PWRTEN = ON      // Power Up Timer (Enabled) 

#pragma config BOREN = SBORDIS  // Brown Out Detect (Enabled in hardware, 

SBOREN disabled) 

#pragma config BORV = 3         // Brown-out Reset Voltage bits (1.8V) 

#pragma config BORPWR = ZPBORMV // BORMV Power level (ZPBORMV instead of 

BORMV is selected) 

 

// CONFIG2H 

#pragma config WDTEN = OFF      // Watchdog Timer (WDT disabled in 

hardware; SWDTEN bit disabled) 

#pragma config WDTPS = 1048576  // Watchdog Postscaler (1:1048576) 

 

// CONFIG3H 

#pragma config CANMX = PORTB    // ECAN Mux bit (ECAN TX and RX pins are 

located on RB2 and RB3, respectively) 

#pragma config MSSPMSK = MSK7   // MSSP address masking (7 Bit address 

masking mode) 

#pragma config MCLRE = ON       // Master Clear Enable (MCLR Enabled, RE3 

Disabled) 

 

// CONFIG4L 

#pragma config STVREN = ON      // Stack Overflow Reset (Enabled) 

#pragma config BBSIZ = BB2K     // Boot Block Size (2K word Boot Block 

size) 

 

// CONFIG5L 

#pragma config CP0 = OFF        // Code Protect 00800-01FFF (Disabled) 

#pragma config CP1 = OFF        // Code Protect 02000-03FFF (Disabled) 

#pragma config CP2 = OFF        // Code Protect 04000-05FFF (Disabled) 

#pragma config CP3 = OFF        // Code Protect 06000-07FFF (Disabled) 

 

// CONFIG5H 

#pragma config CPB = OFF        // Code Protect Boot (Disabled) 

#pragma config CPD = OFF        // Data EE Read Protect (Disabled) 

 

// CONFIG6L 

#pragma config WRT0 = OFF       // Table Write Protect 00800-01FFF 

(Disabled) 

#pragma config WRT1 = OFF       // Table Write Protect 02000-03FFF 

(Disabled) 

#pragma config WRT2 = OFF       // Table Write Protect 04000-05FFF 

(Disabled) 

#pragma config WRT3 = OFF       // Table Write Protect 06000-07FFF 

(Disabled) 

 

// CONFIG6H 

#pragma config WRTC = OFF       // Config. Write Protect (Disabled) 

#pragma config WRTB = OFF       // Table Write Protect Boot (Disabled) 

#pragma config WRTD = OFF       // Data EE Write Protect (Disabled) 

 

// CONFIG7L 

#pragma config EBTR0 = OFF      // Table Read Protect 00800-01FFF 

(Disabled) 

#pragma config EBTR1 = OFF      // Table Read Protect 02000-03FFF 

(Disabled) 
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#pragma config EBTR2 = OFF      // Table Read Protect 04000-05FFF 

(Disabled) 

#pragma config EBTR3 = OFF      // Table Read Protect 06000-07FFF 

(Disabled) 

 

// CONFIG7H 

#pragma config EBTRB = OFF      // Table Read Protect Boot (Disabled) 

 

#define USE_AND_MASKS 

#define _XTAL_FREQ 40000000 

// oscillator is 40 MHz (10 MHz crystal + 4x PLL) 

 

#define LD1 LATBbits.LATB1 // green  

#define LD2 LATBbits.LATB2 // red  

#define NRST LATBbits.LATB0 // reset pin Zigbee  

 

#define BUFFER_SIZE            64 

 

volatile uint8_t idx_in = 0; 

volatile uint8_t idx_out = 0; 

volatile uint8_t UART_buffer[BUFFER_SIZE]; 

 

volatile uint8_t dataR[128];         ///< data buffer for received 

messages 

 

//Simple Delay Routine 

void delay_ms(uint16_t len) 

{ 

    while (len != 0) { 

        __delay_ms(1); 

        len--; 

    } 

} 

 

void UART_clear_oerr() //Clear overrun in serial port (PIC buffer in UART) 

{ 

  if (RCSTA1bits.OERR) { 

    di(); 

    CREN1 = 0; // Disable receiver 

    CREN1 = 1; // Enable receiver 

    RCIE = 1; // Enable interrupt flag  

    ei(); 

  } 

} 

 

uint8_t UART_getc() 

{ 

  uint8_t data; 

  while (idx_in == idx_out) { 

    UART_clear_oerr(); 

    CLRWDT(); 

  } 

  data = UART_buffer[idx_in++]; 

  idx_in = idx_in % BUFFER_SIZE; 

  return data; 

} 

 

void UART_isr() 

{ 

  while (RCIF) { 

    if (!RCSTA1bits.FERR) { 

      UART_buffer[idx_out++] = RCREG; 

      idx_out = idx_out % BUFFER_SIZE; 

    } else { 

      RCREG;  // ignore byte with framing error 
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    } 

  } 

} 

 

void T2_isr() 

{ 

 

} 

 

void interrupt isr() 

{ 

  if (RCIF) { 

    UART_isr(); 

  } 

  if (TMR2IF) { 

    TMR2IF = 0; 

    T2_isr(); 

  } 

} 

 

// this is for printf() and writes on UART2 only! 

void putch(char c) 

{ 

  while (!TX2IF);   // TRMT is 1 when the transmit buffer is free 

  TXREG2 = c; 

} 

 

void init_UART() 

{ 

    TRISCbits.TRISC7 = 1; //UART RX pin set as input 

    SPEN1 = 1;    // enable UART 1 

    SYNC1 = 0;    // async mode 

    BRGH1 = 1;    // high baudrate = 1 

    SPBRGH1 = 0;  // divider, high part 

    SPBRG1 = 86;  // divider, low part (until 2^8 = 255) 

    BRG161 = 1;   // whether to use 16-bit divider 

    CREN1 = 1;    // enable receiver 

    TXEN1 = 1;    // enable transmitter 

     

    RCIE = 1;     // use UART RX interrupts 

     

    // init UART2 

    TRISBbits.TRISB6 = 0; //UART2 TX pin set as output 

    SPEN2 = 1;    // enable UART 2 

    SYNC2 = 0;    // async mode 

    BRGH2 = 1;    // high baudrate = 0 

    SPBRGH2 = 0;  // divider, high part 

    SPBRG2 = 86;  // divider, low part 

    BRG162 = 1;   // whether to use 16-bit divider 

    CREN2 = 1;    // enable receiver 

    TXEN2 = 1;    // enable transmitter 

} 

 

 

void receiveAPIFrame() 

{ 

    uint8_t len, sum;  

    len = 0; 

    do { 

        do { 

          dataR[0] = UART_getc(); 

        } while (dataR[0] != 0x7E); 

        LD1 = 1;  

        dataR[1] = UART_getc(); 

        dataR[2] = UART_getc(); 
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        len = (dataR[1]<<8) | dataR[2]; // hexadecimal length  

        sum = 0;  

        for (uint8_t i = 0; i < len; i++) { 

            dataR[i+3] = UART_getc(); 

            sum = sum + dataR[i+3]; 

        } 

        sum = 0xFF - sum;  

        dataR[len+3] = UART_getc(); 

        if (dataR[len+3] == sum) { 

            printf("PKT\r\n"); 

            return; 

        } else { 

            LD2 = 1; 

            delay_ms(100); 

            LD2 = 0; 

        } 

        LD1 = 0; 

    } while (1); 

 

} 

 

int waitRxFrame() //End points expects to receive "PULSE" from the 

coordinator  

{ 

    uint8_t len;  

 

    do { 

        receiveAPIFrame(); 

        //LD1 = 1;  

        len = (dataR[1]<<8) | dataR[2]; // hexadecimal length  

    } while (dataR[8] != 0x40 || dataR[9] != 0x8C || dataR[10] != 0x5B  || 

dataR[11] != 0xDC || dataR[15] != 'P' || dataR[16] != 'U' || dataR[17] != 

'L' || dataR[18] != 'S'|| dataR[19] != 'E');   

 

} 

 

void reset_xbee() 

{ 

    NRST = 0; 

    TRISBbits.TRISB0 = 0;   // reset pin as output, sending a 0 

    __delay_ms(10); 

    TRISBbits.TRISB0 = 1;   // reset pin as input (pull-up -> will be 1) 

} 

 

void waitXbeeReady() // Check modem status  

 

{ 

    do { 

        receiveAPIFrame(); 

    } while (dataR[0] != 0x7E || dataR[1] != 0x00 || dataR[2] != 0x02  || 

dataR[3] != 0x8A || dataR[4] != 0x02);  

} 

// Notice that it actually receives two of this packets, in the first the 

status is (0 = hardware reset) and then is 2 (end point or router) 

 

void init_PWM() 

{ 

    // Set up PWM  

    PR2 = 249;   // 1. PWM period = (PR2+1) * 4 *  Tosc * prescaler = > 

PR2 = 249 

    TRISC = 0b11111011; // 3. Make CCP2 pin an output  

    //TRISC = 0b11111001;     // Make pin 17 (RC1/CCP2) an output 

    T2CON = 0b00000100;     // 4. Set timer2 prescale value (1), then 

enable timer2 (bit2) 
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    CCP2CON = 0b00001100; // 5. Configure PWM (11xx) on CCP2 (also 

CCP2CONbits.CCP2M0 = 1;)   

} 

void sendPulse() 

{ 

    // Set up PWM  

    // 2. pulse width = CCPR1L * prescaler * Tosc = 12.5 us  

    CCPR2L = 125; // The eight Most Significant bits (DCx<9:2>) of the 

duty cycle: 0b01111101 (125) 

    CCP2CONbits.DC2B = 0; // These bits are the two Least Significant bits 

(bit 1 and bit 0) of the 10-bit PWM duty cycle: 0b00 (0)  

    delay_ms(5); 

    CCPR2L = 0; // The eight Most Significant bits (DCx<9:2>) of the duty 

cycle.   

} 

 

void main() 

{ 

    uint8_t packet_length = 5; 

   

    // LED setup & reset 

    LD1 = 0; // Start off  

    LD2 = 0; // Start off  

    NRST = 0; 

    TRISB = 0b11111001;  // RB1 & RB2 outputs 

     

    init_PWM();  

    init_UART(); 

    PEIE = 1;     // globally enable peripheral interrupts 

    ei(); 

    

    printf("Starting endpoint XBee..."); 

    reset_xbee(); 

     

    waitXbeeReady();  

    printf(" ready!\r\n"); 

    while (1) { 

       

      waitRxFrame(); 

      //printf("Frame received!\r\n"); 

      LD2 = 1;  

      sendPulse();  

      printf("Pulse sent!\r\n"); 

      //delay_ms(1000); 

      //LD1 = 0; 

    } 

    CLRWDT(); 

} 

 

8.3 ULTRASOUND WAVES SPATIAL PROPAGATION  

 

 Since the proposed ILS is US-based I decided to simulate the propagation of a sound 

wave in a quadratic room setting to model the impact of reflections and interferences. Using 

Wolfram Mathematica 10.3 Student Edition, a TX is placed in the bottom-left corner of a closed 

quadratic space which sends a sinusoidal wave packed that propagates through the room. 

Because of computational limitations, the quadratic space dimensions are           and the 

wave packet is defined as a sinusoidal function with frequency 40 kHz multiplied by a window of 

63ms duration to make it time limited.  
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 To describe the US wave propagation in the space, the wave equation is used:  

 

    
   

   
 
   

   
 
 

  
   

   
 

 

 where    is the Laplace operator, t the time, c the speed of propagation, and u is a 

function characterizing the displacement of the wave. Prior to solving the wave equation, 

Dirichlet boundary conditions and Neumann boundary conditions are imposed. The Dirichlet 

boundary condition specifies the values that a solution needs to take on along the boundary of 

the domain (i.e. the displacement of the wave at the position of the TX) whereas Neumann 

boundary condition specifies the values that the derivative of a solution takes on the boundary 

of the domain (i.e. the pressure of the sound wave against the walls is a maximum).  

 

 Finally, the solution of the second-order linear partial differential equation is 

approximated using the Finite Element Method (FEM) solver integrated in Mathematica and the 

results obtained are shown in Figure 17. The most significant observation is that although 

reflections and interferences can be observed the wavefront is barely disturbed.  

 

Figure 17: Solution of the wave equation at different time instants. Room size is expressed in meters.  
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 The distance from the TX is computed at 300 random positions within the space using: 

1) a threshold approach and 2) the 8-sample Goertzel algorithm approach. In the first approach, 

the algorithm simply takes several samples of the wave equation solution and looks for the first 

sample whose amplitude is greater than a certain sensitivity threshold. When found, the sample 

is multiplied by the sampling period to get a distance measurement. Notice that although a 

thresholding algorithm could be very easily implemented in a microcontroller and it would give 

accurate results (Figure 18), the main issue with this approach is that is not frequency selective 

so any frequency seen by the RX would interfere with the distance measurement. Consequently, 

a more robust approach such as the Goertzel algorithm is needed.  

 

 The Goertzel algorithm provides a means for efficient evaluation of individual terms of 

the N-point Discrete Fourier Transform. Thus it can be used to analyze the solution of the wave 

equation for the presence of the 40 kHz US transmitter frequency. As in the thresholding 

approach, if a sensitivity threshold is exceeded, the corresponding sample is multiplied by the 

sampling period to obtain the measured distance. Notice that since 8 samples are needed the 

resolution of the system would be eight times smaller than when using the thresholding 

approach as shown below:   

 

                    
      

      
            

  

     
    

 

 
                

To achieve the same resolution (
      

 
       ), samples are taken in a sliding window 

manner  (i.e. samples 1-8 in the first run, samples 2-9 in the second run, samples 3-10 in the 

third run and so on).  

 

 Finally, the distance measurements obtained using the thresholding approach and the 

8-sample Goertzel algorithm are compared with the true distance in Figure 18.  

 

Figure 18: Comparison between the true distance and the measured one using the thresholding approach 

(blue color) and the 8-sample Goertzel algorithm (ocher color). The sampling period is       . 

 As follows from the figures shown above, the Goertzel algorithm measures virtually the 

true distance if the sampling frequency is high enough (i.e. the slope of the line is 1). 
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Consequently the Euclidean distance measurement is used at all times since for a practical 

simulation dealing with the physics directly is not necessary and adds lots of computational 

complexity. 

 

 

 


