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(Abstract) 

 

 A transponder is a device that is used for tracking aircraft by mean of a secondary 

radar system, but it can be turned off deliberately, and it is an expensive item for small 

aircraft. These weaknesses have fatal consequences, as was shown with the terrorist 

attack on September 11th, 2001, where four commercial aircraft under the control of 

international terrorists were used as missiles against the United Stated of America, killing 

thousands of people. These factors have shown a need for the development of an efficient 

aircraft tracking system, which does not rely on transponders. To this end a new tracking 

aircraft system is proposed, which will be referred to as the Positioning and Reporting 

Identification Beacon (PRIB) system. Due to size, mass, power, and financial constraints, 

the design must be small, light, power efficient, and cost-effective. The PRIB will acquire 

the aircraft’s position from a dedicated GPS receiver and then transmit this information to 

a base station at a different location using a radio link. 



  

This thesis presents the design of a PRIB unit in light of the system constraints. In 

addition to the hardware design, the software needed by the unit to control and 

communicate with the ground stations is presented. The performance of the PRIB is 

analyzed and ways in which a PRIB could be manufactured using commercial off-the-

shelf parts is discussed. 



 iv

Acknowledgments  

 

 I wish to express my deep appreciation to Dr. Timothy Pratt for acting as my 

advisor and for his motivation, and guidance. His guidance has been invaluable to the 

completion of this thesis. I also wish to thank Dr. Dennis G. Sweeney and Dr. Charles W. 

Bostian for serving on my committee. 

 I would also like to thank Dr. Chris Hall and Dr. Jason Lai who gave me the 

opportunity to work with them; without their financial support I would not have been able 

to survive these two last semesters. 

 Lastly, I would like to express my deep love to God and my family, whose 

supports was needed to complete this long journey. 



 v

Table of Contents 
 
 

 

Abstract ii 

Acknowledgments iv 

Table of Contents v 

List of Figures viii 

List of Tables x 

  

Chapter 1- Introduction 1 

1.1 The problem 1 

1.2 Thesis outline 2 

 

Chapter 2. Aviation Surveillance 

 

3 

2.1 Primary radar 3 

2.2 Secondary Surveillance Radar 5 

   2.2.1 SSR signals 6 

   2.2.2 Transponder 10 

      2.2.2.1 Mode S Transponder 10 

2.3 Traffic Advisory and Collision Avoidance System 13 

2.4 ADS-B 16 

 

Chapter 3- Global Positioning System and Modulation 

 

18 

3.1 Background on Gaussian Minimum Shift Keying  18 

   3.1.1 GMSK Transmitter 21 

3.2 Global Positioning System 24 

   3.2.1 The Space Segment 24 

   3.2.2 The User Segment 25 

   3.2.3 The Control Segment 26 

3.3 The GPS Receiver 26 

   3.3.1 Understanding NMEA 0183 27 



 vi

   3.3.2 General Message Format 28 

        3.3.2.1 Message syntax 28 

        3.3.2.2 Command syntax 30 

3.4 Encryption 30 

 

Chapter 4  -Hardware Implementation 

 

32 

4.1 PRIB System Design 35 

   4.1.1 GPS Receiver 36 

   4.1.2 GMSK Modem 37 

   4.1.3 Microcontroller 40 

   4.1.4 Frequency Modulation (FM) transmitter 42 

   4.1.5 Electrical Power System 43 

     4.1.5.1 Power Supply Unit 43 

         4.1.5.1.1 Battery Charger unit 44 

        4.1.5.1.2 Step-Up DC-DC Converter 45 

     4.1.5.2 Battery Capacity Calculation 46 

4.2 Link Budget 48 

4.3 Ground Station Receiver 52 

   4.3.1 FM Receiver RF2917 52 

   4.3.2 GMSK demodulator 53 

4.4 Summary 54 

 

Chapter 5 -Software Implementation 

 

55 

5.1 The Microcontroller Software 55 

   5.1.1 Retrieving Aircraft’s Position 55 

   5.1.2 Transmit Methodology 62 

      5.1.2.1 RF Protocol 62 

          5.1.2.1.1 Training Sequence 63 

          5.1.2.1.2 Start Bit 63 

          5.1.2.1.3 Data Packet 64 

5.2 Code Description 65 



 vii

   5.2.1 Main 65 

      5.2.1.1 Initialization 67 

      5.2.1.2 GPS_rcv 69 

      5.2.1.3 Checksum 69 

      5.2.1.4 Send_RF 72 

5.3 Summary 74 

 

6 Chapter- Measurements and Experimental Results 

 

75 

6.1 Noise Power Measurements 76 

6.2 BER measurements 77 

6.3 Analysis 81 

 

Chapter 7 - Future Developments 

83 

7.1 Immediate Advances 83 

7.2 Future Advances 84 

     7.2.1 Third Generation (3G) cellular phone technology 84 

     7.2.2 Emergency Locator Transmitter (ELT) 87 

 

Chapter 8 – Conclusion 

 

88 

 

9. References 

 

89 

 

10. Appendices 

 

93 

 Appendix 1. PRIB SCHEMATICS 94 

 Appendix 2. RECEIVER SCHEMATIC 98 

 Appendix 3. MICROCONTROLLER CODE 100 

 Appendix 4. MATLAB SIMULATION 120 

 

11. Vita 

 

125 

 



 viii

List of Figures 

 
 
Figure 2.1 SSR transmitter Interrogation Signal 6 

Figure 2.2 Interrogation and Control Beam Patterns   7 

Figure 2.3 Reply-signal format      8 

Figure 2.4 Mode A/C/S All-call interrogation format   11 

Figure 2.5 Mode S Interrogation  12 

Figure 2.6 Mode S reply format.      13 

Figure 2.7 Whisper-shout interrogation  15 

Figure 3.1 Frequency response |H(f)|  of a Gaussian filter with symbol rate 19.2 

ksps    

19 

Figure 3.2.  Power spectral density of a GMSK signal   21 

Figure 3.3 GMSK modulator using direct FM generation  22 

Figure 3.4 Digital GMSK modulator     23 

Figure 4.1 PRIB Concept of Operation     33 

Figure 4.2 PRIB System and Earth Station Receiver block diagram  34 

Figure 4.3 PIRB system block diagram      35 

Figure 4.4 GPS receiver and Microcontroller connection   37 

Figure 4.5 Microcontroller and GMSK modem connection   39 

Figure 4.6 Power Supply        44 

Figure 4.7 Typical Bit-Error-Rate Performance at VCC = 5.0V   51 

Figure 4.8 Ground Station Receiver Block diagram    52 

Figure 4.9 FM receiver and GMSK modem connection   53 

Figure 5.1 Percentage of aircraft with message collision for different time between 

transmission and different number of aircrafts at 100kbps   

58 

Figure 5.2 Percentage of aircraft with message collision for different time between 

transmissions and different number of aircrafts at 200kbps   

58 

Figure 5.3 Time, position and fix related data for a GPS receiver  59 

Figure 5.4 PRIB packet format for transmission    60 

Figure 5.5 RF Protocol        62 



 ix

Figure 5.6 Training Sequence       63 

Figure 5.7 Data Packet        64 

Figure 5.8 Logic Diagram for Main routine     66 

Figure 5.9 Logic Diagram for Initialization routine    68 

Figure 5.10 Logic diagram for Checksum generation    71 

Figure 5.11 Send RF routine      73 

Figure 6.1 Measurement Setup       75 

Figure 6.2 BER tester  circuit       77 

Figure 6.3 Delay between digital transmitted data and received data for an input 

level of -90dBm, and a bit rate of 64kbps  

78 

Figure 6.4 BER versus SNR measured at the output of the GMSK modem 

CMX589A 

79 

Figure 6.5 GMSK transmitted and received signal for an input level of  

 -102dBm, and a bit rate of 64kbps 

80 

Figure 6.6 Transmitted and recovered digital data for an input level of   

 -102dBm, and a bit rate of 64kbps      

81 

Figure 7.1 A Generic 3G Cell-Phone Design 85 

Figure 7.2 NavTalk Pilot GPS cell phone. 86 

Figure 7.2 Magnavox MobilePal + GPS 86 



 x

List of Tables 

Table 2.1 Interrogator Modes 8 

Table 4.1 PRIB specifications 33 

Table 4.2 CMX589A transmitter control signal   38 

Table 4.3 Current consumption from the +5V power supply  47 

Table 4.4. 915MHz PIRB Link Budget     50 

Table 5.1 Maximum number of messages lost for a transmission rate of   100kbps 

at different time between updates and different number of aircrafts. 

57 

Table 5.2 Maximum number of messages lost for a transmission   rate of 200kbps 

at different time between update and different   number of aircrafts 

57 

Table 5.3 Error Checking Accuracy using CRC-16 bit CCITT  70 

Table 6.1 Receivers BER versus SNR     79 



 1

Chapter 1- Introduction 

 This thesis details the specifications, hardware and software design, and 

implementation of an aircraft tracking system using the Global Positioning System 

(GPS). 

 This chapter first introduces the thesis problem, then identifies a general solution 

to that problem which forms the basis of the design outlined in this document, and 

concludes with a description of the structure of the rest of the report. 

 

1.1 The problem 

On September 11th, 2001 four commercial aircraft under the control of international 

terrorist collided with buildings and killed thousands of people in the United State of 

America. This fatal attack showed the flaws in this country is security system, 

specifically in regards to defense from unconventional airborne attack. 

To this end a new tracking aircraft system is proposed, which will be referred to as 

the Positioning and Reporting Identification Beacon (PRIB) system. The proposed PRIB 

device should be small in size, efficient, and cost effective, to be part of the standard 

equipment of all general aviation and passenger aircraft. The device will acquire an 

aircraft position from the GPS and then transmit this information to a base station at a 

different location using a radio link 
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1.2  Thesis outline 

This thesis is divided into 8 chapters. Chapter 2 reviews current aircraft surveillance 

techniques and systems. This chapter discusses the advantages and disadvantages 

associated with radar systems, and currently available similar products such the 

Automated Dependent Surveillance-Broadcast (ADS-B) system. 

Chapter 3 gives an overview of Gaussian Minimum Shift Keying (GMSK) 

modulation, which has been selected because of its numerous advantages. This chapter 

also discusses how the GPS works, and the different kinds of GPS receiver available that 

might be used for the PRIB device implementation. 

Chapter 4 and 5 give the design specifications of a PRIB. Based on these 

specifications, these chapters describe the implementation of each of the components of 

the PRIB system, the RF datalink, and the protocol software.  

Chapter 6 presents some experimental results showing the performance of the PRIB 

system, while Chapter 7 presents suggestions for system improvements and future work, 

and Chapter 8 concludes the thesis with a brief summary. 
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Chapter 2. Aviation Surveillance 

 Aircraft surveillance falls into three categories: primary radar, secondary radar, 

and satellite based systems. Primary radar is based on the fact that objects reflect radio 

waves. Primary radars emit high power RF energy and detect the presence of an aircraft 

by detecting the energy reflected back by the target.  Secondary radar is a combination of 

radar and a communication system. In contrast to primary radar, secondary radar does not 

use the passive echo reflected from a target, but uses an active transponder, which is 

located in the target aircraft. Automatic Dependent Surveillance Broadcast (ADS-B) is a 

new satellite based technology that allows aircraft to broadcast information such as 

identification, position, and altitude. The next sections will discuss each of these different 

methods of tracking aircraft. 

  

2.1 Primary radar 

Radar was invented shortly before the World War II. The acronym RADAR 

comes from  ‘RAdio Detection And Ranging’.  The theory of radar began when Heinrich 

Hertz in 1886 showed that radio waves were reflected by metallic object.  

In 1922, A.H. Taylor and L.C. Young, while working with high frequency radio 

communications, discovered by accident that a ship could be detected using a continuous 

wave transmitter and a separate receiver. Later in 1930, when the same Mr. Young and 

Mr. L.A. Hyland at the U.S. Naval Research Laboratory were experimenting with short-

wave direction finding found by accident that an airplane can also be detected by radio. 

These two discoveries, one in 1922 and the other in 1930, led Young and Taylor to 

initiate the original development of radar [1]. Similar work by other researchers in 
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Germany, Britain, France, Japan and the Netherlands led to the separate development of 

many pulse radars by the beginning of World War II. 

Radar theory is based on the fact that radio waves are reflected by objects, hence a 

typical primary radar comprises of a powerful transmitter and a bidirectional antenna that 

transmits high power microwaves, coupled with a sensitive receiver tuned to the 

transmitted frequency that detects energy reflected back by a target [2]. If the microwave 

energy is transmitted in short pulses then it is possible to measure the time that has 

elapsed between transmission and reception. Since electromagnetic waves have a 

constant speed, the time from transmission to reception is proportional to the distance the 

signal has traveled and therefore the range of the object from the transmitter. Furthermore 

the direction of an object can be determined by means of the antenna beam directivity. 

The radar transmitter and receiver do not necessarily have to be at the same 

location, but in virtually all radar systems the receiver is located at the transmitter 

location, sharing the same directional antenna system [2]. This arrangement was made 

possible by the invention of the radar duplexer first developed by the US Naval Research 

Laboratory in the 1930’s [3]. 

 Like any system, primary radar has its disadvantages. One of these disadvantages 

is that primary radar also receives signals reflected from rain, from the ground, and from 

trees. All these reflections make it difficult to distinguish between aircraft targets and the 

background clutter. Even though many special techniques have been developed to 

overcome these problems, primary radar is unable to distinguish one aircraft from another 

aircraft and in most cases surveillance radar cannot determine height to sufficient 
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accuracy. These disadvantages, along with the increasing number of civil aircraft, makes 

primary radar by itself insufficient for air traffic control purposes. 

 

2.2 Secondary Surveillance Radar 

Secondary Surveillance Radar (SSR) is a radio location system which measures 

time for an electromagnetic wave to travel to a target aircraft and back to the radar, but 

instead of using the passive echo reflected from a target, it uses an active transponder 

which is located in the target aircraft. Besides the transponder, this system is composed of 

the ground station, the interrogator, and the protocol used by the system to establish 

communication. Although a SSR system gives a position in terms of range and bearing, it 

is normally used in conjunction with primary radar. This is because a SSR system 

requires and assumes that each aircraft is carrying a working transponder. This, however, 

cannot at present be guaranteed, particularly in the case of general aviation aircraft [4]. 

The SSR system is so designed that a ground station can monitor an air space 

having a maximum radius of 200 nautical miles, and a height of some 15 km above the 

radar horizon. In the radial direction the location of an aircraft must be accurate to within 

a few degrees so that these measurements can be correlated with the findings of the 

primary radar equipment [4]. Using special codes, the identification information not only 

makes it possible to distinguish between different aircraft but also facilitates the 

transmission of data such as aircraft altitude and identity.  
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2.2.1 SSR signals 

 The transmitter sends the interrogation signal to the aircraft using a frequency of 

1030 MHz. Figure 2.1 shows the characteristics of the interrogation signal. The signal 

consists of three different pulses: P1, P2, and P3. The width of each of these pulses is 0.8 

µs. Two main pulses P1 and P3 are transmitted via the interrogate beam of the antenna 

and the spacing of these two pulses determines the data content of the transponder reply 

[5]. The other pulse P2 is radiated from a control beam, with a spacing of 2 µs between 

the leading edge of the P1 and of the P2 pulses. 

 

P1

P2

P3

2us

0.8us

8us Mode A, 21us Mode C

 

Figure 2.1 SSR transmitter Interrogation Signal. 

 

The P2 pulse is known as the control pulse and is used by the aircraft to determine 

whether a reply is required or not. Since the transmitter radiates the control pulse in all 

directions except that of the main lobe of the interrogate beam, the transponder on the 

aircraft compares the relative strengths of pulses P1 and P2. If the P2 pulse amplitude is 

greater than that of the P1 pulse, the transponder can determine whether or not the 

interrogating signal was originated from a sidelobe of the secondary radar transmitting 
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antenna, thus suppressing its response. Figure 2.2 shows the radiation pattern of the 

different pulses. This process is known as interrogator sidelobe suppression (ISLS). 

 

 

Figure 2.2 Interrogation and Control Beam Patterns (After [5]) 

 

As stated before, the spacing between the P1 and P3 pulses determines the data 

content of the transponder response. The different types of replies are called the mode of 

the response. Table 2.1 lists the P1-P3 spacing that is used. Mode A and C are the code 

types that are used by civil SSR, primarily mode C. 
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Table 2.1 Interrogator Modes 

Mode P1-P3 spacing in microseconds Use User 

1 3 Identification Military 

2 5 Identification Military 

3/A 8 Identity Civil/Military 

B 17 Not used Civil 

C 21 Height Civil 

D 25 Not Used Civil 

 

   

The width of each pulse in the reply signal is 0.45 µs and the separation between 

two pulses is 1 µs, but the SPI pulse, which is separated by 3.9 µs. 

 

F1 C1 A1 C2 A2 C4 A4 X B1 D1 B2 D2 B4 D4 F2 SPI

1.45us

0.45us
20.3us 4.35us

Figure 2.3 Reply-signal format 

 

 The principal interrogation mode is Mode 3/A, which asks for the identity of the 

aircraft. The reply uses the 4096 permutations to send the identity number of a aircraft 

formed from the octal value of the reply pulses, in the order ABCD. The aircraft identity 

code, called a squawk code, is assigned to the aircraft by the air traffic controller when 

the flight plan for the aircraft is filed. Once a code is assigned to an aircraft, the pilot has 
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to input this code into the transponder via a dial or keyboard. By international agreement, 

some numbers are reserved for special uses such as: 7700 for emergency, 7600 for radio 

failure, and 7500 for hijack. The SPI pulse can also be added to the reply pulse train for 

further identification; this pulse is controlled by a special switch “Ident” on the 

transponder. The pressing of this switch activates the SPI pulse for approximately 20 s 

[5]. This is used when an ATC controller wants to locate a particular aircraft on his or her 

radar screen. 

 For a mode C response, which alternately sends aircraft ID and aircraft altitude as 

indicated by a solid state altimeter, only 11 pulses are used for the altitude reply as the D1 

pulse is omitted, but the 2048 permutations left are enough to indicate height in 100 ft 

increments from –1000 ft to 121 000 ft. 

 The use of SSR has proved to be of very great value to ATC. However, it has its 

imperfections. The imperfection of SSR has two main sources: those originating from 

mutual interference effects and those resulting from multipath phenomena [5]. With the 

extended use of SSR, the number of ground stations and aircraft equipped with 

transponders is continually increasing, with the consequence that the probability of 

mutual interference is also increasing. This type of interference in an SSR system is 

called fruit (false replies unsynchronized in time) that results from aircraft responses to 

the interrogations from other neighboring ground stations. Another problem is garbling, 

which results when aircraft are in close proximity that their SSR replies overlap, 

confusing the ground decoder so that finally their information is lost. 
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2.2.2 Transponder 

The transponder used for General Aviation aircraft and those used in commercial 

aircraft differ in complexity and power ratings. In this section, the discussion will be 

limited to transponders used in General Aviation [6]. Typically the interrogation signal is 

received by an omni-directional antenna, which is mounted on the underside of the 

fuselage. The nominal sensitivity requirement is approximately –69 to –77 dBm [5]. To 

protect the transponder from overloading, the receiver sensitivity is reduced during high 

interrogations rates. By reducing the system sensitivity, the system is able to reply to the 

closer interrogators but suppresses replies to interrogations from the more distant radars. 

Typically sensitivity is reduced by 3 dB when the reply rate reaches 1100 replies per 

second and by 30 dB at 1800 replies per second [5].  

When an interrogation is received, the transponder compares the amplitude of the 

P1 and P2 pulses. If pulse P2 is weaker than pulse P1 by more than 9 dB a valid 

interrogation has been received, and the transponder will respond. If the amplitude of the 

pulse P2 is between 0 dB and 9 dB below the P1 pulse, the transponder may or may not 

respond. If the amplitude of the P1 pulse is weaker than the P2 pulse the system will not 

reply. The transponder is also allowed to suppress any reply from 50 µs to 125 µs after a 

successful interrogation. 

 

2.2.2.1 Mode S Transponder  

Potential saturation of the current SSR system due to the continuing growth in the 

number of aircraft has triggered the development of the Mode S transponder. This new 

solution is able to interrogate aircraft individually so that their replies could be kept 
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separate from one another. Furthermore the reply contains both identity and height data, 

to avoid the need to correlate Mode A and Mode C replies. The new transponder was 

designed to be compatible with older transponder version. 

To achieve compatibility with older transponder version, the interrogation of the 

Mode S transponder is similar to the interrogation of the Mode A/C transponders. Mode 

S has two different types of interrogation: an individual call and an all call.  The all call 

interrogation of Figure 2.4 is very similar to the standard Mode A/C interrogation signal. 

The only difference is the addition of an extra pulse “P4” after the P3 pulse. The width of 

the pulse P4 dictates whether or not the transponder will respond. If the width of P4 is 1.6 

µs, the transponder will reply with its address; a width of 0.8 µs will not trigger any 

response. The presence of the P4 pulse has no effect on the older system. A mode S 

transponder is also capable of replying to Mode A/C interrogation but will stop this 

action when it detects P4 [5].  

 

Figure 2.4 Mode A/C/S All-call interrogation format (After [5]) 
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Figure 2.5 shows the individual call interrogation format that is used for most of 

the transactions.  The format consists of the P1 and P2 pulses, where the P2 pulse has 

greater amplitude than the P1 pulse to simulate the sidelobe suppression pulses of a Mode 

A/C interrogation. Following P2 is a long pulse P6 that is either 16.25 or 30.25 µs in 

length, which contains either 56 or 112 bits of data along with a synchronization pulse. 

Data are transmitted using differential phase shift keying (DPSK). The first phase 

reversal, 1.25 µs after the leading edge of the P6 pulse, is used by the transponder to 

synchronize its receiver clock. The Mode S sidelobe suppression (SLS) pulse P5 is 

transmitted from the antenna control beam to overlap in time the synchronizing phase 

reversal of pulse P6, by interfering with the synchronization bit, the P5 pulse keeps the 

transponder from being able to synchronize and thus decode the received data [5]. 

 

Figure 2.5 Mode S Interrogation (After [5]) 

 

The reply format for a Mode S interrogation is shown in Figure 2.6. The reply is 

recognized by detecting the first four ASK pulses. Following these four preamble pulses 

there is a block of position-modulated pulses containing either 56 or 112 of data bits, with 
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the last 24 bits forming a combined parity and address field. Each data bit lasts 1 µs, but 

for each bit position there are two 0.5 µs pulses, one high and one low, with a binary 1 

being represented by a pulse followed by a no-pulse and a binary 0 by a no-pulse 

followed by a pulse. This form of coding is very resistant to noise interference, thus 

reducing the number of replies needed for Mode S to operate safely [5]. 

One new feature of the Mode S Transponder is that each aircraft is assigned a 

unique address code, which is transmitted without the transponder being interrogated 

This is referred to as a SQUITTER transmission and occurs approximately every second.  

ATC or another Mode S equipped aircraft can use this address for interrogation or 

communication purposes. 

 

Figure 2.6 Mode S reply format. 

 
2.3 Traffic Advisory and Collision Avoidance System 

The Traffic Advisory and Collision Avoidance System (TCAS) is an airborne 

system designed to give pilots information about avoidance decisions between aircraft. 

TCAS is not designed to replace Air Traffic Controllers, but it is used as a safety backup 

to air traffic control. The system works much in the same way as a ground based station, 
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and has an interrogator, a transponder and a computer element. TCAS has been 

developed in three levels of sophistication designated by TCAS I, TCAS II and TCAS III. 

TCAS I is the most rudimentary of the TCAS system and is used for small 

aircraft. This model is capable of detecting nearby aircraft at a similar flight level. The 

pilot is responsible to locate the intruder aircraft visually and to keep proper separation. 

TCAS II is more sophisticated and is intended for large commercial aircraft. This system 

tracks nearby aircraft in both the vertical and horizontal planes, and the time of their 

closest approach is predicted. The system also can give the direction of the threat aircraft 

and advise the pilot on how to avoid the potential hazard by either climbing or 

descending. This process is referred to as Resolution Advisories or RAs. TCAS III works 

similar to TCAS II, its principal difference is the inclusion of an antenna with greater 

accuracy so that horizontal RAs can be provided [6]. 

Since not all aircraft are equipped with Mode S transponders, the most common 

method of target detection uses Mode C interrogation. A Mode C interrogation will 

request the altitude of any nearby aircraft fitted with an SSR transponder and an encoding 

altimeter, which are the minimum required equipment. Because garbled replies are more 

likely in congested airspace, TCAS uses the whisper-shout interrogation method to 

reduce the number of repeated replies of surrounding aircraft. Figure 2.7 illustrates the 

transmitter signal format of whisper-shout interrogation. By starting off with low power 

transmission of two 0.8 µs pulses, the transponder sends a Mode C interrogation to which 

close aircraft will respond. After a delay of about 1 ms, a higher power Mode C 

interrogation is made, in order to suppress the responses of those aircraft that have 

already replied to the first interrogation signal. The second Mode C interrogation is 
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preceded by 2 µs with a 0.8 µs pulse at, or just below the first signal strength. This pulse 

and the first pulse of the new interrogation form an SSR suppression pair that causes the 

first replying transponder not to reply. Aircraft that did not reply to the first Mode C 

interrogation, may reply to the second stronger interrogation. The process can be repeated 

if necessary by a third and fourth interrogation, each stronger than the previous one [5]. 

 

Figure 2.7 Whisper-shout interrogation (After [[5]) 

 

Another way that a TCAS system can locate nearby aircraft is by detecting the 

Mode S self-triggered squitter transmissions. With this method the TCAS-equipped 

aircraft can keeps a list of the addresses of all aircraft within range, and then 

communicate with each one of these aircraft using the Mode S transponder to acquire the 

required information. 
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2.4 ADS-B 

Automatic Dependent Surveillance Broadcast (ADS-B) is a new satellite based 

technology that allows aircraft to broadcast information such as identification, position, 

and altitude. This broadcast information may be received and processed by other aircraft 

or ground systems for use in improved situational awareness, and conflict avoidance with 

much more precision than has been possible before. ADS-B contains a Global 

Positioning Receiver (GPS) that allows an ADS-B equipped aircraft to determine its own 

position. 

 The use of a GPS receiver greatly simplifies air surveillance. With this system 

there is no need for highly directional antennas to find bearing, and exact timing for range 

information. Each ADS-B equipped aircraft broadcasts its position with other relevant 

data, including airspeed, and whether the aircraft is turning, climbing or descending. This 

provides anyone with ADS-B equipment a more accurate picture of air traffic that is 

possible with radar alone. Furthermore, the ADS-B concept reduces considerably the 

current channel congestion; this is obvious since currently transponders are interrogated 

at a rate of almost 1000 times per second, but ADS-B only broadcasts one or two times 

per second [6].  

Even though ADS-B is a promising technology for improving traffic surveillance 

with better accuracy, currently it will not be implemented as a stand-alone system. For 

aircraft subject to TCAS II requirements, ADS-B will be implemented as an additional 

feature to enhance TCAS II. Because ADS-B depends on GPS position signals, which are 

subject to disruption, ADS-B by itself is not reliable enough to provide critical 

coordinated collision avoidance or a resolution advisory (RA) [7].  
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To achieve the full benefits of ADS-B, the system must be implemented on all 

aircraft. If one aircraft has ADS-B and the other does not, both aircraft remain “blind” to 

each other, thus widespread implementation of ADS-B is required before maximum 

traffic surveillance benefits are achieved. However, the full implementation of ADS-B 

remains within the political sphere, first because the use of 1090 MHz for ADS-B 

transmissions might cause interference with ATC and TCAS system, and second the high 

cost to implement ADS-B is prohibitive for most of the general aviation aircraft flying 

today.  
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Chapter 3- Global Positioning System and Modulation  

 The objective of this chapter is first to review background information concerning 

the theory behind Global Positioning System navigation so to better conceptualize how it 

will operate for a tracking system, and second to study the characteristics of an efficient 

modulation scheme such as the Gaussian Minimum Shift Keying (GMSK). 

 

3.1 Background on Gaussian Minimum Shift Keying 

  Gaussian Minimum Shift Keying (GMSK) is a digital modulation for sending 

high-speed data in narrow band frequency modulation (FM) radio channels. In GMSK, 

the phase of the carrier is continuously varied by an antipodal signal, which has been 

shaped by a Gaussian filter. Since GMSK may be viewed as a derivative of minimum 

shift keying (MSK), it has a modulation index of 0.5 and may be demodulated using 

differential detection [8]. The use of a Gaussian filter has the effect of considerably 

reducing the sidelobe levels in the transmitted spectrum. 

 The use of GMSK modulation is attractive because of its excellent power 

efficiency, narrow bandwidth, constant envelope modulation, and its suitability for both 

coherent and incoherent detection. The constant envelope allows GMSK to be less 

susceptible to a fading environment than amplitude modulation and requires only an 

inexpensive and efficient C-class amplifier.  

 There are a number of papers that describe GMSK modulation and demodulation 

in some detail, including [8]-[11]. In GMSK modulation the digital bit stream to be 

transmitted is passed through a pre-modulation Gaussian low pass filter. A Gaussian filter 

is a filter which when excited by an impulse outputs a Gaussian shaped output pulse, as 
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shown in Figure 3.1. The pre-modulation Gaussian filtering introduces Inter Symbol 

Interference (ISI) in the transmitted signal, but this degradation is not severe if the 3 dB-

bandwidth bit duration product (BT) of the filter is greater than 0.5 [10]. The BT factor is 

related to the filter’s 3dB bandwidth and data rate by 

RateBit
dBfBT

−
−= 3

   (3.1) 

Hence, for a data rate of 19.2 kbps and a BT of 0.5, the filter’s 3dB cutoff frequency is 

9.6kHz. 

 

Figure 3.1 Frequency response |H(f)|  of a Gaussian filter with symbol rate 19.2 ksps 

  

The GMSK pre-modulation filter has an impulse response hG(t) given by [10] 
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and the transfer function HG(f) is given by [10] 

( )22exp)( ffHG α−=    (3.3) 

where t is time in seconds, and the factor α is related to the 3dB baseband bandwidth (B) 

of  HG(f) by 

22
2ln

B
=α       (3.4) 

 

Hence the GMSK filter may be completely defined from B and the baseband symbol 

duration T. It is therefore customary to define GMSK by its BT product. 

 Figure 3.2 shows the simulated RF power spectrum of a GMSK signal for various 

values of BT. It is clear from the graph that as the BT product decreases, the sidelobe 

levels fall off very rapidly. However, reducing BT increases the irreducible error rate 

produced by the low pass filter due to ISI. 

 While the GMSK spectrum becomes more and more compact with decreasing BT 

value, the degradation due to ISI increases. It is shown in [9] that the Bit Error Rate 

(BER) degradation due to ISI caused by filtering is minimum for a BT value of 0.5887 

[10]. 
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Figure 3.2.  Power spectral density of a GMSK signal. 

 

  

3.1.1 GMSK Transmitter 

The most straight forward way of implementing a GMSK modulator is to transmit 

the data stream through a Gaussian baseband filter having an impulse response given in 

Equation (3.2) and apply the resultant waveform to a voltage controlled oscillator (VCO). 

This modulation technique is shown in Figure 3.3, and is currently used in a variety of 

analog and digital implementation for the US Cellular Digital Packet Data (CDPD) 

system as well as for the Global System for Mobile (GSM) system [10]. The main 

disadvantage of the modulator is the instability of the VCO. Thus the modulator is not 

suitable for coherent demodulation. 
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Figure 3.3 GMSK modulator using direct FM generation  

 

GMSK can also be generated using quadrature modulation techniques. Consider the 

phase modulated signal given by: 

 

( )[ ]ttwts c φ+= cos)(     (3.5) 

where wc = 2πf  is the radian frequency, and ø(t) is the phase. 

This can be expanded into its inphase and quadrature components, 

 

( ) ( )[ ] ( ) ( )[ ] ( )twttwtts cc sinsincoscos φφ −=         (3.6) 

 

The quadrature modulator is based on Equation (3.6). The implementation of such 

a modulator [11] – [14] is shown in Figure 3.4. “ The incoming data is used to address 

two separate Read Only Memory (ROM). The two ROM’s contain sampled versions of 

all possible phase trajectories within a given interval. Since the impulse response is 

infinite it must be truncated to a finite number of intervals, J, which will give 2J possible 

phase trajectories. One ROM contains the in-phase or I component values and the other 

Gaussian 
Low Pass 

Filter 
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Data 
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contains the quadrature or Q component values Sin[φ(t)]. The output of each ROM is 

applied to a DAC and the two outputs are low-pass filtered “ [12]. 

 The advantages of implementing such as modulator are: it is suitable for VSLI 

implementation, the contents of each ROM can be modified easily, and there is a 

minimum accumulation of phase errors. 

 

 

Figure 3.4 Digital GMSK modulator  
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3.2 Global Positioning System 

The Global Positioning System (GPS) is a navigational system conceived in the 

1970s. Since then, it has been fully developed and controlled by the United States 

Department of Defense (DoD). The first GPS satellite was launched in February 1978 

and civilian use began in the early 1990's. The United States Government has reserved 

the highest-level accuracy for the military, but has developed the Coarse Acquisition 

(C/A) code for civilian use, which makes the GPS system available to everyone, 

everywhere, and anytime. 

A GPS receiver is simply a range measurement device; distances are measured 

between the receiver antenna and four GPS satellites, and the position is determined from 

the intersections of the range vectors.  

The GPS system is divided into three major components  

• The Space Segments  

• The User Segment  

• The Control Segment 

 

3.2.1 The Space Segment. 

The space segment consists of 24 operational satellites in six circular orbits 20200 

km above the Earth at an inclination angle of 55 deg with a 12-hour period. The satellites 

are spaced in orbit so that at any time a minimum of six satellites will be in view to users 

anywhere in the world [15].  

Each satellite contains four precise atomic clocks (rubidium and cesium 

standards) and has a microprocessor on board for limited self-monitoring and data 



 25

processing. The satellites are equipped with thrusters, which can be used to maintain or 

modify their orbits. 

 

3.2.2 The User Segment. 

The User Segment consists of all earth-based GPS receivers that allow users to 

receive the GPS satellite broadcasts and compute their precise position, velocity, and 

time. The user’s receiver measures the time delay for the signal to reach the receiver, 

which is a direct measure of the apparent range to the satellite. Measurements collected 

simultaneously from four satellites are processed to solve for position, velocity, and time 

[15]. GPS provides two levels of service, Standard Position Service (SPS) and the Precise 

Positioning Service (PPS). 

The SPS is a positioning and timing service that is available to all GPS users. SPS 

is provided on the L1 frequency (1575.42 MHz), which contains the navigation data 

message and the SPS code signals. Using the SPS, the user is able to achieve positioning 

accuracy on the order of 100m. The PPS is a highly accurate military positioning, 

velocity and timing service. In addition to the L1 frequency, PPS equipped receivers also 

use the L2 frequency (1227.60 MHz) to measure the ionospheric delay. PPS provides a 

positioning accuracy on the order of 16-20m. 
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3.2.3 The Control Segment. 

The control segment consists of a master control station in Colorado Springs, 

Colorado, with five monitor stations (Colorado Springs, Ascension Island, Diego Garcia 

Island, Hawaii, and Kwajalein Island) and three ground antennas located throughout the 

world. Three of the stations (Ascension, Diego Garcia, and Kwajalein) serve as uplink 

installations, capable of transmitting data to the satellites, including new ephemeris 

(satellite positions as a function of time), clock corrections, and other broadcast message 

data. The Control Segment is the sole responsibility of the Department of Defense, which 

undertakes construction, launching, maintenance, and virtually continuous performance 

monitoring of all GPS satellites. 

The monitor stations track all GPS satellites in view for use in controlling the 

satellites and predicting their orbits. The monitor stations send the information they 

collect from each of the satellites back to the master control station, which computes 

extremely precise satellite orbits. The information is then formatted into updated 

navigation messages for each satellite. The updated information is transmitted to each 

satellite via the ground antennas, which also transmit and receive satellite control and 

monitoring signals. 

 

3.3 The GPS Receiver 

  There are two main types of GPS receivers: multiplexing receivers and parallel 

channel receivers. These terms refer to how a receiver monitors and processes 

information from the satellites. Multiplexing receivers use a short cut to achieve 



 27

triangulation. They establish contact with a satellite only long enough to sample its data, 

and then they look for another satellite to sample and acquire data, and then a third and 

possibly a fourth, this process would take at least several seconds. In order to provide a 

one second update, most multiplexing receivers grab an update from a couple of satellites 

and make a best guess at the position update. Parallel Channel Receivers (e.g., ITrax02 

GPS receiver [17]), on the other hand, maintain a constant simultaneous lock on several 

satellites at once, eliminating the switching inaccuracies of multiplexing receivers. A 

parallel channel receiver holds all the navigational information one needs for the most 

reliable, up to date, and accurate information possible. Current commercial GPS units use 

at least a five parallel channel receiver. Three of the channels lock on to satellites to 

triangulate one position. Since commercial receivers use low accuracy crystal oscillators, 

the clock in the receiver is not inherently accurate enough, thus a fourth satellite 

measurement is required to provide clock correction in the receiver and to synchronize to 

GPS time with an accuracy better than 100ns.  

 

3.3.1 Understanding NMEA 0183  

The National Marine Electronics Association (NMEA) 0183 standard for 

interfacing marine electronics devices is a voluntary industry standard, first released in 

March of 1983. The NMEA 0183 Standard basically defines electrical signal 

requirements, data transmission protocol, timing and speed of a serial data bus. NMEA 

has become a standard protocol for interfacing navigational devices, such as GPS 

receivers. It is based on the RS232 interface. NMEA settings for the RS232 are: 
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Baud rate 4800 

Data bits 8 (Bit 7 set to 0) 

Stop bits 1 or 2 

Parity none 

Handshake none 

 

 

3.3.2 General Message Format 

 Under the NMEA-0183 standard, all messages and commands data consist of 

ASCII characters (from HEX 20 to HEX 7E) plus a carriage return (CR) and a line feed 

(LF).  

 

3.3.2.1 Message syntax  

 NMEA message consists of fields as follows: 

 

$ID<message ID>, <data field>, <data field>,,, …*<checksum><CR><LF> 

  

 Each message starts with the ASCII character $, a two letter ID, and a three 

letter message ID. Message data fields are separated by comma, and the message ends 

after an optional checksum field and carriage return <CR> and line feed <LF> control 

characters. Delimiter ‘*’ precedes the checksum field. If data for a field is not available, 

the field is simply omitted, but the commas that would delimit it are still sent, with no 

space between them. 
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 A sentence may contain up to 82 characters including the $ and CR/LF. Since 

some fields are variable width, or may be omitted, the receiver should locate desired data 

fields by counting commas, rather than by character position within the sentence. 

 The optional checksum field is two hex digits representing the exclusive OR of 

all characters between, but not including the $ and * symbols. A checksum is only 

required on some messages.  In order to clarify the above description, a typical message 

from the iTrax02 GPS receiver manufactured by  FastraX inc. is shown below. 

 

Geographic Position – Latitude/Longitude (GLL) 

$GPGLL,xxmm.dddd,<N|S>,yyymm.dddd,<E|W>,hhmmss.dd,S,M*hh<CR><LF> 
 
GP Talker ID 

Global Positioning System receiver 
xxmm.dddd Latitude 

xx =degrees 
mm = minutes 
dddd = decimal part of minutes 

<N|S> Either character N (North) or character S (South) 
yyymm.dddd Longitude 

yyy = degrees 
mm = minutes 
dddd = decimal part of minutes 

<E|W> Either character E (East) or character W (west) 
hhmmss.dd UTC time 

hh =hours 
mm = minutes 
ss = seconds 
dd = decimal part of seconds 

S Status indicator 
A = valid 
V = invalid 

M Mode indicator 
A = autonomous 
N = data not valid 
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3.3.2.2 Command syntax 

 The standard allows individual manufacturers to define proprietary message 

formats. NMEA command consists of fields as follows: 

 

$P<manufacturer ID>, <command>, <parameter>, <parameter> .. , <parameter> 

 

 Command line always starts with $P, then a three letters manufacturer ID, 

followed by whatever data the manufacturer wishes, following the general format of the 

standard messages. A typical command from the iTrax02 GPS receiver is given as an 

example. 

 

FIXRATE – Set Fixrate 

Defines frequency (in seconds) in which the receiver should acquire navigation fix and 

thus send NMEA messages. 

 $PFST, FIXRATE, <fixrate><CR><LF> 

 

where fixrate is the number of seconds to wait between navigation fixes. 

 

3.4 Encryption 

Encryption is used to protect data while it is being communicated between two 

points or while it is stored in a medium vulnerable to physical theft. Traditionally, several 

methods can be used to encrypt data, all of which can easily be implemented through 
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software or hardware, but not so easily decrypted when the encrypted data key is 

unknown.  

Encryption converts data called plaintext to an unintelligible form called 

ciphertext, and decryption converts ciphertext back to its original form. Modern 

encryption is achieved with algorithms that use a key to encrypt and to decrypt messages. 

The longer the key in bits, the more computing required to crack the code.The most 

widely used form of encryption is defined by the National Bureau of Standards and is 

known as the data encryption standard (DES), which was proposed in 1975 and approved 

in 1977. The algorithm is designed to encipher and to decipher blocks of data consisting 

of 64 bits under control of a 64-bit key of which 56 bits are randomly generated and used 

directly by the algorithm. The other 8 bits, which are not used by the algorithm, are used 

for error detection. Since its approval, DES was immediately attacked by those who felt 

that its 56-bit key length was insecure. Despite of such claims, DES remained a strong 

encryption algorithm until the middle of the 1990s.In the summer of 1998 DES’s 

insecurity was definitely demonstrated when a $250000 computer built by the Electronic 

Frontier Foundation (EFF) decrypted a DES-encoded message in 56 hours. In January 

1999 this was improved to 22 hours through a combination of 100000-networked PCs 

and the EFF machine. But until a substitute is found, DES will be the most important 

public cryptosystem in the world. The National Institute of Standards and Technology is 

currently seeking a successor to the algorithm. The best candidate seems to be the 

Advanced Encryption Standard (AES) that works in three key lengths: 128, 192, and 256 

bits, and which is much more secure than DES [16].  
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Chapter 4  -Hardware Implementation 

 After the terrorist attack on September 11th, 2001, given the increasingly global 

nature of aviation and the relative ease a pilot may fly an aircraft, transportation security 

has increased by an estimated of 200%, especially for commercial aircraft flying in and 

out of the United States. All of these factors have contributed to the need for the 

development of an efficient aircraft tracking system. 

 The objective is to provide a small, low cost, general aviation position tracking 

system utilizing Global Position System (GPS) technology. Ideally, the GPS receiver 

system will be able to calculate its own position, and transmit it to the nearest ground 

station receiver for tracking purposes. This system is called a Position Reporting and 

Identification Beacon (PRIB). It is completely independent of any other navigation or 

communication device on the aircraft. 

Figure 4.1 illustrates the PRIB concept of operation, which is based on the 

Automatic Dependent Surveillance Broadcast (ADS-B) concept. The PRIB equipped 

aircraft determines its own position using an integrated GPS receiver and transmits it to 

the Ground Station Receiver for further processing. 

Positioning information coupled with Aircraft Identification (ID) is periodically 

transmitted. Aircraft ID is provided so that the receiving station can associate position 

information with a specific aircraft. Typically the ID is based on the aircraft’s registration 

number or tail number rather than an assigned squawk code, as used in aircraft 

transponder. The transmitted information can be encrypted if desired. 

Table 4.1 shows the minimum requirements for the PRIB system. 
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Figure 4.1 PRIB Concept of Operation 

 

Table 4.1 PRIB specifications 
Operating Frequency 1090 MHz or any suitable Frequency 
Power Supply 12 or 24V with battery backup with more 

than 10 hours life. 
Weight Less than 1kg 
RF Emission 160 bits or less 
Antenna Omni-directional 
GPS receiver Integrated into beacon 
Transmit Power 1W nominal 
Antenna Gain 0 dB 
Bit rate Up to 1Mbps or any suitable speed 
Bit Error Rate 10-4 

Repetition rate To be determined 
Modulation Non-coherent receiver, and power efficient 

(GMSK) 
Ground Station receiver antenna gain 0 dB 
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A block diagram of the PRIB system and the ground station receiver is shown in 

Figure 4.2, the system consists of a PRIB, a noisy transmission channel, and a receiver. 

From Figure 4.2 the PRIB consists of a GPS receiver followed by a microcontroller, 

which processes the data collected by the GPS receiver, and a Gaussian Minimum Shift 

Keying (GMSK) modulator that modulates the processed data from the microcontroller 

for transmission.  The transmission channel is simply the wireless environment. The 

receiver includes a low-noise Frequency Modulation (FM) receiver followed by a GMSK 

demodulator that extracts the transmitted information. 

It is important to note that the Earth Station Receiver is not part of this project, 

but its implementation is required for testing the PRIB. 

 

GPS Receiver Microcontroller GMSK
Modulator

RF
Amplifer

Channel
FM Receiver

and
Frequency

Discriminator

GMSK
Demodulator

PRIB

Receiver

 

Figure 4.2 PRIB System and Earth Station Receiver block diagram 



 35

The following sections detail the requirements and operations of the individual 

modules. 

 

4.1 PRIB System Design 

 The system block diagram is depicted in Figure 4.3. Appendix 1.A through 

Appendix 1.C shows the full schematic.  The main components of the PRIB are a GPS 

receiver, a microcontroller, a GMSK modulator, and a linear FM transmitter. 
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4.1.1 GPS Receiver 

 The primary purpose of the GPS receiver is to allow an aircraft to track 

continuously its own position, and then repeatedly broadcasts it on a VHF or UHF data 

link.  

 The PRIB should be as small as possible and suited for battery operated, thus the 

chosen GPS receiver module must be easily integrated into a custom hardware design 

that is also portable and power efficient. The GPS receiver should be easy to integrate 

into a microcontroller, with low power consumption and small form factor.  

Based on the above requirements, the uTracker02 [17] module has been chosen 

which is an interface board equipped with the iTRAX02 GPS receiver. All that is 

required to support this board is a 3.3V supply, an antenna, and designated I/O pins 

connected to the microcontroller for data transfer and control purposes.  

 The ITRAX02 is a single-board, 12 parallel-channel high precision GPS receiver, 

which handles the satellite signals and forwards these to the microcontroller. The GPS 

receiver processes the Coarse Acquisition (C/A) code signals from the visible GPS 

satellites broadcasting RF navigation information.  

When fewer than four satellites are available, the GPS receiver supports 2D 

navigation. To calculate a fix while in 2D navigation mode, the receiver uses either the 

last altitude determined while in 3D navigation mode, or data supplied by the user. 

The receiver has two independent asynchronous serial input/output ports. The 

receiver’s primary serial port outputs navigation data and accepts commands in the 

NMEA-0183 format. The receiver’s secondary serial port accepts differential GPS 
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(DGPS) corrections in RTCM SC-104 format. Figure 4.4 shows the basic connection 

between the UTRACKER02 GPS receiver and the MSP430 microcontroller. 

 

UTRACKER02 MSP430F123A

TXD18

RXD14

P3.5/URX 15

P3.4/UTX 14

 

Figure 4.4 GPS receiver and Microcontroller connection 

 

 The UTRACKER02 is an extremely efficient GPS receiver, which is capable of 

providing continuous tracking and navigation down to a signal level of   –150dBm with 

an antenna gain of 0 dB. This module consumes only 130mW in continuous operation at 

1 fix per second, but this power consumption can be reduced by operating at a lower fix 

rate, e.g. one fix every four second, this is possible because the UTRACKER02 enters a 

low power sleep state between fixes. 

 

4.1.2 GMSK Modem 

 Designing a GMSK modem was considered, however implementing the design 

would require several integrated circuits (IC), which will make the final PRIB unit too 

bulky, and less power efficient, and as a result this idea was abandoned. Instead, it was 

decided to use a commercially available integrated circuit. The CMX589A [18] baseband 
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GMSK modem produced by Consumer Microcircuits Limited in the UK was chosen 

because it is inexpensive, easy to interface with a microcontroller, and has quite good 

performance. It takes a serial digital data input and produces a filtered signal output, 

which can be fed directly into the transmitter’s input.  

The CMX589A has a wide range of available data rates from 4kbps to 200kbps. 

Both the data rate and the BT or bandwidth-data factor (0.3 or 0.5) are pin programmable. 

The power consumption of the modem is extremely low. For a data rate of 64kpbs, the 

power consumed by the modem should be less than 20mW.  

 The modem has separate transmit and receive power-save inputs allowing for full 

or half-duplex operation, since the PRIB only needs to transmit data, the receiver section 

of the modem is not used, thus it has lower power consumption.  

 The transmit section requires at least four signals to be interfaced with a 

microcontroller to function properly as shown below.  

 

Table 4.2 CMX589A transmitter control signal 
 
Signal Description 

TX Enable A logic 1 applied to this input enables the transmit data path 

TX PSAVE A logic 1 applied to this input will turn off all transmit circuits, except 

for the TX Clock. 

TX Data The logic level input for the data to be transmitted. This data should be 

synchronous with TX CLK 

TX CLK A logic level clock output at the transmit data bit-rate 

 

 These four signals are directly connected to two I/O pins of port 2 and two I/O 

pins of port 3 of the microcontroller as shown in Figure 4.5. The reason for connecting 
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the TXCLK signal to one of the I/O pins of port 2 (P2.3) is because each bit to be 

transmitted needs to be synchronized with the low-to-high transition of the TXCLK 

signal. The microcontroller’s port 1 and port 2 has the capability to detect this transition, 

whereas port 3 cannot.  

 

MSP430F123A CMX589A
TX ENABLE
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TX PSAVE 18

TX DATA
19

TX CLK
22

P2.3
18

P2.4
19

P3.6
16

P3.717

+5V

BT

 

Figure 4.5 Microcontroller and GMSK modem connection 

 

 To ensure that the CMX589A clock recovery and Rx level circuits operate 

correctly, it is necessary to make sure that the transmitted data has a reasonably random 

structure. It is recommended that the data contain the same number of ones or zeroes with 

no long sequences of consecutive ones or zeroes. When data is transmitted in bursts, each 

burst should be preceded by at least 16 bits of training sequence designed to allow the 

receive modem to establish timing and level lock as quickly as possible. This training 

sequence for BT=0.5 should preferably consist of alternating ones and zeros 

(1010101010101010) [18]. 
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4.1.3 Microcontroller 

The microcontroller is the brain of the PRIB system. It will synchronize and combine 

all the elements of the system to perform the necessary tasks. The tasks required from the 

microcontroller would be to retrieve the aircraft’s position from the GPS receiver and the 

processing and distribution of the data received. The controller is also responsible for 

setting up the communications protocol, and calculating the Cyclic Redundancy Check 

(CRC). Therefore, the selection criteria used for the microcontroller are: 

 

• At least one serial port (UART) for communicating with the GPS receiver 

module. 

• A timer to allow for synchronization settings. 

• Ultra-low power requirement. 

• At least 256 bytes of memory RAM, to save positional information and to 

calculate and to store the CRC. 

• I/O ports capable of sensing signal transition. 

 

Since the PRIB is fairly processor intensive, a 16-bit microcontroller is a good choice 

to provide all the essential functions. Based on the selection criteria, availability, and 

small footprint, a microcontroller from the MSP430 [19] family was chosen. 

 Texas Instrument’s single-chip digital baseband microcontroller MSP430 family 

was designed specifically for low-power embedded systems. The customizable platforms 

help the manufacturer achieve a lower component count, save board space, and reduce 

power consumption. 
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 The MSP430 family is a 16-bit microcomputer family having special features not 

commonly available with other microcomputers [19]: 

 

• Complete system on-chip (ROM, flash memory, RAM, watchdog, UART, 16-bit 

timers, oscillators) 

• Extremely low power consumption: only 495pWs/instruction cycle. Only 225µA 

@2.2V, 1MHz 

• High speed: 125ns/instruction @8.0MHz 

• RISC structure (27 core instructions) 

• Orthogonal architecture (any instruction with any addressing mode) 

 

These features make it very easy to program the MSP430 in assembler or in C-

language. The MSP430 family offers four operating modes, with different current 

consumption. Three of them are important for battery-driven applications [19]: 

 

1. “ The active mode with running CPU: This mode is used for calculations, 

decisions, I/O functions and other activities that make a running CPU necessary. 

2. The Low Power Mode 3 (LPM3): the normal mode for all applications during 

99% to 99.9% of the time. This mode is also called done mode or sleep mode, 

which is the most important mode for all battery driven applications. The CPU is 

disabled, but enabled peripherals stay active: timer, I/O ports, USART, 

comparator. Enabled interrupts wake-up the CPU. 
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3. The Low Power Mode 4 (LPM4): the mode used during storage times. This mode 

is also called off mode. The LPM4 is used if the lowest supply current is 

necessary or if no timing is needed. This is normally the case for storage times 

preceding or following the calibration process “ [19]. 

 

In this project, the microcontroller is programmed to work on The Low Power 

Mode 3, except when there is data to broadcast, which only happens around 2 ms in 

every 4 seconds. 

 

4.1.4 Frequency Modulation (FM) transmitter 

 The experimental PRIB uses the Industrial, Science and Medical (ISM) band for 

operation. This band was chosen because it is a good choice of radio frequency for the 

aircraft data link, with low implementation cost and operation in an unlicensed frequency 

band. Because the PRIB uses a simplex (one–way) architecture, and GMSK modulation, 

the system requires a FM transmitter capable of operation in the 902-928MHz ISM band, 

Additional requirements are low power output and medium data rate compatible. To 

implement this portion of the link, the RF2512 FM/FSK Transmitter [20] from RF Micro-

devices was selected. A PRIB intended for aircraft needs a dedicated frequency band. 

The transponder band at 1090 MHz is already overcrowded. A better choice would be to 

capture several channels for the higher frequency end of the AMPS mobile telephone 

band, around 890 MHz. 

 The RF2512 is capable of direct conversion or up converted FM transmission, and 

has RF output power that meets FCC requirements.  The device consumes very low DC 
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power and is capable of operation from 2.7 to 5.0V, ideal for both 3V and 5V logic. 

Additionally, low power consumption is possible by disabling the transmitter circuitry, 

which is done by applying a low logic level to pin 11 (TX ENABL). 

  

4.1.5 Electrical Power System 

 The PRIB must have two power supply sources. The primary source uses the 

power from the aircraft electrical system, and the secondary source should be self-

sufficient and be able to last for approximately 10 to 15 hours. When the primary source 

fails, the system must be able to switch automatically to the secondary source. 

 The Electrical Power System (EPS) needs to supply power to the GPS receiver, 

microcontroller, and beacon transmitter. Since the aircraft electrical system is capable of 

handling high power, the design of the EPS is straightforward when the primary source is 

used, but care should be taken with the design of the secondary source. Because the 

secondary source should be self-sufficient, it must use rechargeable batteries.   

 

4.1.5.1 Power Supply Unit 

The power supply unit is designed to provide a complete backup system for the 

PRIB. Battery charging power comes from the aircraft electrical system and it is assumed 

an input voltage range from 12V to 24V.  The block diagram of the power supply is 

shown in Figure 4.6, the complete schematic is depicted in Appendix 1.D. 
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Figure 4.6 Power Supply 

 

The power supply unit consists of a battery charger, which is responsible to 

charge a single cell nickel cadmium (NiCD) or nickel metal hydride (NiMH) battery, and 

a high efficient DC-to-DC converter that is responsible for providing the +3.3V and +5V 

required by the PRIB circuitry.  

When the aircraft electrical system is capable of providing the +12V, the battery 

charger starts charging the battery and supplying part of the power required by the PRIB 

circuitry. Once the battery is fully charged or the aircraft electrical system is removed the 

charger stops working, and the battery starts providing all the required power. It is 

important to note that switching from the aircraft electrical system to the battery is done 

without any delay; this is possible because the battery is always on-line and serves as the 

power source for the DC-DC converter. 

 

4.1.5.1.1 Battery Charger unit 

 While the aircraft system power is present the onboard battery charger charges the 

battery and provides the power required by the PRIB unit. Charging will not take place if 

any of the following conditions are met:  

 

• Aircraft system power is below 5V 
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• Battery is already charged 

 

To ensure long battery life and reliable charging a special battery charger circuit is 

used based on the MAX712 [21] (Appendix 1.D). It is important to note that battery 

using NiMH and NiCD technology is the only ones supported by this charger. The 

MAX712 are always in one of two states: fast charge or trickle charge. During fast 

charge, a high charging capacity is used (C/4), where C is the battery capacity in Amp 

hours or milliamp hours; once full charge is detected, the current reduces to trickle charge 

using a charge rate of C/16 approximately. 

The battery charger is set to charge at a rate of C/4; in other words, it will take at 

least four hours to charge completely a discharged battery. This charge rate is chosen 

because this is the slowest fast-charge rate for the MAX712, and because it gives the 

lowest power dissipation of the power PNP transistor, and thus a smaller footprint. 

 

4.1.5.1.2 Step-Up DC-DC Converter 

The DC-DC converter is responsible for supplying the +3.3V and +5V outputs. 

To accomplish this task, two converters are necessary, the MAX1674 [22] and the 

MAX1703 [23]. The first one is a low power converter, which is set to output +3.3V, and 

the second one is a high-power converter sets to output +5V. 

Because +3.3V is used to power the microcontroller and the GPS receiver 

modules, the MAX1674 is always on. The MAX1703 is used to power the GMSK 

modem, the FM transmitter, and the RF amplifier. Since all these three modules are only 

active when there is position data to transmit, as it is shown in the next chapter, the +5V 
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output needs to be active for only 2 ms every 4 seconds, thus saving power consumption. 

The MAX1703 is turned on when the signal ON\ (PIN 16) is low, and when the signal 

ON\ is high the MAX1703 stop working and draws the lowest current or 20uA. 

 

4.1.5.2 Battery Capacity Calculation 

In order to select the right battery for this application, we must first calculate the 

required capacity. The discussion below describes the power budget in detail. 

 

1. GPS Receiver: From the specifications, this unit will draw a maximum power of 

130mW at +3.3V in continuous mode at 1 fix per second and is the major concern 

in terms of power consumption. For a load current of 40mA, the MAX1674 

power converter conversion efficiency is 85%, but for a conservative design 70% 

is used 

mAhhoursW
V

tPCGPSUnit 844
3.3*7.0

15*130.0* ===
η

 

 

2. Microcontroller: This unit has two modes of operation, the active mode when 

the maximum power is drawn and the sleep mode in which the minimum power is 

consumed. When the microcontroller is in the active mode it will draw a 

maximum current of 2.8mA at 3.3V, but as mentioned before, this mode is active 

only for approximately 2ms, hence the current requirement in this mode is  

AhmshoursmA
T

ttiC on
microMax µ

η
30

4*7.0
2*15*8.2**

===  

 where T (look at section 5.1.1) is the time between each transmission. 
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Most of the time the microcontroller will be working in sleep mode where only 

3.4µA will be drawn, so the current requirement in this mode is 

AhmshoursA
T
tti

C off
microMin µµ

η
73

4*7.0
)24(*15*4.3**

=−==  

Then the total power draw from the microcontroller is 103 µAh. 

 

3. GMSK modem, FM Transmitter, and RF Amplifier: These modules require a 

power supply of +5V. They will only draw the maximum power when there is 

new data to transmit, which happens during 2ms every 4 seconds. When there is 

no data to transmit, the +5V supply is disconnected by disabling the DC-DC 

Converter MAX1703 IC (look at Appendix 1.D), in this state, only the MAX1703 

draws current from the battery, which is just 20µA.  Table 4.3 shows the 

maximum current consumption of these three modules and their peripherals: 

 

Table 4.3 Current consumption from the +5V power supply 
 
 Modem 

CMX589A 
25.6MHz
Clock 

U5 
LM358 

FM 
Transmitter 
RF2512 

RF 
Amplifier 
RF2131 

Maximum 
Current (mA) 

4 15 15 28 570 

 

The total maximum current for these three modules is 632mA; with this load current 

the MAX1703 conversion efficiency is 65%, but for a conservative design an efficiency 

of 50% is used, so the current requirement for the active mode is 

mAHmshoursmA
T
tti

C off
VMax 5.9

4*5.0
2*15*632**

5 ===+ η  
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and for the sleep mode is 

AhmshoursA
T
tti

C off
VMin µµ

η
600

4*5.0
)24(*15*20**

5 =−==+  

  

Adding all the above figures, the total current consumption is approximately 

854.2mAH, hence a single battery with a current capacity of 900mAH or 1000mAH 

will suffix. Two batteries that meet this current capacity are the HR-4/5AAUC 

(NiMH) and the KR-1100AAU (NiCD) both manufactured by Sanyo Inc. The 

dimensions of both batteries are shown below  

 Height (mm) Width (mm) 
HR-4/5AAUC 43.0 14.2 
KR-1100AAU 49.5 13.8 

 
 
 
 
4.2 Link Budget 
 

 In order to determine if the PRIB can effectively communicate with a ground 

station, we must perform a link budget analysis. To do this, certain system parameters are 

first chosen. The link budget begins with the transmitter and all of the connecting 

components to the antenna. Because the PRIB design should be small and battery 

operated, the maximum output power from the transmitter is restricted to 1 watt. Both the 

PRIB transmit antenna and the receive antenna at the ground station must have omni-

directional coverage, thus a zero dB gain antenna is used. The system must also work at a 

range of at least 40km to ensure coverage in the airspace around the smart landing facility 

[6]. For a data rate of 200KHz, a signal bandwidth of 500KHz is specified. To simplify 



 49

the calculations in the link budget, all power measurements, gains, and losses are 

converted to decibels (dB).  

The link budget starts by calculating the propagation or path loss for the system 

using 915MHz as the carrier frequency. The path loss is solved for using the equation 

24






=

λ
πRLp     (4.1) 

where R is the range of 40km and λ (0.32787m) is the wavelength of the carrier.  This 

gives a path loss of 124dB.  The next calculation is to solve for the received signal power 

in dB, which is calculated using 

miscatmosprttr LLLGGPP −−−++=  (4.2) 

where Pt is the transmit power of 1 watt or 0 dBW. Gt and Gr are the transmit and the 

receive antenna gain of 0 dB. Latmos is the atmospheric loss with a conservative value of 1 

dB. Lmisc is the miscellaneous losses present in the system and the value of 3 dB is used. 

Solving this equation gives a received power of –127dBW. 

 Next we analyze the receiver portion of the link budget. The first step is to 

calculate the noise power level present in the receiver, expressing all parameters in dB, 

the noise power can be found by 

 

BTkN dBW ++=   (4.3) 

 

where k is Boltzman’s constant of –228.6dBW/K/Hz, T is the receiver noise temperature 

in degrees Kelvin, 600K or 27.8dBK is used in the calculation, and B is the receiver noise 
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bandwidth in Hz, which is 500kHz or 57dBHz. Solving equation (4.3) gives a noise 

power of –143.8dBW. 

 In order to properly recover the transmitted data, we must achieve a minimum 

Signal-to-Noise Ratio (SNR), which depends on the modulation format. To calculate the 

SNR, we subtract the effective noise power from the effective carrier power. As the link 

budget shows, the SNR is 19.8dB, with this figure and using the CMX589A modem, we 

can achieve a Bit Error Rate (BER) of 10-4 with a link margin of 6.3 dB as is depicted in 

Figure 4.7. 

 

Table 4.4. 915MHz PIRB Link Budget 
 
Transmit Power: 1W 0dBW 

Transmit Antenna Gain: 1 0dB 

Receive Antenna Gain: 1 0dB 

Path Loss  124dB 

Atmospheric Loss: 0.794 1dB 

Miscellaneous Loss: 0.5 3dB 

Received Carrier Power -127dBW 

Boltzman’s Constant -228.6dBW/K/Hz 

Bandwidth (500kHz) 57dHz 

Noise Temperature (600K) 27.8dBK 

Noise Power -143.8dBW 

SNR  16.8dB 
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  Figure 4.7. Typical Bit-Error-Rate Performance at VCC = 5.0V [16] 
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4.3 Ground Station Receiver  

The ground station receiver block diagram is depicted in Figure 4.8, the schematic 

is shown from Appendix 2.A to Appendix 2.B.  The main components of the receiver are 

an FM receiver, a controller, and a GMSK demodulator. 
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Figure 4.8 Ground Station Receiver Block diagram 
 
 
 
4.3.1 FM Receiver RF2917 

 The experimental data link uses an RF2917 [24] low-power RF receiver IC 

developed for wireless data communications devices, operating in the 915MHz ISM 

band. All that is required to support this IC is a 3.3 V supply, a reference crystal, two 

intermediate filters, and a few passive components. An antenna or a front-end filter can 

be connected to the low noise amplifier (LNA) input of the RF2917 by means of a DC 
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blocking capacitor and some matching reactive components. Even though the receiver IF 

section is optimized to interface with low cost 10.7 MHz ceramic filters, the use of other 

types of filters is also possible [24].  

 

4.3.2 GMSK demodulator 

 The output of the RF2917 is fed to the CMX589A’s Rx Filter by a suitable gain 

and DC level adjusting circuit, as depicted in Figure 4.9. This circuit has been 

implemented using two operational amplifiers (Appendix 2.B); note that the first 

amplifier (U2B) amplifies the FM output of 240mV to 1V peak to peak, which is required 

by the receive input of CMX589A.  The second operational amplifier (U2A) adjusts the 

DC level to around one-half of VCC.  

 

R X  F r e q u e n c y
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D C  L e v e l
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R X
F e e d b a c k

R X  F i l t e r
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R X  IN F B

C M X 5 8 9 A
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Figure 4.9 FM receiver and GMSK modem connection 

 

Positive going signal excursions at Rx feedback pin will produce a logic 0 at the 

Rx data output. Negative going excursions will produce a logic 1 [18]. 



 54

4.4 Summary 

 This chapter has outlined the hardware requirements to be used in the PRIB 

system. Each one of the major components has been selected and its function has been 

explained. Even though the PRIB has been designed to be as small as possible, the 

designed system only serves as the foundation for a prototype system. With further 

development, more advanced and more suitable devices may be used. 
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Chapter 5 -Software Implementation 

 This chapter describes the communications protocols used in the RF datalink of 

the PRIB system. The structure of the setup is first examined, followed by a brief 

description of all the required major routines. 

 

5.1 The Microcontroller Software 

 The controller performs many tasks to allow the PRIB system to function reliably. 

It is responsible for controlling the operation of the GMSK modem, the GPS receiver, the 

FM transmitter and the RF amplifier, and for routing data to and from these modules. 

Software development was performed using the IAR System Embedded Workbench, 

Kickstart edition from Texas Instruments [25]. The firmware can be broken down into the 

following main modules. 

 

5.1.1 Retrieving Aircraft’s Position 

 Each PRIB system transmits information via a pure random access channel. This 

means that each aircraft broadcasts its location at a certain repetition frequency with no 

coordination among the different aircrafts. Because each new transmitted message 

contains the entire positioning and identification information, and does not rely on the 

previous transmission. If a collision occurs on the channel, the receiving station will just 

have to wait until the next message is sent. Since the PRIB system is designed to work 

within a radius of 40km, it is necessary to know how often the system needs to transmit 

positioning information and how many aircraft can the system handle reliably, given a 

desired performance. For this system we want to be able to support at least 100 aircraft, 
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and have a reliability of at least 99.9%, with at least one response every four or five 

seconds arriving without collision at the ground station. 

 Table 5.1 and Table 5.2 show simulation results for the maximum number of 

messages lost for a transmission rate of 100kpbs and 200kbps (look at Appendix 4 for 

Matlab code) respectively. It is clear from these tables that a good choice at 100kbps is 5 

seconds between transmissions, and 4 seconds at 200kbps.  If 4 seconds between 

transmissions is chosen for a bit rate of 200kbps, then 0.25% (1/400) of all single 

transmissions might suffer collision. Since 0.25% is the probability of the first 

transmission colliding, then the probability of two consecutive transmissions having 

collision is 0.000625%, in other words, the system is able to achieve a reliability of 

99.999375%. 

  From Figure 5.1 and Figure 5.2, 4 seconds between transmissions means that 10% 

and 5% of 100 aircraft at 100kpbs and 200kbps respectively will have a message collision 

and data be lost. Note that this percentage of aircraft having message collision is not the 

probability of message collision; it means that after an average of 400 transmissions 5 

aircraft out of 100 had lost one transmission. Because the designed PRIB prototype can 

transmit at a maximum bit rate of 200kpbs, the time between transmissions of 4 seconds 

was selected. 
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  Table 5.1 Maximum number of messages lost for a transmission 
  rate of  100kbps at different time between updates and different 
  number of  aircraft. 
 

 Time between Transmissions in 
Seconds 

Number of Aircraft 3 4 5 6 

40 1 1 1 1 
60 1 1 1 1 
80 2 1 1 1 
100 3 2 1 1 
120 5 4 2 1 

  Note: Average of 400 transmissions, and packet length of 120 bits. 

 

 

 Table 5.2 Maximum number of messages lost for a transmission 
    rate of 200kbps at different time between update and different  

  number of aircraft. 
 

 Time between Transmissions in 
Seconds 

Number of Aircraft 3 4 5 6 

40 1 1 0 0 
60 1 1 1 1 
80 1 1 1 1 
100 2 1 1 1 
120 3 1 1 1 

  Note: Average of 400 transmissions, and packet length of 120 bits. 
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Figure 5.1 Percentage of aircraft with message collision for different time 

between transmission and different number of aircraft at 100kbps.  

 

 

Figure 5.2 Percentage of aircraft with message collision for different time 

between transmissions and different number of aircraft at 200kbps. 
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Aircraft position is determined using the Utracker02 GPS receiver, as previously 

discussed in Chapter 4. Data is obtained from the Utracker02 through a serial interface 

every 4 seconds, which employs the NMEA183 format.  

 Figure 5.3 illustrates a typical output string from the Utracker02 receiver. Each 

sentence begins with the character $ and ends with a carriage return and a line feed. 

Within these symbols, position, and timing data is included.  This string is called a Global 

Positioning System Fix Data (GGA) message and is one of the most important response 

strings obtained from the GPS receiver.  

 

$GGA,hhmmss.dd,xxmm.dddd,<N|S>,yyymm.dddd,<E|W>,v,ss,d.d,h.h,M,g.g,M,a.a,xxx
x*hh<CR><LF> 
 
hhmmss.dd UTC time 

hh = hours 
mm = minutes 
ss = seconds 
dd = decimal part of seconds 

xxmm.dddd Latitude 
xx = degrees 
mm = minutes 
dddd = decimal part of minutes 

<N|S> Either character N or character S (N = North, S= South) 
yyymm.dddd Longitude 

yyy = degrees 
mm = minutes 
mddd =decimal part of minutes 

<E|W> Either character E or character W, (E=East, W = West) 
V Fix Valid indicator 

0 = Fix not valid 
1 = Fix valid 

Ss Number of satellites used in position fix 
d.d HDOP – Horizontal Dilution Of Precision 
h.h Altitude (mean-sea-level, geoid) 
 

Figure 5.3 Time, position and fix related data for a GPS receiver [26] 
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 Once the microcontroller has extracted a valid position data, which includes 

latitude, longitude, and altitude, an aircraft ID is then added to this data to form a packet 

for broadcast transmission. The packet contents are illustrated in Figure 5.4 

 

ID Longitude Latitude Altitude Checksum 

24bits 28 bits 24 bits 16 bits 16 bits 

 

Parameter Description 

ID PRIB or Aircraft identification. 3 bytes are used for this purpose, that 

allows for over 16 million different identification numbers. 

Longitude Accuracy = 180m 

Range: ±10 800 000 (± 180 degrees) 

Positive = East 

Negative = West 

Latitude Accuracy = 180m 

Range: ±5 400 000 (±90 degrees) 

Positive: North hemisphere 

Negative: South hemisphere 

Altitude Altitude in 16 feet stages 

Range: 0-64 633 feet (19.7km) 

 

Figure 5.4 PRIB packet format for transmission 

 

The 24 Bit Address is a number assigned by the International Civil Aviation 

(ICAO) as a unique identification number for aircraft. Note that while the tail number of 

the aircraft determines the 24-bit address it is not in itself the tail number. The 24-bit 

number is unique to each aircraft. The first 9 bits of the address comprise the national 
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identification code. For example, in Finland this will always be 0100 01 100. The 

remaining 15 bits provide the individual address code [30]. 

It is important to note that all positional data is coded using Binary Code Decimal 

(BCD) format, which requires 4 bits for each digit.  The decimal point is ignored, and it is 

assumed that the receiver side knows where the decimal point is located by counting the 

number of digits received. 
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5.1.2 Transmit Methodology 

 The transmitter/receiver pair performs the simple task of transferring the position 

and identification data from the PRIB unit to the base station.  

 
 
5.1.2.1 RF Protocol 

 The data format used for the RF communication is as follows: 

Data rate:   200kbps  

Resulting bit length:  5µs 

Data Package   123 bits (including training sequence) 

Coding:   Non return-to-zero (NRZ) 

  

Figure 5.5 shows the data packet of the implemented RF link. The sequence of the 

data packet has three parts: training sequence, the start bit, and the data package that 

includes 13 bytes of data. These three parts are discussed in the following sections. 

 

St
ar

t B
it

Training Sequence

t

High

Low

5us

M
SB LS

B

First Byte of
Data Package

Second Byte

 

Figure 5.5 RF Protocol 
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5.1.2.1.1 Training Sequence 

 The training sequence has two purposes: The first is to enable the receiver to 

adapt to the transmitted signal. The second is to enable the receiver to distinguish 

between noise and valid data. The minimum training sequence length required by the 

CMX589A modem is 16 bits. Figure 5.6 shows the signal of the training sequence used 

for the implemented RF link on the PRIB system. The training sequence consists of 16 

alternating ones and zeros (1010101010101010) [18]. 
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Figure 5.6 Training Sequence 

 

5.1.2.1.2 Start Bit 

 The start bit is shown in Figures 5.5 and 5.6. The purpose of the start bit is to 

enable the receiver to distinguish the beginning of the actual data package. The length of 

the start bit must be wide enough so an easy distinction between the pulses of the training 

sequence and the pulse of the start bit can be made [25]. In this project, the pulse width 
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was set to three times the pulse length of the training sequence bit, giving a start bit of 

15us duration. 

 

5.1.2.1.3 Data Packet 

 The data package contains the actual data to be transmitted. The PRIB system 

implements a data link for 11 data bytes, and two additional bytes containing the 

checksum for these 11 data bytes. For data transmission, the last two transmitted bytes 

are the checksum of the transmitted data package as calculated by the transmitter. The 11 

bytes in the data package are not separated by start or stop bits. Transmission of a single 

byte always begins with the most significant bit (MSB) of the transmitted byte. Figure 5.7 

shows the shape of the data packet. 
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Figure 5.7 Data Packet 
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5.2 Code Description 

 The next sections describe each of the implemented major routines for the RF 

protocol. Appendices 3.A to 3.M contain the entire code used for implementing the RF 

link. The code is written using assembly language for the MSP430F123A and runs in the 

IAR Kickstart environment. 

 
 

5.2.1 Main 

The main routine (Figure 5.8) consists of two parts: Initialization and the main 

loop. In the initialization phase, the settings for the ports, the modules, and the clock 

systems are calculated. The loop-main routine is executed every 4 seconds, when new 

position information is available from the GPS receiver. After transmitting the new 

position information, all modules but the GPS receiver enter the sleep state, where the 

minimum power is consumed. 

The function of each one of the routines is described below.  
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Call GPS_rcv

Call GPS_data

Call Checksum

Call Initialization

Call Send_RF

Main

End

Loop_main

CPU Sleep

Data from
GPS_module

No

 

Figure 5.8 Logic Diagram for Main routine 
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5.2.1.1 Initialization 

The purpose of the Initialization routine –Figure 5.9- is to configure the ports, 

modules, and the basic clock system of the MSP430F123A.  

Initializing the clock module of the MSP430F123A microcontroller needs special 

attention.  The MSP430F123A microcontroller features automatic switching of the clock 

source for the CPU back to the digitally controlled oscillator mode (DCO) when the 

oscillator fault-interrupt flag (OFIFG) is set. This happens when the external clock source 

fails or on every power-on-reset (POR). Therefore, choosing the external high-frequency 

crystal (in the case of this project, for example) as the clock source for the CPU must be 

done by a defined procedure. This is handled by the oscillator-fault-interrupt-flag loop in 

the Initialization routine. This loop is required because when OFIFG is set, and if we 

force the CPU to switch to the external crystal, this can potentially result in code 

execution errors [19]. 

This routine is also responsible for configuring the CPU’s serial port parameters to 

those of the Utracker02 GPS receiver 

• Default speed 4800 bps 

• No parity 

• 8 data bits 

• 1 stop bit 
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Figure 5.9 Logic Diagram for Initialization routine 
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5.2.1.2 GPS_rcv  

This routine is very simple and is used to configure the Utracker02 GPS receiver 

module. This prepares the Utracker02 to output the Global Position System Fix Data 

(GGA) message every 4 seconds. 

 

5.2.1.3 Checksum 

 A Cyclic Redundancy Check (CRC) is a widely used method of detecting errors 

in messages transmitted over noisy channels. The sending system calculates a CRC and 

appends it to the transmitted message. The receiving system calculates a new CRC based 

on the entire message (including the calculated CRC). If the calculated CRC is zero, then 

the transmission was successful. However, if the result is not equal to zero, an error 

occurred during the transmission and all data should be ignored. The advantage of using a 

CRC is that it is virtually impossible for a random change in a block of data to generate 

the correct checksum.  

 This project uses the CRC-16 polynomial as the divisor for the CRC calculation. 

Because the CRC-16 uses 16 bits, a two bytes checksum is appended to the data. The 

selection of the CRC-16 is based on its error checking accuracy as shown below. 

 The implementation of the CRC algorithm is shown in Figure 5.10, and is based 

on the implementation presented in [28]. For simplicity the name of all variables used in 

[28] are also used here. In the first step the registers, “CRC_HIGH and CRC_LOW, are 

initialized with the first two bytes of data. CRC_BUFF is loaded with the third byte of 

data. After that, the MSB of CRC_HIGH is shifted one bit to the left, the MSB of 

CRC_LOW is shifted into the LSB of CRC_HIGH, and the MSB of CRC_BUFF is 
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shifted into the LSB of CRC_LOW. The MSB of CRC_HIGH, which is now stored in the 

Carry flag, is tested to see if it is set. If the bit is set, the registers CRC_HIGH and 

CRC_LOW will be XORed with the CRC-16 polynomial, and the result of the XOR 

operation is saved in the CRC_HIGH and CRC_LOW registers; after this, one more bit is 

shifted left. If the bit is not set, the above shifting is performed again. 

 This process is repeated until all data from CRC_BUFF is shifted into 

CRC_LOW. After this, CRC_BUFF is loaded with the next data byte. Then all data bytes 

are processed, and 16 zeros are appended to the message. The registers, CRC_HIGH and 

CRC_LOW, contain the calculated CRC value, which should be appended to the original 

data” [28]. 

 

Table 5.3 Error Checking Accuracy using CRC-16 bit CCITT 1 

CRC-16 Error Checking Accuracy 

Single bit Errors 100 percent 

Double-bit Errors 100 percent 

Odd-Numbered Errors 100 percent 

Burst Errors Shorter than 16 bits 100 percent 

Burst Errors of exactly 17 bits 99.9969 percent 

 

                                                 
1 Error Checking Accuracy Table values taken from [27] 
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Figure 5.10 Logic diagram for Checksum generation 
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5.2.1.4 Send_RF 

 The flow chart of this routine is shown in Figure 5.11. This routine is used to 

transmit the received data from the Utracker02 GPS receiver module to the Ground 

Station Receiver. Once positioning data from the GPS receiver has been extracted and the 

checksum has been calculated, the CPU wakes up the GMSK modem, and the FM/RF 

transmitter from the Sleep mode; this is done by the following steps (look at Appendix 

1.A): 

 

• Activate the +5V power supply by resetting the signal +5V ENABLE; this step 

will power the GMSK modem, the FM Transmitter, and the RF Amplifier. 

• Wait around 1ms until the above modules are stabilized. 

• Enable the FM Transmitter by setting the signal FM ENABLE. 

• Enable the GMSK modem by resetting the signal TX PSAVE. 

 

After these steps are completed, 16 alternating training bits and one start bit are sent as 

outlined in Section 5.1.2. 

 After the Start Bit has been sent, the aircraft identification, the position 

information, and the checksum are transmitted. Once all data have been sent out, and in 

order to save energy, the CPU, the GMSK modem, the FM transmitter, and the RF 

amplifier are set to theirs respective Sleep Mode. 
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Figure 5.11 Send RF routine 
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5.3 Summary 

 This chapter has outlined the RF protocol, the data packet design, and the 

operation of the controller firmware. 

 Through simulation it has been shown that a suitable time between transmissions 

is 4 seconds at a bit rate of 200kbps. With this repetition rate and bit rate, the probability 

that at least one transmission will reach the ground station without collision every 8 

seconds is 99.999%. 
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Chapter 6- Measurements and Experimental Results 

All measurements were performed with the transmitter and receiver tuned to 

915MHz, which is near the center frequency of the ISM band. Figure 6.1 illustrates the 

measurement setup for measuring the Bit Error Rate (BER) at the receiver for different 

input power levels. 
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Figure 6.1 Measurement Setup 

 

 It is important to note that the output from the PRIB unit is a base-band GMSK 

signal, which is used to modulate the built-in FM transmitter of the HP8657A signal 

generator. The reason to do this is because the HP8657A output power can be changed 

easily, thus saving time. 

 



 76

6.1 Noise Power Measurements 

 The noise power is measured using the basic principles of signal powers and 

linear receivers. For two independent signals, the combined power is simply the sum of 

the two independent signals. For linear receivers, the sum of two equal signal powers will 

be 3 dB higher than the power of one signal. The measurement setup for measuring the 

noise power is shown in Figure 6.1. For this measurement the HP8591A resolution 

bandwidth is set to 180kHz, which is the bandwidth of the two IF filters of the receiver 

[24]. 

 In order to measure the receiver noise power, the following steps are followed: 

 

a. Use the spectrum analyzer to measure the IF output signal power with the RF Out 

of the signal generator off. 

b. The RF out of the signal generator is enabled at –130dBm, which is the minimum 

output power of the signal generator. 

c. Increase the RF out signal power until the IF output signal is 3 dB greater than the 

level when the signal generator was off. 

 

Assuming that the signal generator power and the noise power are independent 

signals, the receiver noise power is equal to the signal generator output level as measured 

in step c, minus any cable loss (-2dB). Following the above steps, the measured receiver 

noise power is –107dBm, referred to the input port (antenna terminals) of the receiver. 
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6.2 BER measurements 

 A known generated bit string is transmitted at a known power level. This power 

level can be changed so that a BER plot can be generated for different signal to noise 

ratios (SNR). The BER is calculated from the number of bits received in error 

divided by the number of bits transmitted 

 

BER = Bits in Error / Total bits received 

 

 Because of the unavailability of BER test equipment, the BER tester block shown in 

Figure 6.1 was designed first. Figure 6.2 shows the schematic of the device used for 

the BER measurements. 
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Figure 6.2 BER tester circuit 
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The transmitting and receiving circuits introduce a time delay of several bits. The 

transmitted bit pattern is delayed by the proper amount to match the received pattern 

in time; by actual measurements this delay is around 4 bits as is shown in Figure 6.3. 

If the bits are the same at the XOR gate input the output COUNTER is low. If they 

are different, the output COUNTER goes high, causing an event count of a bit error. 

The TX bit delay pattern is generated by the PRIB microcontroller, and is an exact 

copy of the transmitted data but delayed by four bits. 

 

 

Figure 6.3 Delay between digital transmitted data and received data for an input level 

of -90dBm, and a bit rate of 64kbps. 
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Table 6.1 shows the BER for different input power levels. To make this measurement, 

the PRIB microcontroller was programmed to output 10/BER number of bits.  This is 

done to ensure that the Eb/No error is less than 0.5dB. 

 

Table 6.1 Receiver BER versus SNR 
 RX Power (dBm) S/No (dB) BER 
-102 5 1.00E-01 
-101 6 5.00E-02 
-100 7 2.00E-02 
-99 8 1.00E-02 
-98 9 5.00E-03 
-97 10 3.00E-03 
-96 11 8.00E-04 
-95 12 3.00E-04 
-94 13 5.00E-05 
-93 14 3.00E-05 
-92 15 5.00E-06 
-91 16 3.00E-06 

Noise power = -107dBm 
 

 

 
 
Figure 6.4 BER versus SNR measured at the output of the GMSK modem CMX589A. 
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Figure 6.5 GMSK transmitted and received signal for an input level of 

-102dBm, and a bit rate of 64kbps. 
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Figure 6.6 Transmitted and recovered digital data for an input level of 

-102dBm, and a bit rate of 64kbps. 

 

6.3 Analysis 

As Figure 6.4 shows, the difference between the expected and the experimental 

BER is around 2dB.  The reason for this is because the measured receiver noise power is 

too high (–107dBm). According to the receiver datasheet, for an input power level of        

–101dBm, the SNR should be 8dB at a temperature of 25˚C, and a bandwidth of 180kHz, 

hence the receiver noise power must be around –109dBm, which clearly explains the 2dB 

difference between the experimental and expected BER. Figure 6.5 and 6.6 shows the 
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GMSK transmitted and received data, and the transmitted and recovered digital string 

respectively; note how noisy the waveform is, and the bit errors. 

The experimental results show that it is not possible to achieve the BER 

specification of 10-4 for a distance of 40km. From Figure 6.4 to achieve a BER of 10-4, a 

SNR of 13dB is required, hence an input power level of at least –94dBm is needed. Using 

this figure, the new maximum distance is only 26km. In order to reach the maximum 

distance of 40km, it is required to use a receiver with higher sensitivity or to transmit at a 

higher power level. 
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Chapter 7 - Future Developments 

 Today we are witnessing a true revolution in wireless communications. The 

technology behind mobile communications is fascinating, and might have a major role in 

the design and optimization of the Position Reporting and Identification Beacon (PRIB). 

In this chapter we outline improvements and possible extensions to the Position 

Reporting and Identification Beacon (PRIB) design. It must be noted that more 

modifications might be necessary once the PRIB is tested in a real-world environment. 

 

7.1 Immediate Advances 

 In the immediate future, there are a number of changes that can be made to the 

PRIB. Due to the PRIB modular design, it is possible to upgrade or modify certain 

components within the system.  

The main changes that could be made would be: 

 

• Selection of a Frequency Modulation (FM) receiver with higher sensitivity 

than the one used for this project (RF2917). 

• Encrypt the position data before transmission, and research its advantages 

and disadvantages. 

• Design the PRIB and ground receiver station antenna for field tests. 
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7.2 Future Advances 

 This thesis has proved experimentally that the PRIB concept is possible, even 

though the proposed design works the whole unit is not yet optimized. Because the 

current design uses several modules, the final product is not small enough, thus it is 

necessary to look at existing technology (e.g. cellular phones) for improvements. Adding 

new features and using the state-of-art technology to the PRIB will improve its 

capabilities. 

 

7.2.1 Third Generation (3G) cellular phone technology 

 Recently, Integrated Circuits (IC) manufacturers have been able to achieve higher 

integration and lower cost of stand-alone receivers. The melding of Global Positioning 

System (GPS) and cellular phones technologies will ultimately yield GPS-enabled cell 

phones.  The key element that has driven cellular phone manufacturers in the United 

States to include a GPS receiver in each phone is a mandate from the Federal 

Commission Committee (FCC), stating that by October 1, 2001 all 911 emergency calls 

must be able to pinpoint a caller’s location to within 125 ft.  

 As Figure 7.1 shows, 3G-cell phone will include a GPS receiver for determining a 

user’s position. Before GPS technology can be fully integrated into a cell phone, several 

issues must be taken into account. Power consumption is a major issue for GPS 

integration in battery-powered platforms. Current typical GPS receivers consume 100-

300mW at 3.3V. To enable GPS in a watch-type application, development of low voltage 

processes below 2V is required. Size of a typical GPS receiver is now small enough to fit 

in a wallet, but still too large to put into a cell phone or a watch. A company firm called 
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Fastrax Ltd. is already providing GPS for cell phone devices. This firm’s product is said 

to be the smallest (about the size of a postage stamp) and the lowest power-consuming 

GPS receiver unit (Itrax02 [26]), so it can be easily embedded in mobile phones. Another 

company called SiRF Technology Inc. has announced the production of the smallest GPS 

receiver module with a dimension of 11x14mm, and with a power consumption of only 

80mW. Clearly these advances will accelerate the integration of GPS receiver into a cell 

phone, as shown in Figure 7.1. 
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Figure 7.1 A Generic 3G Cell-Phone Design 

 

Figure 7.2 and Figure 7.3 shows the NavTalk Pilot GPS cell phone manufactured 

by GARMIN Inc, and the Magnavox MobilePal + GPS unit manufactured by Magnavox 

respectively. These two examples show that GPS-Cell Phone is already a reality, and it 
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might be possible in the near future to modify and to program a GPS-Cell Phone to work 

as a PRIB unit. This approach will yield a smaller and much more reliable design because 

we can use the same cellular infrastructure for transmission and data collection.  

 

 

Figure 7.2 NavTalk Pilot GPS cell phone. 

 

 

Figure 7.3 Magnavox MobilePal + GPS 
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7.2.2 Emergency Locator Transmitter (ELT) 

 An Emergency Locator Transmitter (ELT) is a device used to locate the position 

of a crashed aircraft. All ELT have a G-switch that activates the unit when it is subjected 

to a certain level and direction of acceleration. When the unit is activated, a distress 

signal of 121.5MHz or 406MHz is transmitted to a Low Earth Orbiting (LEO) satellite 

and to Geosynchronous Orbiting Environmental (GOES) satellites to determine the 

beacon’s position. Current ELT system location accuracy is approximately 2 km [29]. 

 One possible enhancement to the PRIB system is to provide an alternative 

solution to current the ELT system. The use of GPS technology will improve the location 

accuracy to approximately 100 m, which is a 400:1 improvement in total search area, thus 

reducing the overall time required to complete a rescue operation and possibly saving 

more lives. To this end, it is necessary to have access to the G-switch output signal, 

which can be used to trigger the PRIB microcontroller to transmit an emergency message 

to the Ground Station Receiver. Access to the G-switch signal could be challenging, thus 

a second alternative is to use the GPS signal to measure heading, velocity and 

acceleration of the aircraft, it these reading are beyond some established threshold then an 

emergency signal must be sent out to the Ground Station Receiver.  
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Chapter 8 – Conclusion 

 The author’s contributions in this work have been with the design, 

implementation, and verification of an aircraft tracking system prototype.  The FM 

transmitter, the RF amplifier, and the FM receiver design that are briefly discussed in this 

thesis are not the author’s work; each one of these modules was used with the evaluation 

board purchased from the manufacturer. The author designed the rest of the circuitry and 

implemented all the software needed to control the PRIB unit. 

 The design and implementation of a small size, power efficient, and cost effective 

aircraft tracking unit has been presented. Though the receiver unit was not part of this 

project, its implementation was necessary for testing purposes. It was shown that the 

performance of the FM receiver RF2917 is not satisfactory due to its poor sensitivity and 

high noise figure. Thus additional work might be needed to investigate this problem, and 

to select a better receiver chip.  

 The approach of using an ultra low power microcontroller, and the use of step-up 

dc-to-dc converter together with a few discrete components has been shown to provide 

acceptable performance. Additional work is needed to improve the BER performance, 

and to design transmitter and receiver antennas for field experiments. 
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APPENDIX 1. PRIB SCHEMATICS 
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APPENDIX 1.B FM Transmitter 
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APPENDIX 1.C RF Amplifier 
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APPENDIX 1.D Power Supply 
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APPENDIX 2. RECEIVER SCHEMATIC 
   
APPENDIX 2.A FM Receiver 
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APPENDIX 2.B GMSK Demodulator 
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Appendix 3. Microcontroller Code 

 
************************************************************************ 
; Created by Yuen On Lee 
; Last Updated March 12, 2003 
; 
; This program is designed to control the GPS receiver, the GMSK modem, the  
; FM  transmitter, and the RF amplifier. 
; 
; The normal mode of the microcontroller is LPM3(sleep mode), where the 
; minimum power is consumed. 
; New updates from the GPS receiver wakes up the microcontroller and triggers  
;  several routines for data processing and transmission of GPS data.  
; Baud rate divider with 8Mhz XTAL @4800 = 8MHz/4800 = 1666.666(0682.6Dh)    
; //*An external 8MHz XTAL on XIN XOUT is required for ACLK*//    
; 
; 
************************************************************************ 
; Define commands 
             
#include  "msp430x12x.h" 
 

ORG 0FF00h 
CONSTANT 
 
IDENT1         EQU 0200h           ;Aircraft ID1 
IDENT2         EQU 0201h 
IDENT3         EQU 0202h           ;Aircraft ID2 
 
LAT_DEG      EQU 0203h           ;Memory location for Latitude data 
LAT_MIN      EQU 0204h 
LAT_SEC1    EQU 0205h 
LAT_SEC2    EQU 0206h 
 
LONG_DEG    EQU 0207h           ;Memory location for Longitude data 
LONG_DEG1  EQU 0208h 
LONG_MIN    EQU 0209h 
LONG_SEC1   EQU 020Ah 
LONG_SEC2   EQU 020Bh 
 
ALTITUDE1     EQU 020Ch           ;Memory location for Altitude data 
 
CRC_HIGH     EQU 020Dh            ;Memory location for CRC computation 
CRC_LOW      EQU 020Eh 
CRC_BUFF    EQU 020Fh 
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EOS           DB '&' 
START      DB '$PFST,START&'          ;Start Navigation Command 
STOP         DB '$PFST,STOP&'           ;Stop Navigation Command 
FIXRATE   DB '$PFST,FIXRATE,4&'     ;Time between fix 
NMEA        DB '$PFST,NMEA,2000&'    ;Allow GGA message 
; --------------------------------------------------------------------------------------  
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Appendix 3.A MAIN and GPS_rcv routine 
 
            ORG     0E000h                  ; Program Starts 
; -------------------------------------------------------------------------------------- 
 
MAIN         
            mov.w   #300h,SP                  ; Initialize stack pointer 
            call        #INITIALIZATION          ; Initialize all ports, and setup 
                                              ; serial port to communicate with 
                                               ; the GPS receiver  
            call    #GPS_rcv                  ; Initialize GPS receiver module    
 
            eint                               ; General enable interrupts 
 
Mainloop      

bis.b   #CPUOFF,SR            ; Enter LPM3             
           jmp     Mainloop 
 
; ---------------------------------------------------------------------------------------------------------
GPS_rcv 
; Initialize GPS receiver module 
; ---------------------------------------------------------------------------------------------------------- 
            mov   #START,R5                 ;Commands GPS receiver to start 
            call    #TRANSMIT_COMM             ;navigation 
             
            mov    #NMEA,R5                  ;Commands GPS receiver to output 
            call     #TRANSMIT_COMM          ;only GGA message              
                        
            mov    #FIXRATE,R5              ;Commands GPS receiver to output 
            call     #TRANSMIT_COMM          ;navigation message every 4 seconds                                     
            ret 
; ----------------------------------------------------------------------------------------------------------       
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Appendix 3.B TRANSMIT_COMM routine 
 
; ---------------------------------------------------------------------------------------------------------- 
TRANSMIT_COMM                               
; Output a character or string pointed by R5 through the Tx terminal 
; ALL CHARACTER OR STRING MUST END WITH THE SYMBOL & 
; Transmission ends with <CR><LF> 
; ----------------------------------------------------------------------------------------------------------       
TX1         
            mov.b    #26h,R4                  ; Load & to R4 
            cmp.b    @R5,R4                  ; Check end of string (& symbol) 
            jeq       TX3                      ; =? Yes jump to TX2 
            
TX2          

bit.b     #UTXIFG0,&IFG2    ; USART0 TX buffer ready? 
            jz        TX2                      ; Jump is TX buffer not ready  
            mov.b    @R5,&TXBUF0        ; not equal transmit character 
            inc       R5                       ; not equal point to next character 
            jmp   TX1                          ; 
 
TX3          

bit.b     #UTXIFG0,&IFG2    ; USART0 TX buffer ready? 
            jz        TX3                      ; Jump is TX buffer not ready      
            mov.b    #0Dh,&TXBUF0        ; transmit <CR> 
 
TX4          

bit.b     #UTXIFG0,&IFG2    ; USART0 TX buffer ready? 
            jz        TX4                      ; Jump is TX buffer not ready      
            mov.b   #0Ah,&TXBUF0        ; transmit <LF>            
            ret 
; ---------------------------------------------------------------------------------------------------------- 
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Appendix 3.C GPS_data routine 
 
; ---------------------------------------------------------------------------------------------------------- 
GPS_data  
;  Check if the NMEA message is equal to $GPGGA. 
; ---------------------------------------------------------------------------------------------------------- 
           bic.b      #URXIE0,&IE2          ; Disable USART0 RX interrupt         
                     
CHK1 
        mov.b   #24h,R4                    ; Check for $ 
           cmp.b    &RXBUF0,R4            
           jeq        CHK2                       ; Yes, equal to $ 
           jmp       CHK_END 
 
CHK2        

bit.b       #URXIFG0,&IFG2       ; USART0 RX buffer full? 
           jz           CHK2 
           bic.b       #URXIFG0,&IFG2       ; Clear Receive interrupt Flag 
           mov.b    #47h,R4                       ; Check for G           
           cmp.b    &RXBUF0,R4           
           jeq         CHK3                          ; Yes, equal to G 
           jmp        CHK_END   
            
CHK3        

bit.b     #URXIFG0,&IFG2       ; USART0 RX buffer full? 
           jz        CHK3 
           bic.b     #URXIFG0,&IFG2       ; Clear Receive interrupt Flag 
           mov.b    #50h,R4                    ; Check for P            
           cmp.b    &RXBUF0,R4           
           jeq       CHK4                       ; Yes, equal to P 
           jmp       CHK_END                                             
             
CHK4        

bit.b     #URXIFG0,&IFG2           ; USART0 RX buffer full? 
           jz        CHK4 
           bic.b     #URXIFG0,&IFG2           ; Clear Receive interrupt Flag 
           mov.b   #47h,R4                   ; Check for G            
           cmp.b    &RXBUF0,R4            
           jeq       CHK5                      ; Yes, equal to G 
           jmp       CHK_END  
            
CHK5        

bit.b     #URXIFG0,&IFG2           ; USART0 RX buffer full? 
           jz        CHK5 
           bic.b     #URXIFG0,&IFG2           ; Clear Receive interrupt Flag 
           mov.b    #47h,R4                   ; Check for second G            
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           cmp.b    &RXBUF0,R4           
           jeq       CHK6                      ; Yes, equal to G 
           jmp       CHK_END  
            
CHK6        

bit.b     #URXIFG0,&IFG2           ; USART0 RX buffer full? 
           jz        CHK4 
           bic.b     #URXIFG0,&IFG2           ; Clear Receive interrupt Flag 
           mov.b   #41h,R4                   ; Check for A            
           cmp.b    &RXBUF0,R4           
           jeq       CHK7                      ; Yes, equal to A 
           jmp       CHK_END            
 
CHK7        

bit.b     #URXIFG0,&IFG2           ; USART0 RX buffer full? 
           jz        CHK7            
           bic.b     #URXIFG0,&IFG2           ; Clear Receive interrupt Flag 
           mov.b   #2Ch,R4  
           cmp.b    &RXBUF0,R4               ; Check for first "," 
           mov      #01h,R4                   ; Yes, first ",", R4 counts the 
                                               ; number of ","          
           call      #Save_GPS_data          ; Yes, the received message is  
                                               ;GGA message, starts processing 
                                               ; information 
                 
CHK_END     
           bis.b    #URXIE0,&IE2              ; Enable USART0 RX interrupt  
           reti                             
 
; ---------------------------------------------------------------------------------------------------------- 
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Appendix 3.D Save_GPS_data routine 
 
; ---------------------------------------------------------------------------------------------------------- 
Save_GPS_data 
; This routine extracts the Latitude, Longitude, and Altitude from the GGA 
; message. All information is saved using BCD format. Latitude information 
; is saved from memory location 0203h to 0206h. Longitude information is 
; saved from memory location 0207h to 020Bh, and Altitude information is 
; located from 020Ch to 020Dh. 
; ----------------------------------------------------------------------------------------------------------            
            mov  #LAT_DEG,R6   ;R6 point to beginning of GPS data table                                     
            mov  #01h,R4                       ;R4 counts number of "," 
                                                         
SAVE1        

bit.b     #URXIFG0,&IFG2          ; USART0 RX buffer full? 
            jz        SAVE1 
            bic.b    #URXIFG0,&IFG2          ; Clear Receive interrupt Flag 
            mov.b  #2Ch,R5                  ; Check for ","            
            cmp.b   &RXBUF0,R5           
            jeq       SAVE2                    ; Yes, equal to "," 
            jmp      SAVE1 
             
SAVE2       

 inc       R4                        
            cmp.b    #02h,R4 
            jeq       LAT_SAVE                 ;Second "," save Latitude data 
            cmp.b    #03h,R4 
            jeq       LAT_SIGN                 ;Third "," Save Latitude sign 
            cmp.b    #04h,R4 
            jeq       LONG_SAVE               ;Fourth "," save Longitude 
            cmp.b    #05h,R4 
            jeq       LONG_SIGN               ;Fifth "," save Longitude sign 
            cmp.b    #09h,R4 
            jeq       ALTIT_SAVE              ;Nineth "," save Altitude 
 
SAVE3             

ret 
     
; ----------------------------------------------------------------------------------------------------------
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Appendix 3.E LAT_SAVE routine 
 
; ----------------------------------------------------------------------------------------------------------     
LAT_SAVE  
 
; Saves Latitude information, it ignores the decimal point. 
; The format is as followed X1X2M1M2D1D2D3D4, where X1X2 is in degree 
; located at the RAM position 203h, the high nibble of location 203h contains X1 
; and the low nibble contains X2. M1M2 (minutes) are contained in location 204h, 
; and D1D2D3D4 (seconds) are contained in location 205h and 206h 
; respectively. 
; ---------------------------------------------------------------------------------------------------------- 
    
            clr       R7                    ;R7 indicates which nibbles to save 
                                            ;R7(0)=high nibbles,R7(1)=low nibbles 
             
LAT_SAVE1    

bit.b     #URXIFG0,&IFG2    ; USART0 RX buffer full? 
            jz        LAT_SAVE1 
            bic.b     #URXIFG0,&IFG2    ; Clear Receive interrupt Flag 
            mov.b  #0B7h,R5         ; Check for "."            
            cmp.b   &RXBUF0,R5           
            jeq       LAT_SAVE1             ; Yes, equal to "." ignore it 
                                            ; Look for next byte 
 
LAT_SAVE2    

cmp.b   #00h,R7                   
            jeq      LAT_SAVE3 
            jmp      LAT_SAVE4 
 
LAT_SAVE3    

mov.b  &RXBUF0,R8            ;Save high nibble  
            rla.b    R8 
            rla.b    R8 
            rla.b    R8 
            rla.b    R8 
            inc      R7                       
            jmp      LAT_SAVE1 
             
LAT_SAVE4    

mov.b  &RXBUF0,R9            ;Save low nibble 
            sub      #30h,R9 
            add.b    R8,R9 
            mov.b  R9,0(R6) 
            clr      R7 
            inc      R6 
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            cmp      #0207h,R6                 ;All Latitude data is saved?? 
            jeq      LAT_SAVE_END        ;Yes, go and check for sign 
            jmp      LAT_SAVE1 
 
LAT_SAVE_END             
            jmp     SAVE1 
; ---------------------------------------------------------------------------------------------------------- 
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Appendix 3.F LAT_SIGN routine 
; ---------------------------------------------------------------------------------------------------------- 
LAT_SIGN 
; Checks for North or South, if North (N) then the MSB of byte located at 203h 
;is set to 1 otherwise is set to 0 
; ---------------------------------------------------------------------------------------------------------- 
 
            bit.b      #URXIFG0,&IFG2      ; USART0 RX buffer full? 
            jz         LAT_SIGN 
            bic.b      #URXIFG0,&IFG2      ; Clear Receive interrupt Flag 
            mov.b     #04Eh,R5                ; Check for second "N"            
            cmp.b     &RXBUF0,R5           
            jeq        LAT_SIGN2               ; Yes, equal to "N"  
            mov.b     #053h,R5                ; Check for second "S"            
            cmp.b     &RXBUF0,R5           
            jeq        LAT_SIGN3               ; Yes, equal to "S"  
            jmp       LAT_SIGN_END 
             
LAT_SIGN2    

 mov.b     #80h,R5                 ;R5=1000 0000b 
            add.b     R5,&LAT_DEG          ;Set MSB bit of byte at 203h 
            jmp       LAT_SIGN_END 
 
LAT_SIGN3    

 mov.b     #7Fh,R5                 ;R5=0111 1111b 
            and.b     R5,&LAT_DEG          ;Clear MSB bit of byte at 203h      
             
LAT_SIGN_END 
            jmp SAVE1 
; ------------------------------------------------------------------------------------------------------- 
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Appendix 3.G LOG_SAVE routine 
; ---------------------------------------------------------------------------------------------------------- 
LONG_SAVE  
 
;Saves Longitude information, it ignores the decimal point. 
;The format is as followed X1X2X3M1M2D1D2D3D4,where X1X2X3 is in degree. 
;the high nibble of location 207h contains X1,whereas the low nibble contains X2, 
;X3 is contained on the high nibble of 0208h, and M1 is contained in the low  
;nibble. The rest of data is contained from 0209h to 020Bh. Note that 
;the low nibble of 020Bh is used to save the first digit of altitude. 
; ---------------------------------------------------------------------------------------------------------- 
 
            clr      R7                   ;R7 indicates which nibbles to save 
                                          ;R7(0)=high nibbles,R7(1)=low nibbles 
             
LONG_SAVE1 

 bit.b    #URXIFG0,&IFG2    ; USART0 RX buffer full? 
            jz        LONG_SAVE1 
            bic.b    #URXIFG0,&IFG2    ; Clear Receive interrupt Flag 
            mov.b  #0B7h,R5         ; Check for "."            
            cmp.b  &RXBUF0,R5           
            jeq       LONG_SAVE1          ; Yes, equal to "." ignore it 
                                          ; Look for next byte 
 
LONG_SAVE2   

cmp.b   #00h,R7                      
            jeq      LONG_SAVE3 
            jmp      LONG_SAVE4 
 
LONG_SAVE3   

mov.b   &RXBUF0,R8          ;Save high nibble  
            rla.b    R8 
            rla.b    R8 
            rla.b    R8 
            rla.b    R8 
            inc      R7                       
            cmp      #020Bh,R6            ;Check if the last nibble has been saved 
            jeq      LONG_SAVE5          ;Yes, this is the last nibble 
            jmp      LONG_SAVE1 
             
LONG_SAVE4  

mov.b   &RXBUF0,R9          ;Save low nibble 
            sub       #30h,R9 
            add.b     R8,R9 
            mov.b   R9,0(R6) 
            clr       R7 
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            inc      R6 
            cmp      #020Ch,R6                   ;All Longitude data is saved?? 
            jeq      LONG_SAVE_END        ;Yes, go and check for sign 
            jmp      LONG_SAVE1 
 
LONG_SAVE5   

clr     R9 
            add.b    R8,R9 
            mov.b   R9,0(R6) 
             
LONG_SAVE_END             
            jmp     SAVE1 
; ---------------------------------------------------------------------------------------------------------- 
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Appendix 3.H LONG_SIGN routine 
; ---------------------------------------------------------------------------------------------------------- 
LONG_SIGN 
 
; Checks for West or East, if West (W) then the MSB of byte located of 207h 
; is set to 1 otherwise is set to 0 
; ---------------------------------------------------------------------------------------------------------- 
 
            bit.b     #URXIFG0,&IFG2       ; USART0 RX buffer full? 
            jz        LONG_SIGN 
            bic.b     #URXIFG0,&IFG2      ; Clear Receive interrupt Flag 
            mov.b   #057h,R5                  ; Check for second "W"            
            cmp.b   &RXBUF0,R5           
            jeq        LONG_SIGN2            ; Yes, equal to "W"  
             
            mov.b    #045h,R5                  ; Check for second "E"            
            cmp.b    &RXBUF0,R5           
            jeq        LONG_SIGN3            ; Yes, equal to "E"  
            jmp       LONG_SIGN_END 
             
LONG_SIGN2   

mov.b    #80h,R5                   ;R5=1000 0000b 
            add.b    R5,&LONG_DEG             ;Set MSB bit of byte at 207h 
            jmp      LONG_SIGN_END 
 
LONG_SIGN3   

mov.b    #7Fh,R5                   ;R5=0111 1111b 
            and.b    R5,&LONG_DEG             ;Clear MSB bit of byte at 207h      
             
LONG_SIGN_END            
             
            jmp SAVE1 
; ---------------------------------------------------------------------------------------------------------- 
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Appendix 3.I ALTIT_SAVE routine 
; ---------------------------------------------------------------------------------------------------------- 
ALTIT_SAVE 
 
; Saves altitude information, it ignores the decimal point. 
; The format is as followed A1A2. A1 is located at the low nibble of 020Bh, and is 
; used to save the first digit of altitude. A2 is saved in the high nibble of 
; 020Ch, the low nibble can be used as general-purpose flag. 
; ---------------------------------------------------------------------------------------------------------- 
              mov.b   #01h,R7              ;R7 indicates which nibbles to save 
                                           ;R7(0)=high nibbles,R7(1)=low nibbles 
              clr      R8                   ;                                           
             
 
ALTIT_SAVE1    

  bit.b    #URXIFG0,&IFG2     ; USART0 RX buffer full? 
              jz         ALTIT_SAVE1 
              bic.b     #URXIFG0,&IFG2     ; Clear Receive interrupt Flag 
              mov.b     #0B7h,R5            ; Check for "."            
              cmp.b     &RXBUF0,R5           
              jeq           LAT_SAVE1           ; Yes, equal to "." ignore it 
                                             ; Look for next byte 
 
ALTIT_SAVE2    

  cmp.b    #00h,R7                   
              jeq       ALTIT_SAVE3 
              jmp      ALTIT_SAVE4 
 
ALTIT_SAVE3   

  mov.b    &RXBUF0,R8           ;Save high nibble  
              rla.b    R8 
              rla.b    R8 
              rla.b    R8 
              rla.b    R8 
              inc       R7                       
              cmp      #020Ch,R6 
              jeq       ALTIT_SAVE5 
              jmp      ALTIT_SAVE1 
             
ALTIT_SAVE4    

  mov.b    &RXBUF0,R9           ;Save low nibble 
              sub      #30h,R9 
              add.b    R8,R9 
              mov.b    R9,0(R6) 
              clr       R7 
              inc       R6 
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              cmp      #020Dh,R6             ;All altitude data is saved?? 
              jeq       ALTIT_SAVE_END           
              jmp      ALTIT_SAVE1 
 
ALTIT_SAVE5   

  clr         R9 
              add.b    R8,R9 
              mov.b   R9,0(R6) 
 
ALTIT_SAVE_END                      
              jmp  SAVE3 
; ----------------------------------------------------------------------------------------------------------
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Appendix 3.J Checksum routine 
; ---------------------------------------------------------------------------------------------------------- 
Checksum 
; Calculates the checksum for the CRC-16 polynomial. The calculation is  
; performed by bitwise checking. The algorithm is designed for a 13 byte wide  
; message,  
; ----------------------------------------------------------------------------------------------------------          
              mov   #08h,R8            ;R8 contains the number of bits shifted             
              mov   #IDENT1,R5        ;R5 points to the beginning of positional 
                                       ;information, which is the first digit of 
                                      ;the aircraft ID. 
              mov.b 0(R5),CRC_HIGH   ;R6 contains the first 2 bytes of data 
              mov.b 1(R5),CRC_LOW    ;R6 contains the first 2 bytes of data        
              mov.b 2(R5),CRC_BUFF   ;R7 contains the next 2 bytes of data              
              add    #02h,R5 
               
Check_sum1    

  cmp.b #00h,R8 
              jeq    Check_sum2        ;All 8 bits have been shifted, goes to 
                                       ;load next byte 
              dec    R8                
              clrc 
              rla.b   CRC_BUFF        ;Rotate MSB bit of R7 into carry 
              rlc.b   CRC_LOW 
              rlc.b   CRC_HIGH        ;Rotate MSB bit of R6 to carry, and 
                                       ;MSB bit of R7 to LSB bit of R6                                  
              jc     Make_XOR          ;If carry =1 then go Make_XOR 
              jmp    Check_sum1        ;Carry =0, do nothing, checks next bit 
 
Check_sum2     

   inc    R5                 ;R5 points next byte to be shifted 
              mov   #08h,R8 
              cmp    #0206h,R5         ;should be end of table 
              jeq    Check_End 
              mov.b 0(R5),CRC_BUFF    ;Loads next 2 bytes of data             
              jmp    Check_sum1 
 
Make_XOR       

   xor.b  #05h,CRC_LOW     ;Carry =1, XORed contents of R6 with 
              xor.b  #80h,CRC_HIGH    ;the polynomial divisor (8005h) 
              jmp    Check_sum1        ;checks next bit 
                             
Check_End                 
              ret 
;----------------------------------------------------------------------------------------------------------- 
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Appendix 3.K Send_RF routine 
; ---------------------------------------------------------------------------------------------------------- 
Send_RF  
       
; This routine output 2 bytes of training bits (10101010), plus a start bit 
; of 3 bits wide 
; ---------------------------------------------------------------------------------------------------------- 
              bic.b  #08h,&P3OUT         ; Enables +5V power supply 
              mov   #01F40h,R5             ;  
delay                                        
              dec    R5                      ; Waits around 8000 cycles for 
              jnz    delay                   ; modules to stabilize 
               
              bis.b  #010h,&P2OUT        ; Enables Transmitter module 
              bis.b  #080h,&P3OUT        ; Enables GMSK Transmit mode 
              
              bic.b  #040h,&P3OUT        ; TX DATA = P3.6 =0; 
              mov.b #010h,R5                  ; Load numbers of training bits 
                  ; to be transmitted (2 bytes) 
Training                                       
              bit.b  #04h,&P2IFG            ; Is there any transition on P2.3 
              jz    Training                 ; No yet, continues polling 
 
Training2 
              xor.b  #040h,&P3OUT         ; Alternates output bit: TX DATA 
              dec.b  R5 
              bic.b  #04h,&P2IFG             ; Clear interrupt flag 
              cmp.b #00h,R5 
              jeq    Start_bit                  ; Ends of training bits             
              jmp    Training                   ; Continuous sendig training bits 
 
Start_bit      
              mov.b #03h,R5                  ; Loads width of start bit 
 
Start_bit1               
              bit.b  #04h,&P2IFG           ; Is there any transition on P2.3 
              jz     Start_bit  
              bis.b  #040h,&P3OUT        ; Outputs 1 
              dec.b  R5 
              cmp.b #00h,R5 
              jeq    Data_Package 
              jmp    Start_bit1             
Data_Package 
              call   #Send_data              ;Start sending data 
              ret 
; ---------------------------------------------------------------------------------------------------------
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Appendix 3.L Send_data routine 
; ----------------------------------------------------------------------------------------------------------               
Send_data  
                                  
; This routines outputs positional information located at memory location 
; 200h to 20Eh, which includes the aircraft ID and the checksum 
; ---------------------------------------------------------------------------------------------------------- 
 
              mov   #0200h,R4                ;R4 points to the beginning of data 
                                              ; to be sent 
              mov.b   #0Fh,R5                ; Numbers of bytes to be sent 
              mov.b   #09h,R6                ; Numbers of bits to be sent 
Send_data1 
              mov.b   0(R4),R7               ; Loads 2 bytes of data 
              
Send_data2     
              dec.b   R6 
              cmp.b   #00h,R6 
              jeq       Send_data3 
              rla.b   R7 
              jc       Out_data1 
               
Out_data0 
              bit.b   #04h,&P2IFG           ; Is there any transition on P2.3 
              jz       Out_data0  
              bic.b   #040h,&P3OUT       ; Outputs 0 
              jmp     Send_data2 
               
Out_data1 
              bit.b   #04h,&P2IFG           ; Is there any transition on P2.3 
              jz       Out_data1  
              bis.b   #040h,&P3OUT        ; Outputs 1                             
              jmp     Send_data2                                                                      
               
Send_data3     
              mov.b   #09h,R6               ; Numbers of bits to be sent 
              dec.b   R5                       
              cmp.b   #00h,R5 
              jeq      Send_End 
              inc      R4 
              jmp     Send_data1 
Send_End                  
              ret 
; ----------------------------------------------------------------------------------------------------------
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Appendix 3.M INITIALIZATION routine 
; ----------------------------------------------------------------------------------------------------------  
INITIALIZATION;   Initalize MSP430 system 
; ---------------------------------------------------------------------------------------------------------- 
  
StopWDT       

mov.w   #WDTPW+WDTHOLD,&WDTCTL   ; Stop WDT 
SetupBC       

bis.b      #XTS,&BCSCTL1                 ; LFXT1 = HF XTAL 
 
SetupOsc      

bic.b      #OFIFG,&IFG1             ; Clear OSC fault flag               
mov.w    #0FFh,R15                ; R15 = Delay  

 
SetupOsc1    

 dec.w   R15                       ; Additional delay to ensure start  
            jnz      SetupOsc1                 ; 
             
            bit.b   #OFIFG,&IFG1             ; OSC fault flag set?  
            jnz      SetupOsc                  ; OSC Fault, clear flag again  
            bis.b    #SELM1+SELM0,&BCSCTL2    ; MCLK = LFXT1 
 
SetupUART0   

mov.b   #CHAR,&UCTL0               ; 8-bit characters 
                       
            mov.b   #SSEL0+TXEPT,&UTCTL0      ; UCLK = ACLK 
            mov.b   #UTXIFG0,&IFG2            ; Transmitter empty flag 
             
            mov.b   #082h,&UBR00               ; 8Mhz 4800 - 682h 
            mov.b   #006h,&UBR10              ; 8Mhz 4800 
            mov.b   #06Dh,&UMCTL0              ; 8MHz modulation  
             
            bis.b    #UTXE0+URXE0,&ME2       ;Enable USART0 TXD/RXD 
            bis.b    #URXIE0,&IE2             ; Enable USART0 RX interrupt 
 
SetupP3     
  bis.b    #030h,&P3SEL             ; P3.4,5 = USART0 TXD/RXD 
            bis.b    #0D0h,&P3DIR             ; P3.4,3.6,7 = output                                           
                                               ; P3.6 = TX DATA 
                                               ; P3.7 = TX PSAVE   
            bis.b    #010h,&P2DIR             ; P2.4 = FM ENABLE =Output 
                                              ; P2.3 = TX CLK 
                                              ; P2.3 interrupt flag is set 
                                               ; with a low-to-high transition, 
                                              ; but it polls the bit instead of 
                                              ; interruption to sends out a bit                                                     
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            bis.b    #08h,&P3OUT              ; Disables +5V power supply 
            bis.b    #080h,&P3OUT             ; Disables GMSK Modem 
            bic.b    #010h,&P2OUT             ; Disables FM transmitter 
             
            ret                                ; Return from subroutine 
                                                ;              
; ----------------------------------------------------------------------------------------------------------  
;           Interrupt Vectors Used MSP430x123A         
; ----------------------------------------------------------------------------------------------------------  
           ORG     0FFFEh                   ;  
            DW      MAIN                     ; POR, ext. Reset, Watchdog 
            ORG     0FFEEh                   ;  
            DW      GPS_data                 ; USART0 receive 
            end
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Appendix 4. MATLAB SIMULATION 

 
%********************************************************************** 
% Aircraft_collision.m 
% 
% Created by Yuen On Lee 
% Las Updated March 14, 2003 
%  
% This program is designed to find the maximum number of aircrafts that the  
% PRIB  system is able to handle within a radius of 40km. It is assumed that the  
% system  uses a pure random access with no collision detection nor  
% retransmission of old data. The program also gives the maximum number of  
% transmission collision that each PRIB had have. 
% 
% The simulation starts by placing magically and randomly N numbers of  
% aircrafts within the radius of 40km, at the same time each aircraft is also  
% assigned randomly a speed, an altitude, and horizontal position. Every time an  
% aircraft is out of the 40km range, it is assigned randomly a new position and  
% speed. 
% 
%********************************************************************** 
 
clear; 
c=300e6; 
Nbits =160;                      % Max number of bits to transmit 
Tmax =100;                       % Max time in seconds, Simulation run time 
Vmin =41;                        % Minimum Aircraft speed in m/s 
Vmax =150;                       % Maximum Aircraft speed in m/s 
Rmax =40000;                     % Maximum range of airspace 
Hmin =100; 
Hmax =10000; 
Linear_time =3;                  % Time between successive transmission in second 
Bit_rate =100e3;                  % Transmission speed in bps 
Message_delay = Nbits/Bit_rate;  
count =0;                         %Number of aircraft colliding 
count1 =0; 
count2 =0; 
 
 
Aircraft = struct('speed',0,'pos_x',0,'dir_x',0,'pos_y',0,'dir_y',0,'pos_z',0,... 
            'dir_z',0,'time',0,'collision',0,'distance',0,'MaxTime',0,'flag',0,... 
             'flag1',0); 
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Naircraft=input('Enter the number of Aircraft : '); 
j =1; 
data = zeros(3,1); 
 
tic; 
for acnum=10:2:Naircraft   
     
for i =1:acnum 
Aircraft(i).speed = floor(rand*(Vmax-Vmin))+Vmin;     % Speed for each 
aircraft 
        Aircraft(i).pos_z = floor(rand*(Hmax-Hmin))+ Hmin;   % Z initial position 
        Aircraft(i).pos_x = floor(rand * Rmax);         % X initial position 
        Aircraft(i).pos_y = floor(rand * Rmax);         % Y initial position 
         
        Aircraft(i).dir_z = rand(1);                           % Z bearing 
        Aircraft(i).dir_x = rand(1);                           % X bearing 
        Aircraft(i).dir_y = rand(1);                           % Y bearing 
        temp =0; 
        for k =1:Linear_time 
            temp = rand + temp; 
        end 
        Aircraft(i).time = temp;                      % Initial time to transmit                    
        Aircraft(i).collision = 0;                     % Number of collision      
        Aircraft(i).MaxTime = 0; 
         
        Aircraft(i).flag =0; 
        Aircraft(i).flag1 =0; 
    end; 
     
test=Aircraft; 
time=0; 
%********************************************************************** 
for z=1:10 
   flag =0;  
   counter =0; 
   while flag ==0   
         
        % Determine distance of each aircraft to the receiver. 
        % It is assumed that the receiver is located at (0,0,0) coordinates 
     
        for i=1:acnum 
            Aircraft(i).distance =sqrt(Aircraft(i).pos_x .^2 +Aircraft(i).pos_y .^2 + ... 
                              Aircraft(i).pos_z .^2); 
 
            delay = Aircraft(i).distance/c; 
            Aircraft(i).MaxTime=delay + Message_delay; 
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        end          
            for i=1:acnum  %for 1 
                if ((time >= Aircraft(i).time) & (Aircraft(i).flag ==0)) 
                    Aircraft(i).flag =1; 
                    
                    for x=1:acnum                    
                        deltatime =abs(Aircraft(x).time - Aircraft(i).time) ; 
                        counter =counter +1; 
                        if deltatime < Aircraft(x).MaxTime 
                            if (Aircraft(i).distance > Aircraft(x).distance)        
                                Aircraft(i).collision = Aircraft(i).collision +1; 
                                Aircraft(x).collision = Aircraft(x).collision + 1 ; 
                                Aircraft(i).flag1 =1; 
                                Aircraft(x).flag1 =1; 
                                count =count +1; 
                                else 
                                adist =sqrt((Aircraft(i).pos_x - Aircraft(x).pos_x).^2 + ... 
                                (Aircraft(i).pos_y - Aircraft(x).pos_y).^2 + ... 
                                (Aircraft(i).pos_z - Aircraft(x).pos_z).^2); 
                             
                                delay = adist/c; 
                                time2 =delay + time;     
                                if (time2 < Aircraft(i).MaxTime)                                
                                    Aircraft(i).collision = Aircraft(i).collision + 1; 
                                    Aircraft(x).collision = Aircraft(x).collision + 1 ;   
                                    Aircraft(i).flag1 =1; 
                                    Aircraft(x).flag1 =1; 
                                    count1 = count1+1; 
                                end 
                            end 
                        end 
                    end 
                    Aircraft(i).time =Aircraft(i).time + Linear_time;    %next time       
                    Ncollision(1,i) =i; 
                    Ncollision(2,i) =Aircraft(i).collision;   
                end     
                
            end %for 1 
    
        time = time + Linear_time/50; 
    if (time > (Linear_time * z) | (counter == acnum)) 
        flag =1;  
        time = Linear_time *z; 
    end 
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%********************************************************************** 
% Determine Bearing of each aircraft 
% Value on the first row determines if aircraft is moving toward X (<0.5) 
% Value on the second row determines positive or negative direction. 
% Z_bearing >0.5 means going up 
 
     for i=1:acnum 
            Aircraft(i).flag =0; 
            if Aircraft(i).dir_x < 0.5 ;                         
                %Moving to negative X 
                Aircraft(i).pos_x =Aircraft(i).pos_x - time * Aircraft(i).speed; 
           else          
                Aircraft(i).pos_x =Aircraft(i).pos_x + time * Aircraft(i).speed;            
           end;     
         
           if Aircraft(i).dir_y < 0.5 ;                         
                %Moving to negative Y 
                Aircraft(i).pos_y =Aircraft(i).pos_y - time * Aircraft(i).speed; 
           else          
                Aircraft(i).pos_y =Aircraft(i).pos_y + time * Aircraft(i).speed;            
           end;     
         
           if Aircraft(i).dir_z < 0.5 ;                         
                %Moving to negative Z 
               Aircraft(i).pos_z =Aircraft(i).pos_z - time * Aircraft(i).speed; 
           else          
                Aircraft(i).pos_z =Aircraft(i).pos_z + time * Aircraft(i).speed;            
            end;  
            
             
           distance= sqrt(Aircraft(i).pos_x .^2 +  Aircraft(i).pos_y .^2); 
            
           %Assigned new coordinates if out of range 
 
           if ((distance > Rmax) | ( Aircraft(i).pos_z < Hmin) | (Aircraft(i).pos_z > Hmax)) 
            count2 =count2 + 1;    
             
            Aircraft(i).speed = floor(rand*(Vmax-Vmin))+Vmin;   %Speed for each aircraft 
            Aircraft(i).pos_z = floor(rand*(Hmax-Hmin))+ Hmin;  % Z initial position 
            Aircraft(i).pos_x = (floor(rand * Rmax));        % X initial position 
            Aircraft(i).pos_y = (floor(rand * Rmax));        % Y initial position 
         
            Aircraft(i).dir_z = rand(1);                           % Z bearing 
            Aircraft(i).dir_x = rand(1);                           % X bearing 
            Aircraft(i).dir_y = rand(1);                           % Y bearing 
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            temp =0; 
            for k =1:Linear_time 
                temp = rand + temp; 
            end 
            Aircraft(i).time = temp + time;                     % Initial time to transmit              
             
           end;                     
       end  
%********************************************************************** 
    end     %while        
end 
 aircraftcolliding=0; 
 temp =0; 
 for i=1:acnum 
    if Aircraft(i).collision > 0 
       aircraftcolliding = aircraftcolliding +1;     
       if temp < Aircraft(i).collision 
            temp = Aircraft(i).collision;                
       end 
    end 
end 
 
data(1,j) =acnum; 
data(2,j) =aircraftcolliding; 
data(3,j)= temp; 
j = j+1; 
end 
 
time1=toc; 
count2 
data 
aircraftcolliding 
Maxcollision =temp 
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