
METHODS FOR UNIVERSAL BEACON CODE ASSIGNMENT 
 

by 
 

Vivek Kumar 
A Dissertation 

Submitted to the 
Graduate Faculty 

of 
George Mason University 
in Partial Fulfillment of 

The Requirements for the Degree 
of 

Doctor of Philosophy 
Systems Engineering and Operations Research 

 
 

 
 
 



Methods for Universal Beacon Code Assignment 
 

A dissertation submitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy at George Mason University 

 
 
 

By 
 
 

Vivek Kumar 
Master of Science in Operations Research 

George Mason University, USA, 2007 
Bachelor of Technology in Information Technology 

Indian Institute of Information Technology, India, 2005 
 
 
 

Director: Lance Sherry, Professor 
Systems Engineering and Operations Research 

 
 
 

Summer Semester 2011 
George Mason University 

Fairfax, VA 
 



ii 
 

Copyright: 2011 Vivek Kumar 
All Rights Reserved 



iii 
 

Dedication 
 
 
 

This is dedicated to my late grandfathers Dwarka Das Agarwal and Jagdish Prasad 

Agarwal, and also to my late uncle Sanjay Agarwal. 



iv 
 

Acknowledgements 

 
 
 

This dissertation would not have been possible without the help of my friends, family, 

faculty, and colleagues. 

First, I wish to acknowledge the role of my advisor, Dr. Lance Sherry, who patiently 

supported and steered me over the course of this dissertation. He helped me gain 

invaluable technical insight into the problem through his knowledge of the domain. 

Also, his persistent encouragement helped me to remain focused on my work.  

Dr. George Donohue, an internationally renowned expert in the field of air 

transportation research, provided philosophical and technical guidance on the design, 

implementation, and most importantly presentation of the results of this research.  

5ǊΦ !ƭŜȄŀƴŘŜǊ .ǊƻŘǎƪȅΩǎ ƪƴƻǿƭŜŘƎŜ ƻŦ ƻǇǘƛmization theory and his database expertise 

proved very helpful in formulating and proof-reading the optimization model 

formulations.  

About 6 years ago, Dr. John Shortle introduced me to the domain of air transportation 

research. As a member of my dissertation committee, he provided my with guidance on 

defining the scoping of the problem and suggested techniques to handle the stochastic 

factors in the system. 

My appreciation also goes to all the faculty members in the SEOR department at GMU, 

especially to Dr. Karla Hoffman who kindly helped me in the formulation of the 

optimization algorithms. 

In addition there were several others who provided technical assistance to the research: 

Pam Dees, Richard Jehlen, Diana Liang, Geoffrey Barker, Paul Eure, Bryan Baszczewski, 

John Guilding (FAA), Dr. Terrence Thompson, Dr. Arash Yousefi, Dr. Girish Sabhnani, Dr. 

Rafal Kicinger, Chris Ermatinger and Jason Burke (Metron Aviation Inc.).  I would also like 

to express my appreciation for my fellow students at the Center for Air Transportation 



v 
 

Systems Research (CATSR) for their help with many technical and data related questions 

and for their friendship during the research process.  

I am forever indebted to my parents and family for their constant encouragement and 

support in letting me pursue my Ph.D. My father has always been a constant source of 

inspiration to me through his selfless devotion to family and profession. I would also like 

to thank my friends Abhishek, Adina, Animesh, Surinder, Akshay, and Audarya for their 

support. I would especially like to thank Abhishek Saurav, my friend from high school for 

his help on my dissertation. His positive attitude towards life has always been a constant 

source of inspiration for me. 

Last, but most of all, thank you Lilly, for all your support and sacrifice through this 

journey. Without your encouragement and patience, we could not have made it through 

this Ph.D. together.  



vi 
 

Table of Contents 

 
 

Page 
List of Tables ....................................................................................................................... xi 

List of Figures .................................................................................................................... xiii 

List of Abbreviations ......................................................................................................... xvi 

Abstract ............................................................................................................................. xix 

Chapter 1: Introduction ...................................................................................................... 1 

1.1. The Air Traffic Control (ATC) and Radars ............................................................. 2 

1.2. Role of Beacon Codes ........................................................................................... 3 

1.3. The Current Beacon Code Allocation System ...................................................... 4 

1.4. Code Reassignment Frequency and Likelihood ................................................... 9 

1.5. Summary of Results ............................................................................................ 11 

1.6. Unique Contributions of the Research ............................................................... 11 

Chapter 2: Background and Literature Review ................................................................. 13 

2.1. Description of ATC and History of ATCRBS ........................................................ 13 

2.1.1 The ATCRBS (Air Traffic Control Radar Beacon System)................................... 15 

2.2. Description of Existing Beacon Code Allocation Method .................................. 18 

2.3. Beacon Code Reassignment Scenarios............................................................... 20 

2.3.1. Competing Center Scenario ........................................................................ 21 

2.3.2. Overtaking Scenario .................................................................................... 22 

2.4. Research on Alternate Beacon Codes ................................................................ 22 

2.3.1 Code Assignment by Airline (9 Airlines interaction based allocation) ............. 23 

2.3.2 Altitude Strata Code Assignment Plan (Codes assigned by Altitude, Reserved 

codes for Climb/Descent) .......................................................................................... 24 



vii 
 

2.3.3 Directional Code Assignment Plan (Same codes shared by flights operating in 

geographically independent regions) ........................................................................ 24 

2.3.4 Master Assignment Plan (Flight Plan aware assignment of BC) ....................... 25 

2.3.5 Geographic Beacon Code Allocation ................................................................ 25 

2.5. Objectives of this Research ................................................................................ 26 

Chapter 3: Data Sources and Statistics on Beacon Code Usage and Reassignments ....... 28 

3.1 Data Sources ....................................................................................................... 29 

3.1.1 DoT/FAA order 7110.66D ................................................................................. 29 

3.1.2 Host Data .......................................................................................................... 30 

3.1.3 ETMS 4-D Trajectory Data ................................................................................ 32 

3.2 Beacon Code Usage Statistics ................................................................................. 33 

3.3 Beacon Code Reassignment Statistics ..................................................................... 36 

Mean .......................................................................................................................... 37 

Standard Deviation .................................................................................................... 37 

3.4 Beacon Code Demand ............................................................................................. 40 

3.4.1 Beacon Code Life Cycle ..................................................................................... 41 

3.5 Summary ................................................................................................................. 44 

Chapter 4: Individual Flight Code Assignment Optimization Model ................................ 46 

4.1 Definition of Indices and Preparing Data for Optimization .................................... 47 

4.1.1 Time Horizon Definition.................................................................................... 47 

4.1.2 Indices ............................................................................................................... 47 

4.1.3 Preprocessing data ........................................................................................... 47 

4.2 Description of Optimization Model ......................................................................... 48 

4.2.1 Decision variables ............................................................................................. 49 

4.2.2 Objective Function ............................................................................................ 49 

4.2.3 Constraints ........................................................................................................ 50 

4.2.4 Additional Constraints ...................................................................................... 51 

4.3 Results ..................................................................................................................... 52 



viii 
 

4.4 Conclusion ............................................................................................................... 53 

Chapter 5: Space-Time Adjacency (STA) Algorithms ........................................................ 55 

5.1 Algorithm Overview ........................................................................................... 57 

5.2 STA Algorithm ..................................................................................................... 59 

5.2.1 Data Structures and Parameters................................................................. 59 

5.2.2 STA Algorithm Details ................................................................................. 65 

5.2.3 Results for Code Assignment through STA for Current Traffic (2007) ............. 69 

5.2.4 Results for Code Assignment through STA for 1.5x Traffic Projection (2032) . 77 

5.3 STA-R (STA with Reassignments) Algorithm............................................................ 83 

5.3.1 Data Structures and Parameters................................................................. 83 

5.3.2 STA-R Algorithm Details .................................................................................... 85 

5.3.3 Results for Code Assignment through STA-R for 1.5x Traffic Projection (2032)

 ................................................................................................................................... 91 

5.4 Conclusion ............................................................................................................... 93 

Chapter 6: Hybrid Method of Beacon Code Assignment Through Clusterization of CONUS

........................................................................................................................................... 94 

6.1 Definitions ............................................................................................................... 95 

6.1.1 Clusters ............................................................................................................. 95 

6.1.2 Intra-Cluster Flights .......................................................................................... 96 

6.1.3 Inter-Cluster Flights .......................................................................................... 96 

6.2 Overview of Hybrid Code-Assignment method through clusterization .................. 97 

6.2.1. Clusterization ................................................................................................... 97 

6.2.2. Hybrid Code assignment method .................................................................... 99 

6.3 Clusterization ......................................................................................................... 100 

6.3.1 Relationship between Number of Clusters and Number of Codes Used(K) .. 100 

6.3.2 Goals of Clusterization .................................................................................... 101 

6.3.3 Challenges in Formulation as a Warehouse Location Problem ...................... 101 

6.4 Description of Optimization Model ....................................................................... 106 



ix 
 

6.4.1 Indices and parameters .................................................................................. 106 

6.4.2 Decision variables ........................................................................................... 108 

6.4.3 Objective Function .......................................................................................... 108 

6.4.4 Constraints ...................................................................................................... 110 

6.5 Results ................................................................................................................... 113 

6.5.1. Results of Clusterization ................................................................................ 113 

6.5.2. Results of Code-Assignment .......................................................................... 117 

6.5.3 Summary of Results for Code-Assignment for all CONUS Flights ...................... 122 

Chapter 7: Conclusions and Future Work ....................................................................... 126 

7.1 Problem Magnitude .............................................................................................. 128 

7.2 Code assignment method for current traffic volume (2007) ................................ 129 

7.2.1 STA heuristic algorithm method of code assignment for current traffic volume

 ................................................................................................................................. 129 

7.2.2 Hybrid method (Clusterization and STA) of code assignment for current traffic

 ................................................................................................................................. 129 

7.3 Code assignment method for 1.5x Traffic (traffic volume projections of 2032) .. 131 

7.4 Additional insights gained through this research ................................................. 132 

7.4.1 Boundary of feasibility .................................................................................... 132 

7.4.2 Traffic-pattern in NAS ..................................................................................... 133 

7.4.3 Effect of number of clusters of CONUS on the number of Beacon Codes 

required ................................................................................................................... 134 

7.5 Future Work .......................................................................................................... 137 

7.5.1 STA with dynamic time-windows ................................................................... 137 

7.5.2 Refine code-reassignment in STA-R algorithm ............................................... 138 

7.5.3 Space-Time Adjacency matrix data structure................................................. 139 

7.5.4 Sensitivity analysis for NextGen CTOP (Collaborative Trajectory Options 

Program) .................................................................................................................. 139 

7.5.5 Distributed Transaction Management ........................................................... 140 

Appendix A: 4DT-to-Center-Route Converter ................................................................. 141 



x 
 

A.1 Latitude-longitude to Cartesian coordinate system conversion .......................... 141 

A.2 4-D trajectory to ARTCC network mapping algorithm .......................................... 143 

A.2.1 4-D trajectory to ARTCC network mapping algorithm details ....................... 143 

A.2.2 Ray casting algorithm ......................................................................................... 146 

Appendix B: NBCAS (National Beacon Code Allocation Plan(NBCAP) Simulator) .......... 148 

B.1 NBCAS algorithm details .................................................................................... 148 

References ...................................................................................................................... 152 

 



xi 
 

List of Tables 

 
 

Table                                                                                                                                Page 
Table 1: Maxim Utilization Fraction for External Primary and Secondary Codes for 153 

days of 2007 (Host Data)................................................................................................... 35 

Table 2: Max Utilization Fraction for Internal Primary and Secondary Codes for 153 days 

of 2007 (Host Data) ........................................................................................................... 36 

Table 3: Number of Hand-Offs and Reassignments (Source: ETMS Data) ....................... 37 

Table 4: Number of Beacon Code Reassignments for 17 days (Lucic, 2005) ................... 39 

Table 5: Time-Out Matrix (TOM)  (3348 X 20 elements) .................................................. 62 

Table 6: Statistics of Traffic in the CONUS for the 5 days of 2007 used as input for STA 69 

Table 7: Summary of the total number of codes required using STA for different values 

ƻŦ άƘƻǎǘ-ǇǊŜŘƛŎǘƛƻƴέ ǳƴŎŜǊǘŀƛƴǘȅ (minutes) ...................................................................... 70 

Table 8: Sensitivity of Codes-required to Change in host-prediction Uncertainty ........... 73 

Table 9: Statistics of 1.5x Traffic in the CONUS for 2 days of 2032 used as input for STA-R

........................................................................................................................................... 78 

Table 10: Summary of Results for Code-Assignment for 1.5x Traffic through STA 

algorithm ........................................................................................................................... 80 

Table 11: Summary of Results for Code-Assignment for 1.5x Traffic through STA-R 

algorithm ........................................................................................................................... 92 

Table 12: Shortest-Distance of ARTCC-pairs in the CONUS(p(i,j)) .................................. 104 

Table 13: "Exp Distance" of ARTCC-pairs in the CONUS with X=4.(d(i,j)) ....................... 106 

Table 14: The Total Number of Inter-Cluster and Intra-Cluster Flights with 3 Cluster 

CONUS ............................................................................................................................. 116 

Table 15: Maximum Instantaneous Intra-Cluster "Active-Flights" Count/Number of 

Codes Required for FCFS Assignment. (Color of clusters corresponds to the coloring in 

Figure 43) ........................................................................................................................ 118 

Table 16: Maximum Number of Codes Required for Code assignment to Intra-Cluster 

flights using STA algorithm ............................................................................................. 120 

Table 17: Maximum Instantaneous Inter-Cluster "Active-Flights" Count/Number of 

Codes Required for FCFS Assignment ............................................................................. 121 



xii 
 

Table 18: Maximum Number of Codes Required for Code assignment to Inter-Cluster 

flights using STA algorithm ............................................................................................. 122 

Table 19: Options for Code-Assignment To Intra-Cluster and Inter-Cluster Flights for 3 

Cluster CONUS ................................................................................................................ 123 

Table 20: Maximum number of Beacon Codes required With 3 Clusters (Intra-Cluster 

Flights assigned Codes in FCFS order and Inter-Cluster flights assigned codes through 

STA Algorithm) ς Code-Assignment Alternative 1 .......................................................... 125 

Table 21: Maximum number of Beacon Codes required with 3 Clusters (Code assignment 

through STA Algorithm for both Intra-Cluster and Inter-Cluster Flights) ς Code-

Assignment Alternative 2 ................................................................................................ 125 

Table 22: Variation of number of intra-cluster and inter-cluster flights and the number of 

codes needed for different number of clusters for code assignment using Hybrid Cluster 

Method. Codes assigned using STA for both Intra-cluster and Inter-cluster flights. [Day: 

26th July 2007, Host-Prediction Uncertainty: 0 minutes] ............................................... 134 

 



xiii 
 

List of Figures 

 
 

Figure                                                                                                                               Page 
Figure 1: Typical Ground Radar. SSR(Secondary Surveillance Radar) mounted on top of 

PSR(Primary Surveillance Radar) ........................................................................................ 3 

Figure 2: A typical ATCRBS transponder (located in cockpit). Manufacturer: Honeywell 

International Inc. ................................................................................................................. 4 

Figure 3: The 20 Centers in the CONUS (Google Earth Representation) ............................ 5 

Figure 4: Distribution of total number of Beacon Codes allocated to 20 ARTCCs in the 

CONUS as per the National Beacon Code Allocation Plan (DOT/FAA, 2009) ..................... 6 

Figure 5: Histogram of Code-Sharing among the 20 ARTCCs in the CONUS derived from 

(DOT/FAA, 2009). ................................................................................................................ 6 

Figure 6: Flow diagram of Beacon Code Reassignment Process ........................................ 7 

Figure 7: Histogram of BC Reassignments for 153 days of HOST Data ............................ 10 

Figure 8:  ATCRBS system: Flow of Information (Bussolari, 2000) ................................... 16 

Figure 9: The distinction between Mode A and Mode C interrogation pulses ................ 17 

Figure 10: Categorization of Beacon Codes into Primary, Secondary and Tertiary subsets 

for each ARTCC .................................................................................................................. 19 

Figure 11:A sample flight strip .......................................................................................... 20 

Figure 12: Competing Center Scenario for Code Reassignment ...................................... 21 

Figure 13: Overtaking Scenario for Code Reassignment .................................................. 23 

Figure 14: Snapshot of Utilization Beacon (UB) Message from ARTCC HOST Data .......... 31 

Figure 15: Snapshot of Beacon Reassignment (BA) Message from ARTCC HOST Data .... 32 

Figure 16: Maximum Code Utilization for each of the 20 ARTCCs (for 153 days of Host 

Data from 1st July 2007 to 31st December 2007) .............................................................. 34 

Figure 17: Beacon Code Hand-Off and Reassignment Likelihood from ETMS Data ......... 38 

Figure 18: Count of "Active Aircraft" for each quarter-hour of the day (Source: ETMS 4-D 

Trajectory Data) ................................................................................................................ 40 

Figure 19: Departure Strip Printing Interval (DSPI) for 20 ARTCCs in the CONUS (Source: 

(FAA, 2007)) ...................................................................................................................... 42 



xiv 
 

Figure 20: Count of "Beacon Code Demand" for each quarter-hour of the day (Source: 

ETMS 4-D Trajectory Data) ................................................................................................ 43 

Figure 21: Beacon Code Peak Demand by Individual Centers (Source: ETMS Data). ....... 44 

Figure 22:MILP Model for Individual Flight BC Assignment ............................................. 49 

Figure 23: Instantaneous traffic count by ARTCC for the experimental dataset.............. 52 

Figure 24: Assignment Frequency Chart of Codes allocated by the Optimization Model 53 

Figure 25: Block diagram of STA Algorithm ...................................................................... 57 

Figure 26: Linearizing STA Matrix to Reduce Memory Requirement (Example of 4 flight 

case) .................................................................................................................................. 60 

Figure 27: Boundary Crossing Time Uncertainty Buffer (Example of 15 minutes window)

........................................................................................................................................... 65 

Figure 28: Summary of the total number of codes required using STA for current traffic 

(2007) ................................................................................................................................ 71 

Figure 29: Code Usage by Time-Of-Day using STA Algorithm for 3rd Jan 2007 ............... 74 

Figure 30: Code Usage by Time-Of-Day using STA Algorithm for 11th April 2007 ........... 75 

Figure 31: Code Usage by Time-Of-Day using STA Algorithm for 26th  July 2007 ........... 76 

Figure 32: Code Usage by Time-Of-Day using STA Algorithm for 21st Nov 2007 ............. 76 

Figure 33: Code Usage by Time-Of-Day using STA Algorithm for 19th Dec 2007 ............ 77 

Figure 34: Count of "Active Aircraft" for 1.5x Traffic for each quarter-hour of the day .. 78 

Figure 35: Summary of the total number of codes required using STA for 1.5x schedule

........................................................................................................................................... 81 

Figure 36: Code Usage by Time-Of-Day using STA Algorithm for 3rd Jan 2032(1.5x Traffic)

........................................................................................................................................... 81 

Figure 37: Code Usage by Time-Of-Day using STA Algorithm for 11th April 2032(1.5x 

Traffic) ............................................................................................................................... 82 

Figure 38: Hybrid Model for Universal Beacon Code Allocation System using 

Clusterization .................................................................................................................... 99 

Figure 39: Pseudocode for FloydWarshall Algorithm (Source: (Introduction to Algorithms, 

2009, pp. 558-565)) ......................................................................................................... 103 

Figure 40: Graph representation of CONUS in Node-Link format .................................. 103 

Figure 41: MILP Model for Clusterization of CONUS ...................................................... 107 

Figure 42: Cluster Boundaries for Three (K=2) Cluster Case .......................................... 115 

Figure 43: Cluster Boundaries for Three (K=3) Cluster Case .......................................... 115 

Figure 44: Total Number of Intra-Cluster and Inter-Cluster Flights for 2 Clusters of 

CONUS ............................................................................................................................. 116 



xv 
 

Figure 45:  Total Number of Intra-Cluster and Inter-Cluster Flights for 3 Clusters of 

CONUS ............................................................................................................................. 117 

Figure 46: Variation of number of codes needed for different number of clusters for 

code assignment using Hybrid Cluster Method. Codes assigned using STA for both Intra-

cluster and Inter-cluster flights. [Day: 26th July 2007, Host-Prediction Uncertainty: 0 

minutes] .......................................................................................................................... 135 

Figure 47: One-to-one mapping of Coordinate Transformation .................................... 142 

Figure 48: 4-D trajectory to ARTCC Network Path Conversion Process ......................... 145 

Figure 49: Ray-Casting Algorithm for Point-in-Polygon determination .......................... 146 

Figure 50:  Format of Center-crossing Data(output of 4DT-to-Center-Route Converter)

......................................................................................................................................... 147 

Figure 51: Beacon Code Allocation Flow-Chart .............................................................. 149 



xvi 
 

List of Abbreviations 

 
 
 

APO  Office of Aviation Policy and Plans (FAA)  

ARTCC  Air Route Traffic Control Center 

ATC  Air Traffic Control 

ATCRBS Air Traffic Control Radar Beacon System 

ATL  Hartsfield - Jackson Atlanta International 

BC  Beacon Codes 

CAA  Civil Aeronautics Administration  

CONUS  Contiguous United States 

CRDT  Code Reassignment Delay Time 

DCA  Ronald Reagan National Airport 

DFW  Dallas Fort Worth International Airport 

DOT  Department of Transportation 

DSPI  Departure Strip Printing Interval 

ETMS  Enhanced Traffic Management System 

FAA  Federal Aviation Administration 

FCFS  First Come First Served 

HCS  Host Computer System 



xvii 
 

JPDO  Joint Planning and Development Office 

MILP  Mixed-Integer Linear Program 

NAS  National Airspace System 

NBCAP  National Beacon Code Allocation Plan 

PSR  Primary Surveillance Radar 

SSR  Secondary Surveillance Radar 

TAF  Terminal Area Forecast 

TB  Termination Beacon Message 

TWA  Trans World Airlines 

ZAB  Albuquerque Center 

ZAU  Chicago Center 

ZBW  Boston Center 

ZDC  Washington Center  

ZDV  Denver Center 

ZFW  Dallas Fort Worth Center 

ZHU  Houston Center 

ZID  Indianapolis Center 

ZJX  Jacksonville Center 

ZKC  Kansas City Center 

ZLA  Los Angeles Center 

ZMA  Miami Center 

ZME  Memphis Center 

ZMP  Minneapolis Center 



xviii 
 

ZNY  New York Center 

ZOA  Oakland Center 

ZOB  Cleveland Center 

ZSE  Seattle Center 

ZTL  Atlanta Center



 
 

Abstract 

METHODS FOR UNIVERSAL BEACON CODE ASSIGNMENT 

Vivek Kumar, Ph.D. 

George Mason University, 2011 

Dissertation Director: Dr. Lance Sherry 

 

The primary responsibility of Air Traffic Control (ATC) is to expedite the flow of 

traffic while maintaining safe separation. Positive identification of the primary radar 

returns for individual aircraft is achieved through a system of interrogation and 

identification known as Air Traffic Control Radar Beacon System (ATCRBS). Each flight is 

identified by a unique άBeacon Codeέ assigned by the ATC before departure. 

Due to installed equipment limitations, and reservation of a few codes for special 

usage, only 3,348 Beacon Codes are available for use by non-military flights. ATC must 

άǊŜŀǎǎƛƎƴέ Beacon Codes to flights when they enter an ARTCC (Air Route Traffic Control 

Center) in which their current code is already in use. Each instance of Beacon Code 

reassignment requires human intervention and this process is therefore vulnerable to 

human-errors. An undetected error may lead to misidentification of flights which results 

in reduced safety margin. For this reason, Beacon Code reassignments are undesirable.  



 
 

On a typical day (04/11/2007) including 48,721 flights (non-military), 62,805 

handoffs occurred, when flights crossed ARTCC boundaries. With the current distributed 

code allocation scheme and the existing route structure, 6,730 (10.7%) code 

reassignments were required. The current allocation method is also subject to code 

shortages as the volume of air-traffic grows. 

The objective of this research was to develop a detailed understanding of the 

problem and enumerate and evaluate alternative methods to eliminate (or minimize) 

code άǊŜŀǎǎƛƎƴƳŜƴǘǎέ and potential shortages. The methods were required to be robust 

in the face of routing variations necessitated by weather and also to the evolution of 

airline networks. This dissertation describes and evaluates three new alternate methods 

for centralized Beacon Code assignment that assign codes by exploiting the temporal 

and spatial opportunities available in the NAS: 

1. A Mixed-Integer Linear Progam (MILP) optimization model,  

2. A Space-Time Adjacency (STA) heuristic algorithm, and  

3. A hybrid approach combining MILP optimization and STA heuristic algorithm.  

The results of this research demonstrate the feasibility of implementing a code 

assignment system that eliminates need for reassignment and is scalable to future 

traffic growth. 
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Chapter 1: Introduction 

 
 
 

The primary purpose of Air Traffic Control (ATC) is to prevent collisions between 

aircraft operating in the National Airspace System (NAS), organize and expedite the flow 

of traffic, and to provide support for National Security and Homeland Defense (Nolan, 

2007). Maps, blackboards and shrimp boats were used by early controllers to track the 

position of aircraft. Over time, increases in volume and complexity of traffic have led to 

improvements in surveillance, navigation and communication capabilities.   

This chapter describes the functions of ATC and the role of radar in surveillance. 

The secondary radar, also known as Air Traffic Control Radar Beacon System (ATCRBS) in 

the United States, and the role of Beacon Code as flight identifier is described. Next, the 

current Beacon Code allocation method (DOT/FAA, 2009) is described. A description of 

the drawbacks of the current allocation plan is followed by analysis of historical data to 

quantify the magnitude of current problem. Next, the results of the new alternate 

methods of Beacon Code assignment developed during this research are summarized. A 

list of unique contributions of this research is summarized in the last section of this 

chapter.  
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1.1.  The Air Traffic Control (ATC) and Radars 

The primary responsibility of the Air Traffic Control (ATC) is to expedite the flow 

of traffic while maintaining safe separation. The ATC supports three major functions, 

namely, communication, navigation and surveillance. Surveillance is primarily achieved 

through radar. Radar was developed during the Second World War for tracking enemy 

aircraft and was later adapted for civilian use for separation assurance and coordination 

of air-traffic. Radar technology can broadly be classified into two types: 

1. Primary radar ƛǎ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ άǎƪƛƴ Ǉŀƛƴǘέ ǊŀŘŀǊ. It operates on the principle that 

rotating radar transmitters broadcast electromagnetic radio pulses of which a very 

small portion is reflected back from aircraft that falls in the path of these pulses. The 

azimuth orientation of the radar antenna and the time taken for the reflected pulse 

to return provides the bearing and distance of the target aircraft respectively (Nolan, 

2007). Primary radar is passive as it relies solely on the equipment (rotating 

antenna) on the ground.  

2. Secondary radar is a system used in ATC to provide surveillance radar monitoring 

and separation of aircraft by transmitting aircraft ID and/or altitude from the cockpit 

to the ground radar station. It consists of a Secondary Surveillance Radar (SSR) which 

is co-located at ATC with Primary Surveillance Radar (PSR), as shown in Figure 1 and 

a transponder which is located in the aircraft (see Figure 2). Unlike the primary 

radars which are passive, secondary radars are active as they rely on the 

transponder which responds to interrogation from ground station by transmitting a 
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coded reply signal that represents either identification or altitude of the aircraft. This 

system is also called ATCRBS (Air Traffic Control Radar Beacon System) in the United 

States. 

 

 

 

Figure 1: Typical Ground Radar. SSR(Secondary Surveillance Radar) mounted on top of 
PSR(Primary Surveillance Radar) 

 

 

1.2.  Role of Beacon Codes 

The transponders located in aircraft respond to interrogations from ground 

stations with four digit codes, known as Beacon Codes (hereafter referred to as BC or 

codes). Each of these four digits is octal (0 to 7) resulting in a total of 4,096(84) possible 

combinations. The reply of transponder represents either ǘƘŜ ŀƛǊŎǊŀŦǘΩǎ ƛŘŜƴǘƛǘȅ ƻǊ 

altitude depending on the type of interrogation.  
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Beacon codes are used by ATC to identify aircraft on the radar display. Every 

aircraft within an ARTCC boundary must have a unique code assigned to it. Out of the 

4,096 total code combinations, 748 codes are assigned to the military or reserved for 

other special usage. This leaves 3,348 codes available for civil aviation use (DOT/FAA, 

2009).  

 

 

Figure 2: A typical ATCRBS transponder (located in cockpit). Manufacturer: Honeywell 
International Inc. 

 

 

1.3.  The Current Beacon Code Allocation System 

The Contiguous United States (CONUS) is subdivided into twenty ARTCCs as 

shown in Figure 3. The process of allocating Beacon Codes to flights in the National 

Airspace System (NAS) is owned and managed by FAA, and published in DOT/FAA orders 

which are revised periodically. The code allocation was last revised in November of 2009 

and is published in (DOT/FAA, 2009). This order enlists the code blocks that are 

allocated to each of the ARTCCs in the CONUS.  
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Figure 3: The 20 Centers in the CONUS (Google Earth Representation) 

 
 
 
 

The current process of Beacon Code allocation is ARTCC-centric. Each of the 20 

ARTCCs in the CONUS is pre-allocated a static subset of codes as per the DOT/FAA Order 

(DOT/FAA, 2009).  The distribution of the number of codes allocated to all the ARTCCs is 

illustrated in Figure 4. The number of codes allocated to each ARTCC is not equal, and is 

dependent on the expected traffic, i.e. demand for codes. The center with the least 

number of codes allocated to it is ZKC (Kansas City City) center with 601 codes. The 

center with the most number of codes is ZMA (Miami) center with 1,559 codes.  
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Figure 4: Distribution of total number of Beacon Codes allocated to 20 ARTCCs in the CONUS as 
per the National Beacon Code Allocation Plan (DOT/FAA, 2009) 

 
 
 
 

 

Figure 5: Histogram of Code-Sharing among the 20 ARTCCs in the CONUS derived from 
(DOT/FAA, 2009). 

 
 
 

Ideally, flights could fly from their origin to destination using the same code for 

the entire flight duration. However, codes are limited (3,348) and as a result the code 
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subsets allocated to individual ARTCCs have overlapping set of codes as shown in Figure 

5. For example, there are 975 codes which are shared by 4 ARTCCs. As a result of the 

sharing of codes among the ARTCCs it is likely that when a flight enters a new ARTCC 

enroute to its destination, its current code is already in use by another flight.  

Whenever a flight enters an ARTCC with a code that is already in use, the Host 

Computer System (HCS) of the new ARTCC must assign another (non-conflicting) code to 

the incoming flight from its own sub-set of codes. This process is known as Beacon Code 

reassignment.   

 

 

Figure 6: Flow diagram of Beacon Code Reassignment Process 

 

Each instance of Beacon Code reassignment is achieved through a sequence of 

processes as shown in Figure 6.  Initially, the HCS (Host Computer System) of the ARTCC 
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retrieves a valid BC from its subset of codes. Then the ATC communicates this BC via 

voice ǘƻ ǘƘŜ ǇƛƭƻǘΦ ¢ƘŜ Ǉƛƭƻǘ ŀŎƪƴƻǿƭŜŘƎŜǎ ǘƘŜ !¢/Ωǎ ŎƻƳƳǳƴƛŎŀǘƛƻƴ Ǿƛŀ ǾƻƛŎŜ ŀƴŘ Ƴakes 

a note of the new BC. Next, the pilot manually adjusts the transponder knobs to the new 

BC. The ATC then verifies this change by a radar interrogation.  

The voice-communications between the pilot and the ATC and also the 

adjustment of transponder knobs to the new BC by pilot are processes which require 

human intervention and are vulnerable to human-error. These human-error prone 

processes are shown in dotted red boxes in Figure 6. Any human-error, if undetected in 

the BC reassignment process would lead to flight squawking an erroneous code, which 

may lead to a safety hazard due to misidentification of the flight.  

Eliminating reassignments also allows for more efficient Host Computer System 

(HCS) software improvements as the system moves to higher degree of automation. In 

the Next Generation Air Transportation System (NextGen) report the multi-agency Joint 

Planning and Development Office (JPDO) describes an expected two-to threefold 

increase in air traffic demand by the year 2025 and the need for new automation 

technology and operating procedures in the National Airspace System (Joint Planning 

and Development Office, 2004).  

The current approach of allocating static subset of codes to individual ARTCCs is 

not robust to accommodate the seasonal fluctuations in code demand (because of 

increased number of flights) caused in certain geographic regions and may lead to 
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localized code shortage in the corresponding centers. For example, Miami experiences 

heavy traffic in winters which may lead to shortage of codes. When an ARTCC exhausts 

all the codes in its subset, then the ATC starts assigning non-discrete codes to flights. 

This process of assigning non-discrete Beacon Codes is workload intensive for the ATC 

and reduces the safety margin because a flight may respond to ATC communications 

intended for another flight on the same Beacon Code.  

1.4. Code Reassignment Frequency and Likelihood 

IƛǎǘƻǊƛŎŀƭ Řŀǘŀ ǿŀǎ ŀƴŀƭȅȊŜŘ ŦǊƻƳ ǘǿƻ άƛƴŘŜǇŜƴŘŜƴǘέ Řŀǘŀ ǎƻǳǊŎŜǎΣ ƴŀƳŜƭȅΣ Iƻǎǘ 

data and Enhanced Traffic Management System (ETMS) data, to quantify the number of 

Beacon Code reassignments and establish a baseline.  

An analysis of historical ETMS data for 5 days of 2007 yielded that on an average, 

there are 62,111 hand-offs (Table 3) per day in NAS. The ratio of the number of code-

reassignments and number of hand-offs is the likelihood that a flight crossing a center 

boundary gets a new Beacon Code. 

The number of BC reassignments in NAS for 153 days of Host data analyzed over 

the period of 1st August 2007 to 31st December 2007 is shown in Figure 7. The average is 

7,642 with a standard deviation of 1,451. This is equivalent to an average reassignment 

likelihood of 12.3 % (7,642/62,111). 
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The average number of BC reassignments for the 5 days of ETMS 4-D trajectory 

data analyzed is 6,208. The reassignment likelihood is in the range of 9.2%-10.7% with 

an average of 9.96% (See Table 3).  

 

 

Figure 7: Histogram of BC Reassignments for 153 days of HOST Data 

 

 

The BC assignment methods discussed in this dissertation are designed to 

eliminate (or reduce) the likelihood of code reassignments and as a result, increase 

safety margins, improves Host software efficiency and reduces ATC/pilot workload.  
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1.5. Summary of Results 

The average likelihood of code reassignments from data analyzed is 9.96% (Table 

3). Three alternative methods were developed for Beacon Code assignment. The Space 

Time Adjacency (STA) heuristic algorithm presented in the dissertation achieves a 100% 

improvement over the existing system by eliminating the need for code-reassignments. 

The Mixed Integer Linear Program (MILP) formulation proved infeasible due to 

computational limitations. The hybrid method derived from a combination of 

clusterization and STA heuristic algorithm eliminates reassignments for the current day 

traffic (2007 data). 

The methods presented in the dissertation are also tested for 1.5x projection of 

current traffic volumes. Assuming the best case, where the likelihood of code-

reassignments using the current system (Description of Existing Beacon Code Allocation 

Method) remains the same for 1.5x traffic, the STA algorithm achieves an 87% reduction 

(9.96% to 1.29%) in code-reassignment likelihood by reducing the likelihood of code-

reassignment to 1.29%. 

1.6. Unique Contributions of the Research 

This research presents novel methods for Universal Beacon Code assignment 

that assigns codes to flights by exploiting the temporal and spatial opportunities 

available in the NAS so that the likelihood of code reassignments is minimized. The 

methods presented are Mixed Integer Linear Program (MILP) based optimization 
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(Chapter 4), heuristic algorithm (Chapter 5), and a hybrid method (Chapter 6) which 

combines MILP optimization and heuristic algorithmic approach. 

Also, the robustness of the proposed Beacon Code assignment methods has 

been verified for different traffic pattern days including different weather scenarios and 

enhanced future traffic levels. 

Also described is an algorithm to convert the 4-D trajectory of flights into a time-

ordered sequence of ARTCCs that a flight goes through enroute to its destination along 

ǿƛǘƘ ǘƘŜ ŜƴǘǊȅ ŀƴŘ ŜȄƛǘ ǘƛƳŜ ŀǘ ŜŀŎƘ !w¢// ŀƭƻƴƎ ǘƘŜ ŦƭƛƎƘǘΩǎ ǊƻǳǘŜ ό!ǇǇŜƴŘƛȄ !ύΦ Also, a 

National Beacon Code Allocation Plan simulator was built that implements all the rules 

and procedures of Beacon Code allocation in the current system (Appendix B).  
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Chapter 2: Background and Literature Review 

 
 
 

A description of the Air Traffic Control (ATC) and a brief summary of the history 

and functioning of ATCRBS are described in the first subsection of this chapter. In the 

second subsection, the current process of Beacon Code allocation is described. In the 

following subsection, a literature review of past relevant work on this topic is presented. 

In the final subsection of this chapter, the need statement for this research is stated. 

2.1.  Description of ATC and History of ATCRBS 

The primary purpose of the Air Traffic Control (ATC) system is to prevent 

collisions between aircraft operating in the system, organize and expedite the flow of 

traffic, and to provide support for National Security and Homeland Defence (Nolan, 

2007).  

Maps, blackboards and shrimp boats were used by early controllers to track the 

position of aircraft (Nolan, 2007). Over time, increase in volume and complexity of 

traffic has led to improvements in surveillance, navigation and communication 

capabilities. In 1930, the first radio-equipped control tower was established at Cleveland 

Municipal Airport. Increased traffic levels created the need for extending ATC services to 

en-route phases of the flights. This led to the opening of the first Airway Traffic Control 
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Center at Newark in December 1935. In 1936, en route ATC became Federal 

responsibility and the Government started providing air traffic control services. 

Advances in the field of flight navigation and surveillance technologies in years 

leading up to and during World War II led to the development of radar.  Radar is a 

system that uses radio waves to detect distant objects. Deployment of radar enabled 

the controllers to see aircraft position on visual displays. This technology was eventually 

incorporated by Civil Aeronautics Administration (CAA) for surveillance and control of 

civil flights.   

In 1937, the Naval Research Laboratory (NRL) developed the first U.S. radio 

recognition Identification Friend or Foe (IFF) system, the Model XAE, which met an 

urgent operational requirement to allow differentiation of friendly aircraft from enemy 

aircraft in World War II. The Mark X IFF was a later radar beacon system developed by 

NRL. It was essential to the military because it reduced fratricide when used with 

beyond-visual-range weapons. 

By 1958, the FAA (Federal Aviation Administration) had established the Air 

Traffic Control Radar Beacon System (ATCRBS), which is the civil version of the Mark X. 

This new system required flights in certain positive control areas (high-volume air traffic 

areas near airports, IFR traffic under ATC guidance and ADIZ (Air Defense Identification 

Zone) to carry a radar beacon called a transponder. This transponder uniquely identified 

individual aircraft yielding improvement in radar performance and surveillance. The 
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International Civil Air Organization (ICAO) later adopted the ATCRBS, making the Mark X 

ǘƘŜ ōŀǎƛǎ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŀƛǊ ǘǊŀŦŦƛŎ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳΦ 

2.1.1 The ATCRBS (Air Traffic Control Radar Beacon System) 

ATCRBS is a system used in ATC to enhance surveillance radar monitoring and 

separation of aircraft by working in conjunction with primary radar to produce a 

synchronized surveillance. The two major components of the ATCRBS system are: 

(i) A Secondary Surveillance Radar (SSR), as shown in Figure 1, is the part of ATCRBS co-

located at ATC with Primary Surveillance Radar (PSR). It transmits interrogations and 

listens for response. 

(ii) A transponder, as shown in Figure 2, is located in the aircraft is usually mounted in 

the avionics rack. Installations typically also include the altitude encoder, which is 

ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ǘǊŀƴǎǇƻƴŘŜǊ ŀƴŘ ŀƛǊŎǊŀŦǘΩǎ Ǉƛǘƻǘ-static system to provide pressure 

altitude information to the transponder (for mode C interrogation) 

2.1.1.1 ATCRBS Operation 

The ATCRBS interrogator at the ATC facility on the ground, shown in Figure 8, 

periodicaƭƭȅ ƛƴǘŜǊǊƻƎŀǘŜǎ ŀƛǊŎǊŀŦǘ ƻƴ ŀ ŦǊŜǉǳŜƴŎȅ ƻŦ млол aIȊ ǳǎƛƴƎ ǘƘŜ ǊŀŘŀǊΩǎ ǊƻǘŀǘƛƴƎ 

antenna at the assigned Pulse Repetition Frequency (PRF)(Nolan, 2007). Typical 

frequency of interrogation is 450-500 per second. The interrogation travels at the speed 

of light in the direction of the antenna. Upon receiving an interrogation, aircraft reply 

with requested information (altitude or identification) at 1090 MHz after a 3 micro 
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second delay. The interrogator then decodes the reply and identifies the aircraft. The 

aircraft position is determined by the delay between interrogation and reply and 

antenna bearing.  

The transponders typically have four operating modes: Off, Standby, On (Mode-

A) and Alt (Mode-C). The only difference between the On and Alt modes is that when 

the transponder is in the On mode, it does not transmit any altitude information. The 

Standby mode allows the unit to remain powered but it inhibits any replies. 

 

 

Figure 8:  ATCRBS system: Flow of Information (Bussolari, 2000)  

 

Interrogation consists of three pulses. Each of them is 0.8 microseconds in 

duration and is referred to as P1, P2 and P3 (Figure 9). The time interval between P1 and 

P3 determines the type of interrogation. P2 is used for side-lobe suppression. If P1 and 

P3 are separated by 8 microseconds the interrogation is of type Mode 3/A. The reply 
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expected from the aircraft is the beacon/squawk code. If P1 and P3 are separated by 21 

microseconds, it is a mode C type interrogation, requesting aircraft pressure altitude 

from the transponder. There is no difference between a Mode A and Mode C reply. The 

decoding of the reply depends on the type of interrogation issued.  

If the ground station sends a mode 3/A interrogation, the transponder replies 

with a string of pulses that are the squawk code only. If the interrogation is mode C, the 

reply is altitude only.  Each altitude code has an equivalent squawk code. This means 

that the same data would decode as a squawk rather than an altitude. But each squawk 

code does not necessarily have an equivalent altitude. There are 4,096 identification 

codes but only 1,280 altitude codes, one for each 100 foot increment from -1,200 to 

126,700 ft.  

 

 

 

Figure 9: The distinction between Mode A and Mode C interrogation pulses 
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2.2.  Description of Existing Beacon Code Allocation Method    

The current system of Beacon Code allocation is ARTCC-centric. Each of the 20 

ARTCCs in the CONUS is pre-allocated a static subset of codes as per the DOT/FAA Order 

(DOT/FAA, 2009).  The distribution of the number of codes allocated to all the ARTCCs is 

illustrated in Figure 4. The number of codes allocated to each ARTCC is not equal and 

dependent on the expected traffic, i.e. demand for codes. The center with the least 

number of codes allocated to it is ZKC (Kansas City) with 601 codes. The center with the 

least number of codes is ZMA (Miami) with 1,559 codes. As the total number of codes is 

fixed (3,348), codes are shared by multiple ARTCCs (See Figure 5). For example, Beacon 

Code 2101 is allocated to both ZKC (Kansas City center) and ZMA (Miami center) 

centers.  

Codes allocated to each ARTCC can be either external or internal. Internal codes 

are assigned to flights with flight-plans that do not cross the ARTCC boundary. For 

example, a flight from LAX (Los Angeles International Airport) to SFO (San Francisco 

International Airport) would be assigned an internal code by ZLA (Los Angeles Center). 

All other codes are external codes, and are to be assigned to flights that cross at least 

one ARTCC boundary. 

The external and internal codes are further subdivided into primary, secondary 

and tertiary codes as shown in Figure 10. This categorization of codes represents the 

search order. Whenever an ARTCC needs to assign codes to a flight it looks for codes in 
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the primary bucket first, and then if needed in secondary and tertiary. In a given ARTCC 

code list, each code can only be in one of these six categories.  

A code which is internal for one ARTCC may be an external code for another 

ARTCC. Another example is code 2677, which is an external code for ZAB (Albuquerque 

center) but internal code for ZTL (Atlanta center). Also, adjacent ARTCCs never share an 

External Code. 

 

 

Figure 10: Categorization of Beacon Codes into Primary, Secondary and Tertiary subsets for 
each ARTCC 

 

 

A flight is assigned its first Beacon Code by the Host Computer System (HCS) of 

the departure center. The HCS searches for codes in the appropriate order. Codes are 

allocated first from the primary bucket, and then secondary and tertiary if needed. The 
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primary and secondary codes are searched in a cyclic fashion, whereas the tertiary 

codes are searched top-down (FAA, 2007). The beacon/squawk code retrieved by the 

HCS is printed on the flight strip (See Figure 11) along with other information for ATC. 

The ATC relays the Beacon Code to pilot via VHF (Very High Frequency) communication 

(radio).  

 

 

Figure 11:A sample flight strip 

 

 

Before a flight crosses into a new ARTCC enroute to its destination airport, the 

HCS of that ARTCC checks whether the code being used by the incoming flight is also 

being used by any other flight in that center. If so, the HCS assigns another code from its 

bucket of external codes to the flight. This process of a flight getting a new Beacon Code 

assigned to it by an enroute center is called Beacon Code reassignment process.  

2.3. Beacon Code Reassignment Scenarios 

There are two scenarios in which Beacon Code reassignment occurs: 
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2.3.1. Competing Center Scenario 

¢ƘŜ άŎƻƳǇŜǘƛƴƎ ŎŜƴǘŜǊέ ǎŎŜƴŀǊƛƻ ƻŎŎǳǊǎ ǿƘŜƴ ǘǿƻ ŦƭƛƎƘǘǎ ŘŜǇŀǊǘƛƴƎ ŦǊƻƳ 

airports in different centers are assigned the same code and they are in a common 

downstream center at the same time. In this situation, the flight which enters the 

downstream center second is reassigned a Beacon Code.  

For example, the two flights displayed in Figure 12 start from different origin 

ARTCCs and head towards ZDC (Washington DC Center). Flight A (shown in red), is 

headed from Kansas to Washington DC and flight B (cyan), from Miami to Washington 

DC.  If both flights happen to be assigned the same code 2101 by their origin ARTCCs, 

then flight B is reassigned a new Beacon Code by ZDC because flight A would already be 

using code 2101.  

 

 

Figure 12: Competing Center Scenario for Code Reassignment 
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2.3.2. Overtaking Scenario 

When two flights get the same Beacon Code assigned by a center 

initially(because they are offset in time and not in conflict in the center), but later on 

happen to be active in a center downstream at the same time, then the flight that 

enters the downstream center later gets reassigned a new code. This type of 

reassignment is ŎŀƭƭŜŘ ǘƘŜ άƻǾŜǊǘŀƪƛƴƎέ ǎŎŜƴŀǊƛƻΦ 

For example, the two flights shown in Figure 13 are starting from ZLA (Los 

Angeles Center). Flight A (shown in red) is headed from San Diego to Dallas Fort 

Worth(DFW) and flight B (shown in cyan) from Las Vegas to DFW.  Both these flights 

happen to be assigned the same code 7201 by their origin centers; because they were 

not in initial conflict in departing center ZLA (B departed ZLA before A became active). 

When A enters ZAB (Albuquerque center) at 09:45 Hours, it has to be reassigned a new 

code by the center because code 7201 is already being used by B.  

2.4. Research on Alternate Beacon Codes 

Alternate Beacon Code allocation methods have been proposed in the past. The 

most notable of them are described as follows: 
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Figure 13: Overtaking Scenario for Code Reassignment 

 

 

2.3.1 Code Assignment by Airline (9 Airlines interaction based allocation)  

This method allocated blocks of codes to each airline which it in turn assigned to 

its own flight (Elbourn and Saunders, 1972, pp. 29-33)Φ !ƛǊƭƛƴŜǎ άǿƘƻǎŜ ǊƻǳǘŜǎ Řƻ ƴƻǘ 

croǎǎ ƻǊ ƻǾŜǊƭŀǇέ Ƴŀȅ ōŜ ŀƭƭƻŎŀǘŜŘ ǘƘŜ ǎŀƳŜ ŎƻŘŜǎΦ bƻƴ ŀƛǊ ŎŀǊǊƛŜǊ ŦƭƛƎƘǘǎ ǿŜǊŜ ŀǎǎƛƎƴŜŘ 

ŎƻŘŜǎ ōȅ ǘƘŜ C!! ƛƴŘŜǇŜƴŘŜƴǘƭȅΦ ¢ƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ άǿƘƻǎŜ ǊƻǳǘŜǎ Řƻ ƴƻǘ ŎǊƻǎǎ ƻǊ 

ƻǾŜǊƭŀǇέ ƳŜŀƴǎ ŦƭƛƎƘǘǎ ǿƘƻǎŜ ǊƻǳǘŜǎ Řƻ ƴƻǘ ŜƴǘŜǊ ǘƘŜ ǎŀƳŜ !w¢// ŀǊŜŀΦ ¢Ƙƛǎ ǊŜǎŜŀǊŎƘ 

was conducted in 1971 and at that time 9 airlines were chosen. The conclusion of this 

research was that the airline routes were not independent of each other and therefore 

the scope of duplicating codes among airlines was not feasible. 
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2.3.2 Altitude Strata Code Assignment Plan (Codes assigned by Altitude, Reserved 
codes for Climb/Descent)  

This method assigned codes to flights based on the flights being within certain 

altitude layers (Elbourn and Saunders, 1972, pp. 33-35). In addition, certain codes were 

reserved for climb and descent indications. The rationale was to partition the altitude 

into layers and the code-banks into proportional partitions for each altitude layer. The 

assignment plan was not considered feasible because the degree of coordination 

required to follow this kind of code assignment rules far outweighed the profitability of 

the plan. 

2.3.3 Directional Code Assignment Plan (Same codes shared by flights operating in 
geographically independent regions)  

This method proposed that flights which do not share a common center could 

use the same code (Elbourn and Saunders, 1972, pp. 35-36).  As a result, the 

north/south flights on the west coast, mid-west and east could use the same codes since 

the flights would never run together. Based on this rationale, the same codes could be 

shared by flights operating in geographically independent region. To test this theory, the 

country was divided into geographically independent partitions so that they could all 

share the same codes without any interference. The conclusion of this study was that, 

άƻƴŜ Ŏŀƴ ǎǘǳŘȅ ǘƘƛǎ Ǉƭŀƴ ŦǳǊǘƘŜǊΣ ōǳǘ ǘƘŜ ǊŜǎǳƭǘǎ ǿƛƭƭ ƘŀǾŜ ŀ ǎǇŜŎƛŀƭƛȊŜŘ ŀǇǇƭƛŎŀōƛƭƛǘȅ ŀƴŘ 

ǘƘŜ ōŜƴŜŦƛǘǎ ǿƛƭƭ ōŜ ƭƛƳƛǘŜŘΦέ 
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2.3.4 Master Assignment Plan (Flight Plan aware assignment of BC)  

According to this method, codes are assigned to flights by one master control for 

all IFR (Instrument Flight Rules) flights in US (Elbourn and Saunders, 1972, pp. 23-28). 

The master center uses flight-plans to assign de-conflicted codes for each flight on a 

FCFS basis. This method used FCFS (First Come First Serve) rule to allocate de-conflicted 

codes to flights and no optimization was used. In the conclusion of this study, the 

authors stated that пср ŎƻŘŜǎ ǿŜǊŜ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ŀƭƭƻŎŀǘŜ ǘƻ нтΣсфн ŦƭƛƎƘǘǎ ŦƻǊ ǇŜŀƪ ŘŀȅΩǎ 

IFR traffic (1970) without any code reassignment.  

2.3.5 Geographic Beacon Code Allocation 

This study focused on the optimization of Beacon Code allocations to reduce the 

number of code reassignments based on a new geographic scheme (Lucic, 2005). This 

method of geographic Beacon Code scheme addressed ǘƘŜ άcompeting centersέ (Figure 

13) scenario as a major source of Beacon Code reassignments. However, this method 

made the problems caused by the άovertakingέ scenario (Figure 13) worse since many 

flights flying approximately the same path were forced to share a small number of 

codes.  

The code allocation was developed based on 17 days of ETMS data ranging from 

the year 2000 to 2004 as shown in Table 4. The data was initially used to estimate code 

demand and to determine the interference between center-regions.  A destination 

region in this case consists of either a single center or a union of several centers. Since 
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the code allocation to center-regions consists of primary and secondary blocks of codes, 

two optimization problems were defined. The primary code allocation is a set of codes 

to be assigned to the traffic with the highest priority; it was determined for all center-

regions first. The center-ǊŜƎƛƻƴǎΩ ǇǊƛƳŀǊȅ ŎƻŘŜ ŀƭƭƻŎŀǘƛƻƴ ƻǇǘƛƳƛȊŀǘƛƻƴ ƛǎ ŀƛƳŜŘ ǘƻ 

allocate the available codes proportionally to center-ǊŜƎƛƻƴǎΩ ŎƻŘŜ ŘŜƳŀƴŘǎ ǿƘƛƭŜ 

allowing small or no interference between center-regions sharing the code allocation.  

Since each center-region needed a specific number of codes to support the traffic, the 

difference between the required number of codes and size of primary allocation was 

allocated in the secondary block of codes in a way that minimized code sharing between 

center-regions with high interference.  

The proposed allocation was tested using the Beacon Code allocation simulation. 

A total of 31 days of ETMS data were included in the simulation testing.  The test results 

showed that the proposed allocation reduced the total number of reassignments by 

approximately 60% with standard deviation of approximately 2%. The simulation results 

also revealed that approximately 35% of the reassignments obtained by the proposed 

center-ǊŜƎƛƻƴ ŀƭƭƻŎŀǘƛƻƴ ŀǊŜ ǘƘŜ ǊŜǎǳƭǘ ƻŦ ǘƘŜ άƻǾŜǊǘŀƪŜέ ǇǊƻōƭŜƳΦ   

2.5.  Objectives of this Research 

The objectives of the problems being addressed in this dissertation can be 

summarized in the following three research questions: 
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RQ1: Is there a Beacon Code reassignment problem in the currently used Beacon 

Code allocation system? Answering this research question formally demonstrates the 

existence of Beacon Code reassignment problem and establishes the primary motivation 

for this research. An analysis of archived data for a historically high traffic volume period 

(2007) is used to for identifying and quantifying the problem of reassignment in the 

current system (Chapter 3).  

RQ2: Is there a centralized Beacon Code assignment solution that eliminates the 

need for reassignments? To answer this research question, alternate methods for code 

reassignment were developed, formulated, coded and evaluated. The results 

demonstrate that centralized Beacon Code assignment method exists that eliminates 

the need for code reassignment (Chapter 4, 5 and 6). 

RQ3: Is there a centralized Beacon Code assignment solution that scales up to future 

traffic growth (X1.5 traffic)? The methods proposed in this research are tested using 

future projection of traffic to ascertain their scalability with growth in future traffic 

demand. It is shown that using the Space Time Adjacency (STA) algorithm developed in 

this research it is possible to assign codes for 1.5x traffic projections with only 1.29% 

likelihood of code reassignment (Chapter 5). 

Analysis of historical data, and formulation and evaluation of the proposed 

Beacon Code assignment methods were used to answer these research questions. 
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Chapter 3: Data Sources and Statistics on Beacon Code Usage and 

Reassignments 

 
 
 

The two primary functional problems that a Beacon Code assignment system 

must be capable to address are code reassignments and code shortages. This section 

describes the data sources used, and the analysis that was done in order to identify and 

quantify the code reassignment and shortage problems in the code allocation system 

being used currently in the National Airspace System (NAS). This system is called 

National Beacon Code Allocation Plan (NBCAP) and is owned and managed by Federal 

Aviation Administration (FAA), the Air Navigation Service Provider (ANSP) for the 

airspace of United States.  

The goal of the analysis described in this chapter is to be able to answer the first 

research question Q1 (See Section 2.5) which states: Is there a Beacon Code 

reassignment problem in the currently used Beacon Code allocation method? Answering 

this question establishes the need for this research, and also provides a baseline for 

comparison of the proposed Beacon Code assignment methods.  

The data sources used in this research are described in the first subsection of this 

chapter. Next, statistics on Beacon Code usage and reassignment are presented. In the 
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next section of this chapter, Beacon Code demand in the NAS (National Airspace 

System) is discussed. The last section summarizes the results of data analysis in this 

chapter.  

3.1 Data Sources 

The three primary data sources used in this research are: 

(i) DOT/FAA Order JO 7110D  

(ii) HOST data 

(iii) Enhanced Traffic Management System (ETMS) 4-D trajectory data 

 

Multiple data sources were used in this research for two main reasons. Firstly, 

there is a higher degree of confidence in the result when independent data sources are 

used to quantify the same metric (code reassignment) and their analysis yield similar 

results. Secondly, the resolution of ETMS (Enhanced Traffic Management System) data is 

higher than HOST data for any given day and as a result the analysis of large volumes of 

ETMS data is prohibitive in terms of computational space and time required. For this 

reason, 153 days of HOST data as opposed to 5 days of ETMS data are used for analysis.  

3.1.1 DoT/FAA order 7110.66D 

The process of allocation of codes to ARTCCs in the NAS is owned by FAA and 

published in DOT/FAA orders. The code allocation was last revised in November of 2009 

and is published in (DOT/FAA, 2009). This order enlists the code blocks that are 
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allocated to each of the ARTCCs in the CONUS. The number of external and internal 

codes allocated to each of the 20 ARTCCs in the CONUS as per the order is shown in 

Figure 4. 

3.1.2 Host Data 

Host Data is recorded by the Host Computer System (HCS) for each of the 20 

ARTCCs in the CONUS.  I/{ ƛǎ ǘƘŜ ƪŜȅ ƛƴŦƻǊƳŀǘƛƻƴ ǇǊƻŎŜǎǎƛƴƎ ǎȅǎǘŜƳ ƛƴ C!!Ωǎ ŜƴǊƻǳǘŜ 

environment. It processes radar surveillance data, processes flight plans, links filed flight 

plans with actual aircraft flight tracks, provides alerts of projected aircraft separation 

violations (i.e. conflicts), and processes weather data. The HCS along with the other 

hardware components also has a direct access storage subsystem which archives flight 

records.  

The two types of Host Data used for analysis in this dissertation are Utilization 

Beacon (UB) and Beacon Reassignment (BA) messages. Data was extracted for a period 

spanning 153 days from 1st August, 2007 to 31st December 2007. 

3.1.2.1 Utilization Beacon Messages 

A snapshot of the Utilization Beacon (UB) message is shown in Figure 14.  The 

HCS of each ARTCC maintains an hourly count of the number of Beacon Codes of each 

type (primary, secondary and tertiary) in both code categories (external and internal). 

Each row of the UB message for a given ARTCC represents the peak hourly count of 
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Beacon Codes being used in the corresponding code categories for every hour of the 

day. 

The relevant fields that were extracted are in column (vi) through (x) of Figure 14: 

i. Column (vi): Peak Number of Internal Primary and Secondary Codes and the total 
number of adapted codes. 

ii. Column (vii): Peak Number of Internal Tertiary Codes and the total number of 
adapted codes. 

iii. Column (viii): Peak Number of External Primary and Secondary Codes and the 
total number of adapted codes. 

iv. Column (ix): Peak Number of External Tertiary Codes and the total number of 
adapted codes. 

v. Column (x): Number of Code Reassignments since midnight. 

 

 

Figure 14: Snapshot of Utilization Beacon (UB) Message from ARTCC HOST Data 

 

 

3.1.2.2 Beacon Reassignment (BA) Messages 

A snapshot of the Beacon Reassignment (BA) message is shown in Figure 15. 

Each row corresponds to an instance of code reassignment. 
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The relevant fields that were extracted are in column (vi) through (xi) of Figure 15: 

i. Column (vi): Call sign of Flight 1: The flight identifier of flight which is already 
using the corresponding Beacon Code. 

ii. Column (vii): Call sign of Flight 2: The flight identifier of flight whose Beacon 
Code needs to be reassigned due to potential conflict with Beacon Code of flight 
1. 

iii. Column (viii): Computer Identifier of Flight 1. 

iv. Column (ix): Computer Identifier of Flight 2. 

v. Column (x): Beacon code of Flight 1(In use). 

vi. Column (xi): Beacon code of Flight 2(reassigned BC). 

 

 

Figure 15: Snapshot of Beacon Reassignment (BA) Message from ARTCC HOST Data 

 

 

3.1.3 ETMS 4-D Trajectory Data 

The Enhanced Traffic Management System (ETMS) is a system developed, owned 

and used by FAA to manage the flow of air traffic within the NAS on a daily basis. ETMS 

data helps provide traffic management specialists with guidance to maintain air traffic 

flow in the event of changing capacities in NAS due to weather adversities. ETMS data 
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for five days of 2007 (a year of historical high air traffic demand) were chosen. The five 

days chosen span over different seasons to account for the seasonal variation in traffic 

demand and route structure. The days chosen for analysis were: 

(i) 3rd Jan, 2007 (Winter) 

(ii) 11th April, 2007 (Spring) 

(iii) 26th July, 2007 (Summer) 

(iv) 21st November, 2007 (Day before Thanksgiving) 

(v) 19th December, 2007 (Winter) 

An algorithm was developed to convert the ETMS 4-D trajectory data to άŎŜƴǘŜǊ-

ŎǊƻǎǎƛƴƎέ Řŀǘŀ. The conversion was done by superimposing the 4-D trajectories on the 

center geometries and finding the entry and exit point in time and space for each center 

on the route of a flight. The details of this algorithm are described in Appendix A: 4DT-

to-Center-Route Converter.  

3.2 Beacon Code Usage Statistics 

Beacon code usage statistics were derived from analysis of 153 days of HOST 

data for all the 20 ARTCCs in the CONUS. The ETMS data could not be used to derive 

code usage statistics because it is a flight centric dataset that does not have HOST 

specific Beacon Code information.   
















































































































































































































































