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FOREWORD 

In this report, the evaluation of the Collision Avoidance 

System (CAS) has been based on the criteria and specifications, 

insofar as they are applicable, of ANTC-117. No direct con

clusion about the efficacy of the CAS, as such, should be drawn 

from the fact that the system evaluated herein conforms to the 

requirements set down by that document. In another concurrent 

study by IDA, described in the IDA Report 3-450 (FAA Report No. 

FAA-RD-75-72), an evaluation of ANTC-117 itself was made. The 

results of that study indicate that ANTC-117 requirements do 

not guarantee the safe avoidance of collision between encounter

ing aircraft in all circumstances. Moreover, they predict ex

cessive alarm rates in high density traffic such as forecast 

by the FAA for the Los Angeles Basin in 1982. 
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I. '. INTRODUCTION 

The purpose of this study is to evaluate Sierra's (Ref. 1) 

concept for a collision avoidance system, referred to as DME/ 

CAS.* The evaluation is conducted in response to the DOT/FAA 

task order reproduced in Appendix E. This is one of a series 

of evaluations of yarious collision avoidance systems performed 

by IDA under contract to the FAA. 

DME/CAS is an air-derived synchronous concept intended to 

exploit the proliferated network of DME ground facilities to 

obtain synchronization and to adapt airborne DME designs to ful

fill the CAS function. DME ground facilities would be augmented 

to transmit a CAS time reference signal, in addition to normal 

DME replies; airborne clocks would be synchronized to the re

ceived reference after correction for the propagation delay ob

tained by DME techniques. 

The basic information exchanged between the CAS partici

pants, i.e., transmitting and receiving aircraft, consists of 

three threat parameters: one-way ran~e, range rate as obtained 

from range difference measurements, and aircraft altitude. These 

are the only parameters employed for threat evaluation (as speci

fied in Ref. 2) and their measurement accuracies have a direct 

impact on the rate of illegitimate alarms and on delays of legit

imate alarms. For this reason, a portion of the study effort 

was devoted to an analysis of errors in the measurement of the 

threat parameters. The results are compared with the ANTC-117 

(Ref. 2) specifications which reflect the user's perception of 

the required, performance. 

*Distance !'ieasurinrr, ~quipITIent/Q.0llision Avoidance Q.ystcm. 
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The so-called "ANTC-117" is an airline industry (as repre

sented by the Air Transport Association of America) document de

signed to provide a statement of airline policy and requirements 

and a technical description of an Airborne Collision Avoidance 

System (ACAS). The document was prepared under the auspices of 

the Airline Air Traffic Control Committee, CAS Technical Working 

Group, and issued by the Air Navigation/Traffic Control Division 

of the Air Transport Association (ATA) of America. The CAS 

working group, formed in 1967, included representatives from the 

ATA, the airlines, the avionics and aircraft manufacturers, 

ARINC, and observers from the FAA and 000. The workln~ ~roup 

l'ecomlllcndcd the 'rau criteria (descrIbed 1n Appendix F of th:l.s 

~,tudy) 1'01' Uw Lhr'ent evaluation ]op;lc; Ume/frequency (T/l") 

Lechn1 que~~ for the transmission and reception of signaL,; one

way ran~ing, doppler techniques, and encoded altitude, for threat 

evaluation. 

The ANTC-l17 specifications include both functional criteria 

(e.g., threat logic, threat parameter accuracy requirements, 

capacity, interference protection, etc.) as well as detailed 

hardware specifications. In general, all of the ACASs eval

uated by IDA purported to meet the essential functional speci

fications of ANTC-117 without, necessarily, complying with the 

specified hardware implementation (the one exception being the 

McDonnell Douglas CAS). Because of this, and because ANTC-117 

provides the only articulated set of requirements, ANTC-l17 

functional specifications were adopted as the common standard 

of comparison for all of the ACASs studied by IDA. The ade

quacy of ANTC-117 was examined separately (Ref. 3) and is not 

addressed in the present study. 

A significant portion of the IDA effort on other ACAS studies 

was devoted to ttlC relationship between traffic density and 

rnl s~;cd and false alarme. This problem has been of primary con

cern in the asynchronous CAS concepts, and is the result of 

? 



"fruit" effects within their target tracker algorithms. For 

the DME/CAS, the relationship between interference and "fruit" 
. . . . 

on the one hand, and false alarms and false dismissals on the 

other hand, depends on the type of pUlse coding/decoding and 

number of frequency channels envisioned for the CAS function. 

Sierra (Ref. 1) identified a variety of options without suffi

cient detail to permit an evaluation of false alarms and false 

dismissal probabilities. For this reason, the study was con

fined to a description of the generic type of decoder(s) and 

frequency assignments needed to protect against interference. 

In accordance with the admonition in the task order, no de

tailed functional design of the decoder was attempted. The 

special forms of "fruit" and interference characteristic of the 

DME/CAS are addressed in the appropriate section of the study. 

Chapter II of the study provides a summary and conclusions 

which cover: (a) the implications of time sharing between the 

DME and CAS functions in DME/CAS; (b) accuracies of threat param 

eter measurements; (c) airborne clock synchronization; and (d) 

interference mech~nisms and their implications on traffic han

dling capacity. 

Chapter III provides a brief functional description of the 

DME/CAS; more detailed descriptions are given in the course of 

the analysis in subsequent sections. 

Chapter IV addresses the impact of DME/CAS on eXisting DME 

service. This includes considerations of frequency channel needs 

of CAS as determined by the CAS signal format, power bUdget fac

tors, and interslot interference considerations. 

Chapter V examines the procedure for acquiring the CAS time 

reference signal. Acquisition delays and probabilities of lock

up on fruit are evaluated, together with the CAS-imposed loaa on 

the DME ground facility. 

Chapter VI analyzes the airborne clock update requirements, 

clock errors, and their implication on CAS capacity and accuracy 

of threat parameter measurements. 
3 



Chapter VII evaluates the accuracy of CAS range rate measure

ments, including the impact of clock errors and multipath. 

Appendix A derives a lower bound, used in this analysis, on 

time-of-arrival errors in leading edge measurements. 

Appendix B analyzes the synchronization loop behavior and 

performance characteristics. 

Appendix C evaluates the multipath contribution to range 

rate measurement errors. 

Appendix D examines interference resulting from undetected 

co-slot occupants. 

Appendix E provides a copy of the DOT/FAA task order. 

Appendix F describes the Tau criteria of ANTC-117 for col

lision avoidance. 

Appendix G examines the effect of correlation between range 

and range-rate errors. 

Appendix H evaluates the range-rate bias errors resulting 

from range difference measurements. 

4
 



II. SUMMARY AND CONCLUSIONS 

A.	 STATEMENT OF THE PROBLEM AND STUDY APPROACH 

The DME/CAS is one of several CAS concepts that have been 

analyzed and reviewed in a series of IDA studies. The common 

elements in all cases are as follows: 

1.	 Each of the proposed systems represents a unique tech

nical approach to an air-derived CAS concept. The 

basic aim of the proponents of the systems (with the 

exception of the McDonnell Douglas CAS) is to provide 

a competitive alternative to the so-called ATA CAS as 

defined in Ref. 2. 

2.	 All of the CASs purported to meet the essential func

tional speciftcations (e.g., capacity, alarm criteria, 

threatpar~meter measurement accuracies, protection 

against interference, etc.) of ANTC-117 (Ref. 2) with

out necessarily meeting the detailed technical design 

approach specified in ANTC-117. 

Thus, the basic study problems are (1) the derivation of the 

functional performance characteristics from the detailed tech

nical descriptions of the CAS, and (2) comparison with the 

ANTC-117 functional specifications to the extent that these 

apply in the specific case. 

The so-cal·led "ANTC-117" is an airline industry (as rer~r-e

sented by the Air Transport Association of America) document 

designed to provide a statement of airline policy and require

ments and a technical description of an Airborne Collision 

Avoidance System (ACAS). The document was prepared under the 

5
 



auspices of the Airline Air Traffic Control Committee, CAS 

Technical Working Group, and issued by the Air Navigation/ 

Traffic Control Division of the Air Transport Association (ATA) 

of Al11('rlca. The CA:; working r;roup, formed in 1967, inc luded 

repl'L'sentatives from the ATA, the airlines, the avionics and 

aircraft manufacturers, ARINC, and observers from the FAA and 

DoD. The working group recommended the Tau criteria (described 

in Appendix F of this study) for the threat evaluation logic; 

time frequency (T/F) techniques for the transmission and re

ception of signals; one-way ranging, doppler techniques, and 

encoded altitude for threat evaluation. 

The ANTC-117 specifications include both functional cri

teria (e.g., threat logic, threat parameter accuracy require

ments, capacity, interference protection,) as well as detailed 

hardware specifications. In general, all of the ACASs eval

uated by IDA purported to meet the essential functional speci

fications of ANTC-117 without necessarily complying with the 

specified hardware implementation (the one exception being 

the McDonnell Dour;las CAS). Because of this, and becauRe ANTC

117 provides the only articulated set of requirements, ANTC-117 

functional specifications were adopted as the common standard of 

comparison for all of the ACASs studied by IDA. 

The adequacy of the ANTC-117 specifications was examined 

in a companion study (Ref. 3) and is not addressed in this 

paper (see Foreword). 

Each of the CAS studies at IDA was focused on the unique 

technical features of the specific system under examination. 

In the case of the DME/CAS, these are (1) time sharing be

tween DME and CAS functions and (2) reliance on the basic DME 

pulse for both functions. 'l'he first wi]] impact both thF; CA~ 

functiom; as well as the conventional DMJo: functions, while the 

second lmposes ~10me bas i c cons train ts on the threat par'arnetcr 

measurement accuracies. Accordingly, a siv.n1f'icant portion of 

the study was devoted to these problem areas. 
6 



The basi~ assumptions and ground rules adopted in the 

study are listed below: 

1.	 The technical characteristics of the DME ground facili 

ties conform to the FAA specifications and ICAO stan

dards (Refs. 4 and 5). 

2.	 The essential.elements of the DME/CAS are represented 

in Sierra's Report TR-1115 (Ref. 1) with two amendments: 

a.	 SynchronizatiOn logic chan~es communicated to IDA 

in a letter dated 9 December 1974. 

b.	 Introduction of a pulse peak detector which was 

not described in TR-1115 and which was communicated 

to the author through telephone conversations. 

3.	 All of the analyses must be presented in explicit form 

to insure that the results can be reproduced by the 

interested reader. Standard analytical tools of modern 

electronic engineering are used throughout the study-

new and startling models are avoided to prevent any 

spurious controversies about the credibility of the 

analytical methods. 

4.	 Interference effects which depend on traffic density 

are evaluated on the basis of the FAA traffic model. 

This provides a static snapshot of aircraft positions 

(in three coordinates) and aircraft types projected 

for the Los Angeles Basin for 1982. 

5.	 A detailed analysis of DME coverage throughout continental 

United States is beyond the scope of the study. Although 

Sierra had considered (Ref. 1) some aspects of the problem, 

a much more detailed assessment will be needed in any future 

planning for DME/CAS. 

IDA studies of the asynchronous CAS systems had devoted a 

significant portion of' the effort to the relationship between 

traffic density and missed and false alarms. This problem is 

a primary concern in asynchronous CAS concepts, and is the re

sult of' "fruit" effects within their target tracking algorithms. 
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~~ the other hand, the synchronous DME/CAS will be sUbjected 

to other forms of interference. The impact on false alarms 

and false dismissals depends on the type of pulse coding/decod

ing and the number of frequency channels that are envisioned 

for the CAS function. Sierra (Ref. 1) identified a variety of 

options without sufficient detail to permit an evaluation of 

false-alarm and missed-alarm probabilities. For this reason, 

the study was confined to a description of the generic type of 

decoder(s) and frequency assignments needed to protect against 

interference. In accordance with the admonition in the task 

order, no detailed functional design of the decoder was attempted. 

B.	 SYSTEM DESCRIPTION 

DME/CAS is an air-derived synchronous concept intended to 

exploit the proliferated network of DME ground facilities to 

obtain synchronization, and to adapt airborne DME designs to 

fulfill the CAS function. DME ground facilities would be aug

mented to transmit a CAS time reference signal, in addition 

to normal DME replies. Airborne clocks, included in the air 

borne DME/CAS units, would be synchronized to the received ref

erence after correction for the propagation delay obtained by 

DME techniques. 

The conventional DME is a standardized, L-band, pulse

ranging system designed for airborne navigation applications. 

It consists of airborne interrogation-and-reception equipment 

and ground-based transponders or beacons. DME-equipped air 

craft interrogate the ground transponder and determine range 

from the time elapsed between the transmission of an interroga

tion and the reception of the corresponding reply. DME func

tions are incorporated into four types of ground facilities: 

1.	 TACAN is an L-band Tactical Air Navigation system 

Which, in addition to DME service, provides bearing 

information to appropriately equipped aircraft. TACAN 

r'angj nF: l~; (~ompatible with the conventional air-borne 

DME unl b,. 



~.	 VOR/DME consists of two co-located facilities: one is 

a VHF omnidirectional range system operating in the VHF 

band providing only azimuth information, while the DME 

component, operating at L-band, provides range. 

3.	 VORTAC consists of co-located VOR and TACAN facilities 

where the DME ranging function is provided by the TACAN 

component. 

4.	 DME-only facilities operating at L-Band, which provide 

only ranging. 

Approximately* 1000 VORTAC stations cover the continental 

United States. The most powerful among these, the so-called 

class If stations, provide DME service out to a range of 130 nmi. 

VDH'L'l\C statJon:; have been identified uy :~ terra (Her. I) as 

the prlme candidates for the di;;;ocmination of the CA;.3 time refer

ence :::;ignal for synchronization of the airborne CAS units. 'I'he 

required modifications/additions to these stations include: an 

atomIc clock, timing generation circuitry, and some means for 

disseminating master time among the ground stations. Sierra (Ref. 

1) has not identified any method for providing a common time base 

for ground stations. This problem is of particular significance 

to the DME/CAS, which, in contrast to the ATA CAS, has no air-to

air synchronization relay capability and will, therefore, have 

to rely on a much larger number of ground stations. Although a 

number of different methods for master time dissemination are 

available, it is not clear at present which of these can meet 

the accuracy specifications at a cost acceptable to the FAA. 

As far as the airborne equipment is concerned, the trans

mitter and antenna installation of the conventional DME appears 

to be appropriate for the DME/CAS. However, the DME/CAS trans

ceiver must be time-shared between five functions: 

1.	 rl'l'ansmh, sion of conventional DME interrogations 

to the ground-based DME transponder, 

* l)')O ~)t(1tlDm) in 196'( and 1050 projected for ]981. 
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2.	 Reception of conventional DME replies from the ground 

transponder, 

3.	 Reception of the CAS time reference signal from the 

augmented DME transponder (ground-based), 

4.	 Transmission of the CAS signal, i.e., one-way range 

and encoded altitude, 

5.	 Reception of the CAS signal from other aircraft. 

Of these five functions, only (1) and (2) are incorporated in 

the conventional airborne DME transceiver. ThUS, the DME/CAS 

transceiver will require frequency switching hardware (crystal 

oscillators, frequency multipliers, voltage-controlled oscil 

lator) in addition to the CAS time-crystal-controlled oscillator 

and a new receiver with appropriate gain control and peak detec

tor circuitry. 

Overall system operation is as follows. The airborne CAS 

unit synchronizes its clock on the basis of DME measurements 

and time-of-arrival measurements of the CAS time reference 

signal from the ground (Chapters V and VI provide additional 

descriptions). The synchronization signal provides the common 

timing format for 2000 1.5-ms time slots within a 3-second 

epoch. After synchronization, the airborne CAS selects an 

unoccupied time slot for transmission of the CAS signal. This 

consists of two pulse pairs: (1) a marker pulse pair, and (2) 

an altitude pulse pair. The first pair is transmitted at a 

fixed time relative to slot start time while the second pair 

is delayed relative to the first. The delay consists of a 

relatively large component minus a component which is propor

tional to aircraft altitude. ThUS, a synchronized CAS receiver 

obtains range to the transmitter by measuring the delay between 

reception of the marker pulse pair and its known transmission 

time, while the transmitter's altitude is decoded from the 

separation between the received marker pulse pair and the alti 

tude pulse pair. Range rate is obtained from the chan~e of 

range in successive epochs. The three measurements, range, 

10 



range rate, and altitude are used (in accordance with Ref. 2) 

to determine whether or not the transmitting aircraft poses a 

potential collision threat. An alarm/warning is generated when 

an intruder appears within prescribed altitude band(s) of the 

receiving aircraft and when the intruder range is less than a 

minimum range or the sum of: (1) the prescribed (by ANTC-117) 

Tau value, in units of time, multiplied by the range rate, plus 

(2) an offset range to allow for unexpected aircraft maneuvers. 

The resultant warning time for aircraft on a collision course 

is greater than the Tau value. 

The DME/CAS frequencies are selected from the 960 to 1213 

MHz band allocated to DME service. DME interrogation and reply 

frequencies are separated by the usual 63 MHz; the CAS time 

reference signal is transmitted (and received) on the uplink 

DME reply frequency, while the CAS signals are transmitted and 

received on one or more exclusive frequencies. The DME interro

gation and reply frequencies, as well as the CAS time reference 

signal frequency, are determined by the frequency allocation to 

the local DME facility. These frequencies change as the air

craft crosses the adjacent service volumes covered by the ground 

transponders. However, the CAS frequencies are common through

out the continental United States. A CAS time slot 1s pre

empted by each DME measurement and by each airborne clock up

date requiring a tj.me-of-arrival measurement of the CAS time 

reference signal. The latter is carried out in the presence 

of "fruit" generated by the conventional DME replies. 

C. STUDY SCOPE 

The broad areas covered in this study include the impact 

of' tIme sharing between DME and CAS functiow:, interference 

rnech:Hl1stll~;, and threat parameter measurement accur'acje[>. f\ 

more detaIled breakdown of the speci fic technl cal arNJ[i and 

thc f'actors <lddres::;ed in each area are provided in Table 1. 
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TABLE 1. STUDY SCOPE
 

Factors Addressed in the 
Areas Covered in the Study Indicated Area 

A. Inters10t interference, 
its impact on frequency 
channel requirements and 
dislocation to convention

1. Power budget factors (trans
mitted power, antenna 9ain, 
receiver sensitivities) and 
their fluctuation over the 

a1 DM Ese r vic e . equipment population. 

2. CAS signal format, altitude 
encoding/decoding scale, 
pulse pair decoder character
istics. 

B.	 CAS load imposed on DME 1. Relative priorities assigned
ground transponders. to DME and CAS transmissions. 

2.	 Synchronization acquisition 
delays and "fruit" lock-up 
probabilities. 

C. Reduction in CAS capacity
due to preemption by DME 
functions. 

1. DME interrogation rate 
needed for navigation and 
for airborne clock updates. 

2. Airborne clock update require
ments as determined by the 
specified synchronization 
accuracy, range rate measure
ment accuracy, clock drift, 
and synchronization loop 
design. 

D.	 Threat parameter measure- 1. Power budget factors, random 
ment accuracies. errors, and bias errors. 

2.	 DME accuracy, synchroniza
tion loop design, and clock 
drift. 

3.	 Multipath. 

E.	 Impact of interference on 1. CAS signal format, number of 
CAS	 capacity. frequency channels, power 

budget factors, undetected 
co-slot occupants. 

2.	 Pulse-pair decoder character
istics. 

12
 



Th~	 following are beyond the scope of the present study: 

1.	 Analysis of DME coverage throughout the continental 

United ~tates. In spite of the 1000 VORTAC stations, 

some coverage gaps can be anticipated where the asyn

chronous Back-Up Mode (BUM) will have to be invoked.* 

2.	 Dissemination of master time among ground stations: 

Ref. 1 has not identified any method for establishing 

a common time base. 

Finally, it should be noted that the analysis of the BUM 

was omitted from this study because of the incomplete descrip

tion in Ref. 1 (Appendix D entitled "Back-Up Mode Considera

tions"). Specifically, the quantitative alarm criteria in terms 

or range and range rate (or, in fact, whether range rate would 

be used at all) were not identified by Sierra (Ref. 1). 

D.	 STUDY FINDINGS 

1.	 Frequency Channels 

The original ATA CAS (Ref. 2) had been allocated four ex

elusive frequencies: 1600, 1605, 1610, and 1615 MHz. However, 

the DME/CAS will have to be accommodated within the DME band 

around 1 GHz. Here, a single airborne interrogation frequency 

channel allocated to the CAS function will eliminate 3 out of 

252 DME reply channels (Chapter IV). For example, if the air 

borne frequency channel at 1041 MHz is selected, three ground 

reply frequency channels will be preempted: 

1.	 987 MHz = 1041 - 63, corresponding to the so-called 

channel number 17X, 

2.	 1104 MHz = 10~1 + 63, corresponding to the so-called 

channel number 17Y, and 

3.	 1041 MHz, corresponding to channel BOY, which replies 

to interro~ations on 1104 (= 1041 + 63). 

If two airborne frequencies separated by 63 MHz are used for 

CAS, only three v,round reply channels are displaced. On the 

*The DME/CAS has no air-to-air	 synchronization relay capability. 
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other hand, if the spacing between airborne frequencies is less 

than or greater than 63, six channels are displaced. The dis

location to DME service will depend on the number of frequencies 

needed for CAS which, in turn, depends on the CAS signal for

mat, power budgets, and inters lot interference protection require

ments. Interference may be produced by a CAS transmission after 

a propagation delay which is long enough to place the trailing 

end of the CAS signal in a subsequent time slot belonging to a 

different CAS participant. In this regard, the factors examined 

in the study (Chapter IV) were: (1) Nominal power budget factors 

(i.e., transmitter power, antenna gain, losses, receiver sensi

tivity) and their fluctuations over the equipment population. 

(2) The CAS signal format and, in particular, the altitude 

encoding/decoding scale. It was found that the proposed I-vsec 

delay per 250 ft of altitude would not meet the specified (Ref. 2) 

accuracy; accordingly, the scale was changed to l-vsec delay 

pCI' 

(3) 

100 rt 

Pulse 

of altitude (Chapter IV, Eqs. 

pair decoder characteristics. 

~ and 6, and Table 6). 

Conclusion (Chapter IV): Two frequency channels allocated 

to the CAS function should provide adequate protection 

against interslot interference. With appropriate channel 

spacing, such an allocation will preempt four out of 252 

DME reply channels (otherwise, six would be preempted); 

its impact will be reflected in the frequency reallocation 

of 16 (expected number) VORTAC facilities, their neighbors, 

and neighbors' neighbors, etc., in a population of 1000 

VORTAC stations. The overall effect could not be dismissed 

as an insignificant dislocation. 

The full impact will depend on the interference protection mar

gins	 employed in present allocation. 

2.	 CAS Load on DME Ground Facilities 

A CAS load is imposed on the DME faciljty by the CA~ time 

ref'erence	 signal transmissions. Their priority, relative to 
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conventional DME replies, affect the synchronization acquisition 

performance of the airborne unit: both acquisition delays and 

probabilities of lockup on "fruit" were examined in Chapter V. 

Conclusion (Chapter V): The transmission of the CAS time 

reference signal (~83 pulse pairs per sec) should receive 

priority over DME replies. The result is a 3-percent re

duction in transponder capacity (~2800 pulse pairs per 

sec) for DME service. 

3. Impact of DME Functions on CAS Capacity 

The CAS traffic handling capacity of the DME/CAS depends 

(Chapter III) on the number of CAS slots, out of 2000, that 

will be preempted by DME interrogation/reply sequences and by 

the airborne clock update requirements (Chapter VI). DME in

terrogations (typically, 150 Hz during search and 30 Hz during 

track) can be scheduled for time slots occupied by remote air

craft which pose no threat to the interro~ator. However, clock 

updates can only be made at the scheduled transmission times 

of the CAS time reference signal. Clock update requirements 

are determined by the specified synchronization accuracy, the 

specified range rate measurement accuracy, receiving system 

noise level, clock drift, and the synchronization loop design, 

all of which were examined in Chapter VI. 

Conclusion (Chapter VI): In the absence of bias errors, 

a properly designed synchronization loop can meet the 

accuracy requirements with lead/lag measurements every 

48 msec. Under such conditions, the synchronization 

maintenance function will preempt 3 percent of the 2000 

CAS slots. 

4. Threat Parameter Measurement Accuracies 

Synchronization bias errors, introduced on the DME inlerro

~ation channel (Chapter VI) are not affected by update rates 

nor synchronization loop design. In an encounter between two 
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aircraft with different effective radiated powers (e.g., an air

liner and a general aviation aircraft), the bias error differ~ 

ence can reach 1.25 ~sec (Chapter VI) when the encounter takes 

place near the edge of the service volume of the DME facility 

(120 nmi from a class H station*). The error is 2.5 times 

larger than the specified (by ANTC-117) value. When the range 

to the DME station is 0.4 its maximum range, then the bias error 

difference is reduced by a factor of 2.5 to that specified by 

ANTC-117. 

An additional source of potential range bias errors is the 

reply delay accuracy of the DME transponder. The nominal value 

of tIle delay between interrogation reception and reply is 50 

~sec, which is compensated by the airborne receiver (see dis

cussion in connection with Fig. 5). The present standard (Ref. 

4, p. 35, paragraph 3.5.3.5) allows a maximum delay error of 

±l ~sec (two-way), which is also reflected in the requirements 

(Ref. 5, p. 32, paragraph 5.4.lb) for continuous monitoring of 

the ground facility. Thus, the combination of the two error 

sources, one from interrogator amplitude disparity and one 

from transponder delay errors, may exceed the range error allow

ance (±0.5 ~sec) of ANTC-117. 

Conclusion: In DME/CAS, DME ground facility standards on 

accuracy will have to be upgraded to meet the CAS speci

fications of ANTC-117. 

It is conceivable that many stations provide better accuracies 

than is called for in the ICAO/FAA specifications. The avail

able measurements (Ref. 6) show a bias error of 0.8 nmi (or 

0.5 ~sec of one-way delay). However, this result includes ag

gregated data from short- and long-range measurements, and the 

transponder delay monitoring and calibration procedures were 

not identified. Still, the experimental results cuggest that 

*This is the most powerful ground facility whose nominal 
range extends out to 130 nmi. 
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sufficient accuracy for CAS operation may be achievable. 

Range rate measurement errors, which were examined in 

Chapter VII, depend on the basic pulse shape, receiver system 

noise levels, synchronization errors, multipath effects, re

ceiver bandwidth restrictions imposed by electromagnetic com

patibility requirements within the congested DME frequency band, 

and the time available between the two range measurements. 

Calculated one-sigma errors were compared to the root sum square 

of two specified (in Ref. 2) error components: 

1. The specified one-sigma error, and 

2. The specified bias divided by 13, 
the latter being the one-sigma value of a random error uniformly 

distributed between the bias limits. The result is a some

what relaxed one-sigma specification and the justification is 

that the original bias error specification was intended to ac

commodate FM discriminator errors in doppler (range rate) 

measurements. 

Conclusion (Chapter VII): When the CAS range data inter

val is increased from 3 sec to 6 sec, and when mUltipath 

is negligible, then all CAS equipment pair categories 

(combination/permutations of airliner and general aviation 

categories) can meet the relaxed range rate accuracy speci

fication in both Tau zones. 

However, the data interval envisioned in ANTC-117 (Ref. 2) is 

3 sec, in which case the bulk of the aircraft population will 

not meet the relaxed accuracy specification. This applies to 

general aviation CAS pairs in both Tau zones (Chapter VII, 

Figs. 11 and 15) as well as to general aviation CAS units eval

uating airliner threats in Tau zone 2 (Chapter VII, Fig. 9). 

The multipath contribution to range rate error was examined 

in Chapter VII (Figs. 16 and 11) and Appendix C. At a si~nal

to-multipath ratio of 10 dB (as specified in Ref. 2, p. 107, 

paragraph 2.5.1) and a data interval of 6 sec, the one-sigma 
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error can be as high as 61 knots, depending on altitude and 

range (see Figs. 16 and 17). This error component alone ex

ceeds the relaxed one-sigma specification, i.e.~ 20 knots, for 

ranges less than 3 nmi (see Fig. 15). However, preliminary 

calculations for doppler system, addressed in the ANTC-117 

specifications, indicate that this system would also fail to 

meet the specified accuracy for the specified multipath condi

tions. Because of this inconsistency, no inference can be 

drawn about noncompliance with ANTC-117 specifications. 

Time-of-arrival measurement techniques, other than the 

peak detector method used in DME/CAS, might reduce the ran~e 

rate error due to multipath. Some of the alternative approaches 

include a modification in the threshold control logic in combi

nation with leading--as well as trailing-edge--measurements. 

The overall picture emerging from the preceding discussions 

is that, from the standpoint of random range rate errors, the 

6-sec data interval would be preferable to 3 sec. However, 

the consequence of such an increase is a very large range rate 

bias error (see Chapter VII, Table 12) due to an overestimate 

of the actual range rate. 

The impact of the bias error on the alarm rate was esti

mated in Chapter VII (see discussion associated with Fig. 18). 

For this purpose, intruder aircraft trajectories were charac

terized by the distance at closest approach, or crossrange, 

relative to the threat-evaluating aircraft. If these cross 

ranges are assumed to be uniformly distributed, the increase 

in the alarm rate due to bias errors amounts to 8 percent to 

10 percent, depending on relative speeds. 

Conclusion: The use of range difference measurements 

for range-rate estimation introduces bias errors between 

the actual Tau alarm boundary and the sTlecified boundary. 

In spite of tile fact that the error, at short ran~es, ex

ceeds the specified value by wide margins (see Table 12 
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in Chapter VII), there is only an 8 percent to 10 percent 

increase (depending on relative speeds) in the overall 

alarm rate. 

5. Interference and Its Impact on CAS Capacity 

The interference mechanisms encountered by the DME/CAS in 

its CAS mode are as follows. (1) Interslot interference due 

to spillover of the CAS signal. It was estimated (Chapter IV) 

that, given two frequency channels, the interference probabil 

ity will be greater than 0.5 percent and less than 0.8 percent 

per high-altitude encounter, at about 300 nmi from the Los 

Angeles Basin. (2) Interference to the altitude pulse pair 

from the range pulse pair arriving via multipath (last para

graphs in Chapter IV). (3) Undetected co-slot occupants which 

appear between the checks for co-slot occupancy (last para

graph of Chapter IV and Appendix D). The corresponding inter

ference probability can reach 1.3 percent per 40-sec interval 

(Appendix D). 

The impact on the CAS functions depends on the pulse pair 

decoder for range and altitude pulse pairs. Unfortunately, 

the simplest decoder, which is very attractive from the stand

point of convenience of implementation, is also the most vUl

nerable. Such a decoder is preempted by the first interference 

pulse which exceeds the CAS threshold (12.7 dB above receiver 

system noise), and is blocked for the duration of the inter

pulse code interval. The mechanization of the DME/CAS decoder 

had not been described in Ref. 1 and its design was beyond the 

scope of this study. However, decoder techniques do exist 

which incorporate amplitude discrimination and which can elimi

nate the interference vulnerabilities of the simple decoder. 

Under such conditions, virtually all of the 2000 CAS slots 

(minus the 3 percent needed for the clock update function) 

will be availabJe for transmission/reception of CAS siv,nals. 
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Conclusion (Chapter IV): Given two frequency channels, 

and appropriate pulse pair decoders, the DME/CAS should 

have more than adequate capacity to accommodate the 797 
aircraft of the Los Angeles Basin model. 
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III. BRIEF FUNCTIONAL DESCRIPTION OF THE DME/CAS CONCEPT 

The DME/CAS 1s a concept for an air-derived synchronous 

collision avoidance system proposed by the Sierra Research 

Corporation (Ref. 1). The basic approach attempts to exploit 

the proliferated network of DME ground transponders* for syn

chronization and to adapt airborne DME designs to fulfill the 

CAS function. DME transponders would be augmented to transmit 

a CAS ~ime £eference ~ignal (CASTRS) in addition to normal DME 

replies, and airborne clocks would be synchronized to the re

ceived reference signal after correction for the propagation 

delay obtained by DME techniques. 

The CASTRS provides the common timing format for 2000 

1.5-ms time slots within a 3-sec epoch. In essence, the CASTRS 

is composed of two components: (1) a fine cynchronization com

ponent and (2) an epoch synchronization component. The first 

consists of pulse pairs transmitted at the start of slot numbers 

16, 24, 32, ... , 1992; the separation between pulse pairs being 

8 slots = 12 msec. The epoch-start component is transmitted 

once every 6 sec as two pulse pairs in slot number 0 and in slot 

number 8. In both slots, the first pulse of the first pair is 

transmitted 6 llSeC after slot start time. However, the second 

pulse pair is delayed relative to the first pulse pair by 128.8 

llsec in slot number 0 and by 140.8 llsec in slot number 8. Thus, 

the transmissions in slot numbers 0 and 8 delineate epoch start 

* DME transponders are a part of all VORTAC stations. In addi
tion, DME is available in VOR/DME stations and DME-only 
stations. The total number of DME-equipped stations in CONUS 
is approximately 1000. 
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time, while the remaining transmissions provide a refined refer

ence for slot start times. 

After synchronization, the airborne CAS selects an unoc

cupied time slot for transmission of the CAS signal. This con

sists of two pulse pairs: (1) a marker pulse pair, and (2) an 

altitude pulse pair. The first pair is transmitted at a fixed 

time relative to slot start time, while the second pair is de

layed relative to the first. The delay con~lsts of a relatively 

large component mlnus il component which is proportional to air 

craft altitude. Thus, a synchronized CAS receiver obtains range 

to the transmitter by measuring the delay between reception of 

the marker pulse pair and its known transmission time, while the 

transmitter's altitude is decoded from the separation between 

the received marker pulse pair and the altitude pulse pair. 

Range rate is obtained from the change of range in successive 

epochs. The three measurements, range, range rate, and altitude 

are used (in accordance with Ref. 2) to determine whether or not 

the transmitting aircraft poses a potential collision threat. 

An alarm/warning is generated when an intruder appears within 

p r('~; cr 1bed al t tt ude bands or the recel v lng al rcraft and when the 

IIIL"lldl'!' f'ange l:~ Ie::.;:.:; than u minimum range or the :3um of: (1) 

the pre~) cribed 'l'au value, in unl ts of tlme, mu 1tiplied by the 

range rate, plus (2) an offset range to allow for unexpected 

aircraft maneuvers. The resultant warning time, for aircraft on 

a collision course, is somewhat greater than the Tau value. 

The airborne DME/CAS transceiver is time shared among 

five functions: 

(1)	 Transmission of conventional DME interrogations to 

the ground-based DME transponder, 

(2)	 Reception of conventional DME replies from the ground 

tram,ponder, 

(3)	 Recept i on of the CAS t 1rne re ference sip;nal f'r'om the 

au~mcnted DME trannponder (~round hased), 

(4)	 Transmlsslon of the CAS signal, 1.c., one-way ranp;e 

and	 encoded altitude.
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(5) Reception of the CAS signal from other aircraft. 

Transmitter and receiver radio frequencies are selected from 

the 960 MHz to 1213 MHz band allocated to DME service; fre

quencies for functions (1) and (2) are separated by 63 MHz, 

(2) and (3) are received on the same frequency, while (4) and 

(5) will employ one or more frequencies which differ from those 

used for functions (1.), (2), and (3). Clearly, all of the 

2000 time slots will not be continuously available for CAS 

functions (4) and (5), while synchronization, i.e., function 

(3), will have to be carried out in the presence of fruit gen

erated by the conventional DME replies to other aircraft inter

rogations. 

All transmissions, air-to-ground, ground-to-air, and air 

to-air, employ pulse pairs composed from the basic DME pulse 

shown in Fig. 1. The separation between the constituent pUlses 

of the pulse pairs are summarized in Table 2. 

TABLE 2. INTERPULSE INTERVAL CODING 

Pulse Pair Interpulse Interval (~sec) 

DME interrogation 12
 

DME reply 12
 

CAS time reference signal 60 to 130
 

Marker pair (CAS range pair) 140 to 210
 

Altitude
 

*The indicated range of possible intervals is provided by Ref. 1 
pp. 4-107); the preferred design value has not been specified. 

Conclusion: The salient features of DME/CAS concept are: 

(1) time sharing between DME and CAS functions, and (2) 

reliance on the basic DME pulse for both functions. 

A more detailed description of system operation will be 

prov1ded in the course of the analysis in subsequent sections. 
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PULSE ENVELOPE (AS MEASURED WITH LINEAR DETECTOR)
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2.5 usee, NOMINAL DURATION
 

3 u sec, MAXIMUM 3.5lJ.sec 1- a.5lJ.sec
 

PULSE 
2.5 usee, NOMINAL 

3 usee, MAXIMUM 

DEFINITION OF PULSE SHAPE (See diagram) 

a)	 Denote a.1A and a.9A on leading edge of pulse by a and c respectively, and a.9A 
and a.1A on trailing edge of pulse, as e and h respectively. 

b)	 Denote a.5A by band g respectively. 

c)	 Denote A by point d at peak of pulse envelope. 

DEFINITIONS 

Pulse amplitude A. The peak amplitude of the pulse envelope. 

Pulse duration t. The time interval between a.5A points on leading and trailing edges of 
the pulse envelope. 

Pulse rise time. The rise time as measured between a.1A and a.9A on the leading edge 
of the pulse envelope. 

Pulse decay time. The decay time as measured between a.9A and a.1A on the trailing 
edge of the pulse envelope. 

6-')7-1')· 1 

FIGURE 1. The Bas;c DME Pulse (Ref. 4) 
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IV. CAS FREQUENCY ALLOCATIONS 

The original ATA CAS (Ref. 2) had been allocated four ex

clustve frequencies: 1600, 1605, 1610, and 1615 MHz. Unfor

Lun:lle1y, the 1)ME/CJ\~; will have to be accommodated within the 

OJVI1': lland o.round 1 ell L:. 

The DME band consists of 126 frequency triplets selected 

from 252 frequencies, Each triplet is composed of a downlink 

interrogation frequency and two uplink reply frequencies, the 

so-called X and Y channels. For any given interrogation fre

quency, the reply frequency is either 63 MHz above or 63 MHz 
below the interrogation, depending on the interrogator pulse 

coding. The disposition of the frequency channels is shown 

in P1g. ? 

It~TfRROCA liON C IIANNEL', 

~EPLY 

[-_9_6_2_T<.._)_10_2_4_M_H_Z__+-_1_0_25_T0_'0_8_7_M_H_Z_---f__1_08_8_T_O_l1_5_0_M_H_z_--+-__11_5_1_TO__1_2_13_~_AH_Z_---j CHAN I" £L', 

"X" CHANNELS REPLYING "y" CHANNELS REPLYING "Y" CHANNELS REPLYING 
TO INTERROGATIONS BE TO INTERROGATIONS BE TO INTERROGATIONS BE
TWEEN 1025 AND 1087 MHz TWEEN 1088 AND 1150 MHz TWEEN 1025 AND 1087 MHz 

"x" CHANNELS REPL YI NG 
TO INTERROGATION, BE
TWEEN 1088 TO 1150 MHz 

NOH\: ( 1\ CIIANNfLS ARE SPACED AT 1 MHz INTERVALS 
( .' \ RIPl Y CHANNfl S ARI 63 MH .. AWAY FROM HIE INTfRllOCATION OIANNfl 

FIGURE 2. DME Frequency Allocations 
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Inasmuch as airborne transmissions are confined to the 

1025 to 1150 MHz band, the CAS signal will have to be accommo

dated in this band. Here, a single frequency allocated to CAS 

elillllnntcs three DME reply channels: (;3 MIlz above, 6~ MHz below, 

a~, wl'll as a "y" reply channel of the same frequency. For F;X

ample, if the airborne frequency channel at 1041 MHz is selected, 

three ground reply frequency channels will be preempted (see 

Ref. 4, pp. 30, 31, 32): 

1.	 987 MHz = 1041 - 63, corresponding to the so-called 

channel number 17X. 

2.	 1104 MHz = 1041 + 63, corresponding to the so-called 

channel number 17Y, and 

3.	 1041 MHz corresponding to channel SOY which replies 

to interrogations on 1104 (= 1041 + 63) MHz. 

If two airborne frequencies separated by exactly 63 MHz are 

used for CAS, only three ground reply channels are displaced. 

On the other hand, if the spacin~ between airborne fre~uencies 

is less than or greater than 63 MHz, then six channels are 

displaced.* 

The latter implies that for a population of 1000 stations, 

(4/252) x 1000 = 16 stations**, as well as their neighbors and 

neighbors' neighbors, etc., may have to have their frequencies 

reallocated. Thus, the dislocation to DME service will depend 

on the number of frequencies needed for CAS operation and this 

depends on the CAS signal format, CAS power budgets, and inter

slot interference protection requirements. 

*Reallocation of present ground frequencies for airborne use
 
and a modification of the standard DME transceiver design
 
might alleviate some of the dislocatjon to DME service.
 

** This fi~ure is probably higher because some of the nominally 
DME frequencies are not available to DME users and because 
the populatjon of 1000 stations does not include DME facjli 
ties associated with stations other than VORTAC. 



The inters lot interference mechanism for a single frequency 

CAS is illustrated in Fig. 3. Here t l , is the time, relative 

to slot start time, of the start of transmission of the CAS 

message, t 2 is the end of the transmission, t l + delay is the 

arrival time of the leading edge of the transmission at a remote 

receiver, and t 2 + delay is the arrival time of the trailing 

edge of the transmission. Thus, a CAS transmission in anyone 

slot may reach a remote CAS receiver after a propagation delay 

which places the trailing end of the CAS signal in a subsequent 

time slot belonging to a different CAS participant. Whether 

or not the spillover (see Fig. 3) exceeds the CAS receiver 
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NOTE: t ~ transmission time of the leading end of the CAS signal
1 

t transmission time of the trailing end of til" CAS signal
2 

FIGURE 3. Slot-to-Slot Spillover in a Single-Frequency CAS 
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threshold is determined from power budgets and from the signal 

format. The first is evaluated from 

(1)
 

where r is the transmitted power, G is the antenna gain, A is 

the wavelength, L is the total cable loss, and R is the thresh
t 

old range at which the signal level is equal to the CAS receiver 

threshold; results of this calculation are shown in Table 3 

TABLE 3. NOMINAL POWER BUDGETS 

Power Budget Factors 

AirlinF> T 'ttF>r to GA(l) Transmitter to 

Airline 
Receiver 

GA (1) 
Receiver 

Airline 
Receiver 

GA(l) 
Receiver 

a. Transmitter power (W) 

b. Average antenna gain(2) 

500 500 100 100 

product (dB) 
c. Receiver sensitivity(3) 

4 4 4 4 

(dBm) 
d. Cable losses for both 

-90 -80 -90 -80 

ends (dB) 
e. CAS threshold above 

9 7 7 5 

sens iti vity (dB) 
f. Resultant threshold 

3.7 3.7 3.7 3.7 

range (4) (nmi) 

g. Probability that thresh
old range exceeds nom

101 40 57 22 

inal value(5) 93% 80% 58% 61% 

(l)GA denotes general aviation equipments 
(2)Assumed frequency is 1050 MHz (wavelength = 0.9374 ft) 
(3)sensitivity is 9 dB above the noise 
(4)Free space calculation 
(5)Based on data in Ref. 1. Figs. 4-13 through 4-16 
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for the four combinations of transmitter-receiver pairs. Equip

ment characteristics are the same as those of the airborne DME 

transceivers which will be shared with CAS. The indicated re

ceiver sensitivity is 9 dB above the receiver noise level, and 

the CAS threshold is 3.7 dB above the sensitivity, or 12.7 dB 

above the noise. This threshold was selected by Sierra (Ref. 1) 

on the basis of tradeoffs between the probability of threshold 

crossings by noise and signal detection margins needed to pro

tect against variations in equipment characteristics (power, 

antenna gain, and sensitivity) below the nominal specifications. 

The last row of Table 3 shows the probability that the 

threshold range exceeds its nominal value because of variations 

over the population of airborne equipments. The probability 

is obtainedf"rom -a convolution (extra'cted from Ref. 2) of the 

histograms for transmitted power, antenna gains, and receiver 

sensitivities, expressed in decibel units. 

A similar computation, shown in Table 4, yields the prob

ability that a 6 dB margin will be available at the Tau 2 threat 
range. 

The deviations from nominal values are characterized in 

terms of a margin, defined as the ratio of the received signal

to-CAS-threshold ratio to its nominal value. The upper 5 per

centile, and 1 percentile values of the margin, together with 

the corresponding threshold range, are shown in Table 5. 

The threshold range is converted into one-way delay (ap

proximately 6.2 ~sec/nmi which, when added to the transmission 

t1n~ of the trailing end of the CAS signal, will determine the 

spillover (see Fig. 3), if any, into the subsequent time slot. 

CAS signal transmission times, as envisioned in Ref. 1, are 

shown in Fig. 4, and the resultant time budget is summarized in 

?9
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TABLE 4. PROBABILITY OF OBTAINING A 6 dB MARGIN
 
AT THE TAU 2 THREAT RANGE
 

Encounter Parameters 

Airline Transmitter to GA Transmitter to 

Airline 
Receiver 

GA 
Receiver 

Airline 
Receiver 

GA 
Receiver 

a. 

b. 

c. 

d. 

Maximum closing rate 
(knots) 
Tau two threat range, 
(nmi) 
Margin available over 
nominal threshold(l) 
range (dB) 
Probability that a 
6 dB margin will be 
available at the 
threat range 

1200 

15.1 

16.5 

Over 99%(2) 

800 

10.7 

11.5 

Over 99%(2) 

800 

10.7 

14.5 

99% 

400 

6.24 

10.9 dB 

93% 

(l)These are	 shown in row (f) of Table 3. 
(2)The	 available data do not extend beyond the 99% point. 

TABLE 5. POWER AND RANGE EXCESS ABOVE NOMINAL VALUE 

GA(l) TransmitterAirline Transmitter 
to to 

GArryGA (1)Airline Airline 
Statistics Receiver Receiver Receiver 

Upper margin(2) (dB) 

Receiver 

8.0 8.0 
five 
percentile 

6.5 9.0 

143 55threshold range (nmi) 213 113 

Upper	 margin(2) (dB) 14 
one 
percentile 

11.5139 

threshold range (nmi) 285 214 110179 
_. 

(l)GA denotes general aviation equipments. 
(2)Based	 on data in Ref. 1, Figs. 4-13 through 4-16. 
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LEADING END OF 
TRAILING END OF 

CAS TRANSMISSION 
CAS TRANSMISSION 

j 
--15/olsec---60 TO 130/olsec:--'_DEAD SPACE, l40 TO 210/olsec*-_1 /olsec PER 250 FT__
 

MI NIMUM = 60/olsec OF ALTITUDE**
 

t t 
SLOT RANGE PULSE ALTITUDE PULSE REFERENCE POI NT, 
START PAIR PAIR -1000 FT ALTITUDE 
HERE 

*Reference 1 does not provide a specific value; only the range of possible values is given. 

**Reference 1 discusses two scales: 1 Jjsec per 250 ft, and 1 tJsec per 500 ft. The choice of 
the scale factor is discussed in greater detail in the subsequent analysis. 

FIGURE 4. Transmitted CAS Signal Format (Not to Scale) 

TABLE 6. CAS TRANSMISSION TIME BUDGET 

~smission time of the first pu~se Of-~-~~ 
I a. ~~~~er pulse pair (relative to slot start) 

b. Range pulse position coding delay(I) 
c. Dead space for 80.000-ft altitude(2) 
d. Dead space for -lOOO-ft altitude(3) 
e. Altitude pulse position coding delay(l) 
f. Transmission time (relative to slot start)

of trailing end of CAS signal from a 
minimum altitude aircraft 

15 llSec 
60 to 130 llsec 
60 llsec 
384 llsec 
140 to 210 llsec 

599 to 739 llsec 

(I)Reference 1 does not provide a specific value. only range is given. 
(2)Maximum design altitude. 
(3)This value is the sum of 60 llsec and (81.000 ft x 1 llsec/250 ft) = 324 

~sec. 
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Table 6. Clearly, the trailing end of a low-altitude CAS trans

mission will arrive at the start of the subsequent time slot at 

a receiver at a range equal to 

1500 ~sec - 599 ~sec - 4 (2 )6.18 ~sec7nmi - 1 6 nmi, 

where 1500 ~sec is the slot duration; 599 ~sec is the trans
mission time relative to slot start time of the trailing end of 

the CAS signal, for the minimum pulse position coding delay, and 

for an aircraft at minimum altitude (see item f in Table 6); and 

where 6.18 ~sec is the one-way propagation delay per nautical 

mile of range. The probability that a transmission received 

from 146 nmi range exceeds the CAS threshold is simply the prob

ability that the power budget margin, in dB, is equal to or 
greater than 

146 )210 loglO ~ ,( nom 

where R is the nominal threshold range (see item f in Table nom
 
3). The required margin, and the probability of attaining that
 

margin, is shown in Table 7. 

The effect of spillover depends on the pulse pair decoder. 

For the Sierra implementation, the decoder will be preempted by 

the spillover signal when its time of arrival precedes the range 

and/or altitude pulse pair from the desired signal. Although 

the problem could be solved with a more sophisticated decoder, 

Sierra's implementation appears to be the preferred approach 

from the standpoint of simplicity and cost considerations for 

the general aviation CAS units. 



TABLE 7. PROBABILITY THAT THE CAS THRESHOLD IS EXCEEDED BY THE 
INTERSLOT SPILLOVER(I) SIGNAL (SINGLE-FREQUENCY CAS) 

Transmitter-Receiver 
Pair 

Margin Needed to 
Exceed the CAS 
Threshold at (2)
146 nmi Range 

Probabil ity of 
Obtaininy Indicated 
Margin(3 

(%) 

Airliner-to-Airliner 3.2 dB 42 
Airliner-to-GA 11. 2 dB 1 
GA-to-Airliner 8.2 dB 4 
GA-to-GA 16.4 dB 0 

(I)This is defined in connection with Fig. 3 
(2)Minimum	 range at which the trailing end of the CAS transmission, from 

a low-altitude aircraft, will arrive at the start of the subsequent 
time slot (see Eq. 2 and associated discussion). 

(3)These probabilities	 were read off from Figs. IV-13 through IV-16 of 
Ref. 1. 

The risks of spillover interference could be reduced through 

the use of two CAS frequencies--one for transmissions in even 

slots and another for transmission in odd slots. Reception will 

take place on both frequencies, in synchronism with the trans

missions. Under such conditions, Eq. 2 is replaced by 

3000 Hsec - 599 Hsec = 388 
5.19 ~sec	 nmi, 

which exceeds the upper one percentile threshold range, ~.e.~ 

285 nmi, for the most powerful transmitter-receiver pair in 

Table 5. This result hinges on the CAS signal format selected 

by Sierra, and, in particular, on the pulse-spacing parameters 

in Fig. 4 and Table 6. These, in turn, are driven by (1) multi 

path guard time factors and by (2) altitude decoding accuracy. 

Improvements in one or both will increase interpulse spacings 

which w111 increase inters lot interference probabilit1es. 
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The ANTC-117 specifies (Ref. 2) pp. 109) 127) and 135) 

that: 

Altitude shall be decoded with a maximum 
error in the mean of ±O.l microseconds and 
a standard deviation of less than 0.1 micro
seconds for input signals within the dynamic 
range of the equipment. 

Since the altitude code is specified as 250 ft/~sec (Ref. 2) 

p. 99)) we infer that the standard deviation of the altitude 

decode accuracy should be 

(250 ft/~sec) x (0.1 ~sec) = 25 ft (4) 

The DME/CAS altitude decoding accuracy is estimated from 

the relationships between decode accuracy) pulse time of ar

rival (TOA) measurement accuracy) signal-to-noise ratio) and 

the power budget relationships. Thus) the standard deviation) 

0toa) of leading-edge time-of-arrival measurements is estimated 

from* 

12 SNR 

and 

(6)
 

where T is the pulse rise time after filtering through IF r 
stages; SNR is the peak pUlse-to-average noise power ratio af

ter filtering; p) G) A) and L were defined below Eq. 1 and are 

given in Table 3; R is the range between transmitting and re

ceiving aircraft; and N is the average noise power which is 9 

dB below the receiver sensitivities shown in Table 3. In order 

to protect against adjacent channel interference) DME receiver 

I 
Equation 5 is derived in Appendix A. 
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bandwidths have been restricted to 250 kHz so that the pulse 

rise time, T , could not be less than 4 ~sec. The results of 
r 

the calculation are shown in Table 8. Thus, to meet the alti 

tUde decode accuracy specification (Eq. 4), the decode scale 

will have to be changed from 250 ft/~sec to 

25 ft64 ft x 250 ft/~sec ~ 100 ft/~sec.	 (6a) 

Conclusion: In order to meet the altitude decode accuracy, 

the	 altitude decode scale should be changed from 250 ft/ 

~sec to 100 ft/~sec. 

The	 consequences of this change, are as follows: 

1.	 Item (d) in Table 6 is changed from 384 ~sec to 60 ~sec 

+ 81,000 ft x 1 ~sec/IOO ft = 870 ~sec. 

2.	 Item (f) in Table 6 is changed from 599 ~sec to 599 + 

(870 - 384) c 1085 ~sec. 

3.	 Equation 3 is changed to 3000 - 1085 = 310 nmi 
6.18 

which still exceeds the upper one percentile threshold range, 

i.e., 285 nmi, for the most powerful link in Table 5, i.e., 

airliner-to-airliner link. 

The number of candidates for airliner CAS equipments within 

the 1982 Los Angeles traffic model, is 81 out of 797. Thus, a 

remote high-altitude airliner will be exposed, on the average, 

to one slot (1 percent out of 81) with a spillover interference 

signal. The probability that an intruding aircraft, within 15 

nmi, selects the same slot for CAS transmission is bounded by 

1	 99%
0.5% S 2000 _ N x 99% S 2000 _ 797 = 0.8% , 

i 
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TABLE 8. ALTITUDE DECODE ACCURACIES
 

Error Characteristics 
-- ..•. >._, 

a. One-sigma TOA error(l) in 
nanoseconds as a function
ing range R in nmi 

b. Required range in nmi(2) 
c. One-sigma TOA error, 

in microseconds, at 
required range 

d. Altitude decode ac
curacy,(3) one sigma 
in ft, at a scale of 
250 ft/llsec 

Ir 
Airline-to-
Airline .--

6.50R 
15.13 

0.0983 

34.8 

I~III : t-R~c~i V~ 
Airline-to 
GA 

f---- ------.---

16.34R 
10.69 

0.1747 

61.8 

Links 
GA-to GA-to 
Airline GA

.----,--."._- -

11 .57R 29.1 R 
6.2410.69 

0.1236 0.1814 

43.7 64.2 

(l)This is obtained from Eq. 5. 
(2)The	 required range corresponds to a Tau two alarm for the closing rates
 

of 1200 knots, 800 knots, and 400 knots, respectively.
 
(3)TOA	 accuracies have to be multiplied by I:fbecause altitude is decoded
 

relative to the marker (i.s.~ range) pulse pair position.
 

where 2000 is the total number of slots; N is the number ofi 
slots that the intruder has detected as occupied slots, N

i 
~ 797; 

99 percent is the probability that the intruder does not "hear" 

the spillover signal. Consequently, a substantial interference 

probability may be accumulated in 100 encounters. It should be 

emphasized at this point that all of the preceding estimates 

are based on the behavior at the "fails" (i.e.~ upper one per

centile) of the distribution of equipment characteristics (trans

mitted powers, antenna gains, receiver sensitivities). For 

this reason, the estimate must be regarded as unreliable. The 

conservative approach is to equip the airliner (or equivalent) 

CAS units with non-blocking pulse-pair decoders which are not 

preempted by the first arriving interference pulse. 
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Conclusions: Two frequency channels allocated to the CAS 

function should provide adequate protection against inter

slot spillover interference in DME/CAS. However, the air 

line (or equivalent) CAS units should be equipped with a 
more efficient, non-blocking, pulse decoder which will not 

be preempted by the first-arriving interference pulse. 

Implicit in the conclusion is the assumption that the inter
pulse spacings used in the previous analysis provide adequate 

time-guard bands against multipath interference. The specified 

(Ref. 2, p. 107, paragraph 2.5.1) maximum multipath levels is 

10 dB below the direct signal. This should cause no decode am

biguities* provided that the first-arriving pulse of the CAS 

quadruplet (two range pulses and two altitude pulses) is used 

to set an amplitude acceptance threshold, (say, 3 dB below the 

first pulse) for the subsequent three pulses. 

The need for some form of amplitude discrimination is 

further emphasized by the problem of undetected co-slot occu

pants addressed in Appendix D. 

At low altitudes, multipath pulses will overlap the direct 
pulse and produce measurement errors which are treated at the 
end of Chapter VII. 
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v. ACQUISITION OF THE CAS TIME REFERENCE SIGNAL (CASTRS) 

The basic CASTRS, as indicated in Chapter III, contains a 

12-ms periodic component which is used by the airborne CAS to 

update its clock. To acquire the CASTRS, the airborne unit will 

initiate a search with a 20 ~sec search gate which is swept rel

ative to a locally (in the aircraft) generated 12-ms periodic 

reference. The gate is swept in 20-~sec increments in successive 

12-ms intervals until the CASTRS pulse pair is detected within 

the gate. At this point, a tentative lockup occurs: the gate 

sweep is arrested and a three-out-of-five test is initiated. 

If three, or more, of the next five detection opportunities, 

spaced at 12-ms intervals, confirm the initial lockup detection, 

then a fine search is initiated within the 20-~sec gate. For 

this purpose, a narrower 4-~sec gate is swept through the wider 

gate in an attempt to localize the CASTRS. The sweep employs 

0.8-usec increments j.n successive 12-ms intervals. The ~ate 

is arrested when the CASTRS pulse pair is detected and a two-out

of-two confirmation test is applied in two successive 12-ms 

periods. 

The first lockup opportunity occurs at the time that the 

wide gate sweeps through the point corresponding to scheduled 

CASTRS pulse pair transmission (plus the one-way propagation 

delay). However, the probability of a CASTRS pulse pair trans

mission at the scheduled time will be 70 percent if it has no 

priority over DME replies.* Thus, the wide gate lockup 

*To prevent DME transponder overloading, only 70 percent of the 
DME interrogations are guaranteed a reply (Ref. 5, p. 26, para
graph 5.3.8.1). If the CAS time reference signal generator 
(inside the DME facility) is treated like any DME interrogator, 
only 70 percent of the generated timin~ pulse will be trans
mitt0d on the air. 
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probability, defined as the probability of a tentative lockup 

and subsequent confirmation, is given by 

Pr [wide gate lockup per sweep] = 

0.7 

where C5 are the binominal coefficients. If no lockup occurs n 
on the first sweep, and the corresponding probability is 

1 - 0.585 = 0.415, then the gate will continue to sweep, in 

20-~sec increments per l2-ms interval, until the first sweep is 

completed and a second sweep is carried through to the second 

lockup opportunity. Thus, the probability of missing n or more 

lockup opportunities is 

Pr [wide gate lockup delay~n sweeps] = (0.4l5)n. (8) 

In the absence of any coarse synchronization information, 

the wide gate will have to sweep through l2-ms intervals be

tween successive lockup opportunities. Thus, the time required 

to complete one sweep, if the sweep is not arrested by "fruit" 

detections (to be analyzed later in this section) is 

12 ms 
20 ~secx 12 ms = 7.2 sec. 

After lockup of the wide gate, the narrow gate sweep is 

initiated. The probability of a tentative lockup followed by 

a confirmation in a two-out-of-two test is 

Pr [narrow gate lockup per sweep] = 0.7 x (0.7)2 = 0.343 (10) 

and 

Pr [narrow gate lockup delay ~n sweeps] = (1 - 0.343)n 
( 11) 

• (0.657)n . 



If the narrow gate sweep is not arrested by fruit, then the time 

required to complete a 20-~sec sweep, at the rate of 0.8 ~sec 

per 12 msec, is 

20 ~sec x 12 msec = 0 3 (12)0.8 ~sec . sec. 

A range rate (between aircraft and ground station) of 600 knots 

will sweep the CASTRS pulse through the wide gate at the rate 

of 

600 nmi 8
3600 sec x 6.1 ~sec/nmi = 1.03 ~sec/sec, (13) 

so that the maximum dwell time within the 20 ~sec gate is 

(20/1.03) sec and the maximum number of lockup opportunities 

for the narrow gate is 

20 ~sec - 6 (14)1.03 ~sec/sec x 0.3 sec - 5 sweeps. 

If the wide gate lockup error (equal to tho elLfrere-nce between 

gate center and pulse center) is uniformly distributed over 

20 ~sec, then the probability that the narrow gate fails to lock 

up during the time that the CASTRS remains within the wide gate 

is obtained by averaging Eq. 11 over 65 sweeps, i.e., 

651 ~ (0.657)k = 0.0295. (15)b5 k=l 

Fruit is introduced into the CASTRS acquisition circuitry 

because the DME replies appear on the same uplink frequency 

(see discussion in Chapter III) and the same pulse code inter

val, 12 msec, as the CASTRS transmissions. The probability 

that a pulse of a fruit pulse pair falls within the wide gate 

is the product of gate width, 20 ~sec, and fruit rate, 2800 



pulse pairs per sec, i.e.~ 0.056. In analogy with Eq. 7, the 

probability that the wide gate locks up on fruit on any given 

step during its sweep, is given by 

(0.056)~ = 1.17 x 10-4 . (16) 
n=3 

Since the number of gate steps in one sweep is 

12 ms=--- = 600,	 (17)20 l1sec 

the conditional probability that the wide gate locks on to fruit 

in one sweep, given that it has not locked on to signal, is 

1 -	 (1 - 1.17 x 10
-4) 600 = 0.0678. (18) 

An analogous calculation for the narrow gate yields: 

1.	 The probability that a pulse of a fruit pulse pair 

falls into the narrow (4-l1sec) gate is 

-6 84 x	 10 x 2 00 = 0.0112. (19) 

2.	 The probability that fruit will arrest the narrow gate 

sweep and pass the narrow gate confirmation test (de

scribed in connection with Eq. 10) is 

0.0112 x ( 0.0112 ) 2 
~ 1. 405 x 10-6 .	 (20) 

3.	 The number of narrow gate steps within one sweep 

through the wide gate is 

20 l1sec = 25 steps,	 (21)
0.8	 l1sec 
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and the probability that the narrow gate locks up to 

fruit in one sweep through the wide gate is 

6)25	 -51 -	 . 1 - 1.405 x 10- = 3.5 x 10 . (22)( 

Up to 65 sweeps (see Eq. 14) might be allowed in order to insure 

a high probability of signal acquisition. Thus, the probability 

that the narrow gate locks up on fruit during this time is 

x 10-5 65 
= 2.28 x 10-3 ,	 (23)) 

-4which, when multiplied by Eq. 18 , gives 1.5 x 10 for the
 

probability that both gates lock up on fruit, given no signal
 

.lockup by the wtde p;ate. 'I'he total time elap:,cd durinrr, thi:, per

iod L, one wide f~ate sweep, i.e., 7.2 sec plu:; 65 narrow r~ate c,weep:j,
 

elI' b1j X 0.:3 S0C = It). 5 :;ec, a total of 26.7 sec. [)ur'inl~ thi::.; interval,
 

ttlt: CAS'l'I\S could have been acquired through the followinl~ events:
 

1.	 One wide gate sweep followed by 65 narrow gate sweeps 

(if aircraft motion were neglected) with the probability 

(using Eqs. 7 and 10) 

2.	 Two wide gate sweeps followed by 41 narrow gate sweeps 

with the probability (again neglecting aircraft motion) 

3.	 Three wide gate sweeps followed by 17 narrow gate sweeps 

ThUS, the overall CASTRS acquisition probability would be less 

(because aircraft motion was neglected) than the sum of the .. 



above, i.e., 0.93; while the fruit lockon probability will be 
-4 )greater than 1.5 x 10 (computed below Eq. 23 because this 

estimate does not include all of the fruit lockon event possi

bilities within a 26.7-sec interval. Such a performance should 

be regarded as unsatisfactory from the standpoint of a conserva

tive design approach. 

If, on the other hand, CASTRS transmissions were given 

priority over DME replies, then, for all practical purposes, ac

quisition would occur in one sweep of the wide gate followed by 

one sweep of the narrow gate. The probability of a fruit lockup 

in this time is just the product of Eqs. 18 and 20, i.e., 10-7 . 

In order to estimate the CASTRS load on the DME ground 

trall~)j.1ondcr, we n()tl~ that: 

1.	 The CASTRS consists of a component with 83 pulse pairs 

per second plus two additional pulse pairs every six 

seconds (see Chapter III), and 

2.	 The DME transponder load limit is rated as 2800 pulse 

pairs per second, corresponding to 100 interrogating 

aircraft. 

Thus, if CASTRS is given priority, i.e., if all CASTRS pulse 

pairs are transmitted by the transponder, then the DME capacity 

is reduced by 

83 _ 
2800 x 100% - 3%, 

or three aircraft out of 100. If only 70 percent of the CASTRS 

pulse pairs are transmitted (for equal priority with DME replies), 

then the expected capacity penalty is reduced to 2.1 aircraft 

instead of 3 aircraft. Thus, the reduced capacity penalty is 

too small to justify the adverse impact on CASTRS acqujs1tion 

performance (as calculated in the earlier paragraphs). 

illl 



Conclusion: The transmission of the CAS time reference 
pulse pairs should receive priority over DME replies. In 

this case, the transponder capacity available for DME ser

vice will be reduced by about 3 percent. 



VI. UPDATING OF THE AIRBORNE CAS CLOCK 

The time of arrival of the CASTRS pulse pair at the air

born:' recei v(~r depends on the CASTRS transmission time and on 

the t'angl' to the ground station. The difference betwer:n the 

milltmum and maximum ranR;e (::::-120 nmi for class j{ facilities) cor

responds to a time span of 120 nmt x 6.18 )Jscc/nmi = 741.6 )Jsec 

which is too long to be accommodated withIn the same slot as 

the reception and transmission of the CAS si~nal, particularly 

when the more accurate altitude encodinr; scale (see Eq. 6a) 

i~" to be employed. ConseqlH~ntly, a CA:; s'!o1, will. be preempted 

1\)1> l'acll \~locl\ updclte. '['hu:.;, I r an upda1.(' w(~re att(~mpLed at r:ach 

oppol'L un tty (~ B3 tImet'; peI' tlecond); Own 

-13 sec x 83 sec x 100% :: 12.5% ( 24)
2000 

~L'L ()J' :, [\)L:, w.lll be affected at all tlrn(~u. Whether or not an 

update Is needed at every opportunity depends on the clock ac

curacy requirements and on the implementation of the synchroniza

tion maintenance circuitry. 

The synchronization update sequence 1s shown in PIg. 5. At 

the time t], the airborne unit transmits the conventional DME 

interrogation which 1s received on the E~rouncJ at Lime L? I\fter 

a f'ixl'd and :lccul'at('ly (~tl[lbl'atcd (klay, 1,1'1<.' I~round :,tutlon 

trarl:;IIll1.:; U1l' IWII'; r'('ply at tIm!' L~. 1\1. 1,'1 ttl(: r'c~ply I:, r'!'(~c:'Ived 

in Lll<' :t!l'. Itt addItIon, at t,(. the nlr'tJoI'rll' unl1. r'(:C0Ivc" Lhe 

CI\~)'I'H:; pl.lI:,C' p:llt' which was trarwrnJtted I'r·()trJ th(~ fl:r'ound at t 
5

. 

'rhus, Llll' ~111'b(H'ne unit estimates Its clock lag (negative lag 

lwlll/--,: It':ld) frolfl 
)1 '( 



- -

(25) 

All error budr;et for the clock lag estimation rlccuracy would 

illl~lud(' contributIons from (I) errors in t (see Fig. 'j) due tol 
DME transmitter Jitter; (2) errors in t from time-or-arrival2 
measurement errors on the ground; (3) errors in (t -t ) due to

3 2 
the difference between the presumed beacon delay and the actual 

delay plus transmitter jitter; (4) errors in t 4 due to time-of

arrival measurement errors in the airborne unit; (5) errors in 

t due to ground station transmitter jitter; (6) errors in t
5 7 

due to time-of-arrival measurement errors in the airborne unit. 

TRANSMISSION OF RECEPTION OF CASTRS· 
DME INTERROGATION DME REPLY RECEPTION TIME 

_ TWO-WAY PROPAGATION LOCALLY GENERATE!----I 
DELAY PLUS BEACON DELAY TIME REFERENCE 

AIRBORNE t 
1 161 
1 1 
1 1 
l----,I 
~LOCK~ 
I LAG j
1 1 
1 
1 
1 
I 
1 

TIME 
UNIT I) 14 

I 
GROUND 5 

KNOWN FIXED 
BEACON DELAY 

\ 
STATION~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

TRANSMISSION 
OF DME 

REPl Y 

TIME 

SCHEDULED TRANSMISSION 
OF THE CASTRS· PULSE PAIR 

'CAS TIME REFERENCE SIGNALt• .. ,' .1-, "l 

FIGURE 5. Synchronization Sequence 



A single lag (or lead) estimate is based on a DME measure

ment coupled with a time-of-arrival measurement of the CASTRS 

pulse pair. The CAS/DME concept, envisions that the DME mea~ure

ments will be made at an average rate of 21 per second (correspond
-1ing to a 30 sec interrogation rate and a 70 percent reply effi

ciency) so that the mean time elapsed between a DME measurement 

and the time-of-arrival of the CASTRS pulse pair is (1/21) = 48 
[osec; the change in aircraft-to-station range in this time in

terval is negligible. Pairing of a DME measurement with a 

CASTRS time-of-arrival measurement has other highly desirable 

benefits: error components on the uplink (station-to-aircraft) 

are canceled and errors due to separate filtering of DME replies 

are eliminated. 

The contribution of noise jitter to TOA (time-of-arrival) 

measurements is estimated from Eq. 5 with 

PG/L l for the downlink
2

4rrR nSNR c , (26) 
SG>..2 

for the uplink4rrL l N 

where P is the airborne transmitter power (see Table 3); G is 

the airborne antenna gain (2 dB nominal); L is the transmitterl 
connector loss (one-half the dB values ~hown in Table 3); R i~ 

the maximum range, i. e., 120 nmi; n is the average noL~e power 

per unit area as referenced to a plane (perpendicular to the 

aircraft-to-~:;tatlon line of ~)ight) through the gr()und-brJ:~ed an

tenna; the vnluc 01' n 1s assumed to be G dB below the :~DE;c1f'ied 

sensitivity of -101 dB relative to 1 W/m 2 (Ref. 5, p. 23, para

grapll V-"".2.l); ~) 1~; the signal power density (W/m 2 ) received 

at tile aircraft antenna at maximum range; the value of S is 

~)peclfled as -B6 dB relative to 1 W/m2 (Hef. 5, p. 24, paragraph 



V-j-~); ,\ L; Lbo wavelength, assumed to lJe 0.937 LI feet (0.28J7 

meters) for consistency with 'I'able 3; and where N is the receiver 

noise power (9 dB below the sensitivities shown in Table 3). 
The results are shown in Table 9, together with TOA accuracies 

as computed from Eq. 5. 

TABLE 9. UPLINK AND DOWNLINK MEASUREMENT ACCURACIES PER PULSE 
-

System Parameters 

SNR at maximum range, dB 

One-sigma TOA error,* IJsec 

Downlink from 
Airliner GA 

13.6 7.6 

0.369 0.739 

Uplink 
Airliner 

to 
GA 

18.6 9.6 

0.332 0.937 

*Equation 5 is used here with Tr = 2.5 IJsec for downlink measurements
 
and t r = 4.0 IJsec for uplink: the ground station has enough bandwidth
 
to pass the pulse without distortion while the airborne receiver is
 
limited to 250 kHz.
 

Reference to Fig. 5 and Eq. 25 shows that the lag/lead 

estimation error is the root sum square of three TOA measure

ment errors: 

1. Downlink DME interrogations 

2. Uplink DME replies 

3. Uplink CASTRS pUlse 

Thus we obtain: 

0.597 IJsec for airlinersone-sigma lag/lead =
 
estimation errors
 1.52 IJsec for GA1 

which applies to the maximum range, 120 nmi, and which scales 

in proportion to range.* 

'j'he clock ~JY nchronl zat lon ac curacy wJ 1 J depend on t hr: pr()(~

l:':-;~dllg thut It; appJLed to the l<lL':lJcad rne:J:;ur'c:mcnLJ. In on(' 

* ._-_.
'rhe er'rtlJ' 1:, 1nvcr':iely pr'upor'Llonal to the ;;quarl' r'ouL of
 
the ~)NH (sue \':q. 11), whlle the [3NB inl nver:,c]y propor'tlonul
 
to Llw ~Jquare of range.
 



approach, based on the first order control loop, clock oscillator 

corrections would be proportional and opposite in sign to the 

lag/lead estimate. The resulting synchronization error is eval

uated in Appendix B and plotted in Fig. 6 for a 48 msec update 

interval. Figure 6 shows five plots as a function of the loop 

settling time: curves A, B, C, and D give the one-sigma syn

chronlzatlon error due to the lag/lead estimation errors; curve 

E ~',llUw~~ tile contrIbution from clock drift of ±5 parts per 10 9 . 

'l'he overall rm~~ error is the root sum square of the clock-drift

induced error and the measurement error contribution. It is 

clear from the figure that an appropriate choice of loop time 

constant, and this is controlled by selecting loop gain, will 

minimize the overall rms error. For example, by differentiat

ing the appropriate relations in Appendix B, it can be shown 

that the RSS error of curves A and E is minimized for a loop 

settling time of 10 sec. The occurrence of the minimum is char

acteristic of tracking loop behavior: sluggish loops exhibit 

good noise performance by sacrificing dynamic tracking perform

ance and vice versa. The specified value shown in Fig. 6 was 

obtaIned from the AN'l'C-117 specifications (J~p.f. 2, p. 110A, 

paragraph 2.8) 

Airborne equipment synchronization shall be 
accomplished with an accuracy of ±0.25 micro
seconds with respect to the synchronization 
donor with a probability of 0.995. 

For limited equipments, the accuracy requirement is relaxed to 

±0.5 ~sec (Ref. 2, p. 129, paragraph 4.8). These are interpreted 

as three-sigma accuracy specifications for airliner (or eqUiva

lent) and general aviation equipments. The corresponding one

sigma values are shown by the dotted horizontal lines in Fig. 6. 
Thus, a loop settling time of 2.5 sec l:l enough to meet the 

synchronizatIon accuracy spf~cJr}catlons. Unf'ortunately, Uw 

contl'ibutlon to range-rate err'or' 1:, exceusi v(~ when a 2. lJ-l3ec: 

settling time Is used (this wtll become appm'ent from the db

cuss Ion in the subsequent section and from the ~nalysi:l in 
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the latter part of Appendix B). For this reason, a 10-sec set

tling time is selected. The resultant loop gain* is 5 x 10- 3 

which when mUltiplied by Eq. 27 gives 3 nsec and 8 nsec for the 

one-sigma value clock corrections. These values are too small 

for convenient implementation in the timing chain. One solution 

to the problem is to smooth/average the individual lag/lead 

measurements prior to clock time corrections. For example, 

assume that 16 lag/lead measurements are averaged so that: 

1.	 The one-sigma lag/lead error estimate in Eq. 27 is 

reduced by a factor of 4. 

2.	 The interval between clock corrections is increased 

by a factor of 16; from 48 msec to 0.768 sec 

3.	 The loop gain is increased by a factor of 16. 

4.	 The loop settling time, which for small loop gains 

is the ratio of sampling time (equal to time between 

clock corrections) to loop gain (see Eq. B-4 of 

Appenqix B), remains unchanged. 

5.	 The result of (1) and (2) is that the one-sigma value 

of clock corrections is increased by a factor of 4; 

i.e., the 3- and 8-nsec figures obtained earlier are 

increased, respectively, to 12 and 24. 

To simplify implementation, it is desirable to quantize oscil 

lator corrections into 20-nsec steps. This can be implemented 

by adding or sUbtracting a pulse in the countdown chain start 

ing at the 50-MHz voltage-controlled oscillator (VCO) proposed 

for DME/CAS. Such a quantization level is not incompatible with 

the cited oscillator correction requirements. 

The main point to be made here is that lag/lead measure

ments made** once every 48 msec, together with clock corrections 

*'Phis is computed from Eq. B-4 in Appendix B for settling
 
time = 10 sec, and update interval = 48 msec.
 

**Eacll update preempts one CAS slot and involves a frequency 
:lwJLch from the CAS frequency to the DME uplink frequency 
where the CASTRS ls received. 



applied once every 0.768 sec, should provide adequate accuracy 

for a properly designed synchronization loop. The reduction in 
-1 8 -1update rates from (12 msec) to (4 msec) is reflected as a 

four-fold reduction in the capacity penalty computed in Eq. 24. 

It should be emphasized, however, that the reduction applies 

only to the synchronization maintenance phase; during acquisi

tion, the higher rate is still needed (see Chapter V). 

Conclusion: In the absence of bias errors, a prop

erly designed synchronization loop can meet the syn

chronization accuracy requirements, with lag/lead 

measurements every 48 msec. Under such conditions, 

the synchronization update function will preempt 

3 percent of the available CAS slots. 

The synchronization maintenance method proposed initially by 

Sierra (Ref. 1, pp. 3- 20, las t paragraph, Sec tion III-ll-LI) could 

furlction only in a very high signal-to-noise ratio environment. 

'I'll e original approach should be redesigned to approach the po

terltial performance demonstrated in the preceding analysis. 

As far as bias errors are concerned, inspection of Fig. 5 

and Eq. 25 reveals that the two uplink biases (i.e., DME replies 

and CASTRS pulses) cancel. Unfortunately, the downlink bias in 

TOA measurements, (on the ground) of DME interrogations, will ap

pear as a bias in the airborne clock and may, Ultimately, be re

flected as a bias in the one-way range measurement of the CAS. 

Clearly, if two encountering aircraft experience the same bias, 

no problem exists. However, in an encounter between two air

craft, the ERP (effective radiated power) difference between 

their downlink interrogations could easily exceed 10 dB. ]f 

the encounter takes place near the edge of the coverage volume 

of the ground station, the di fi'erence in the: downlink bias (~rror;; 

between the interrogators will amount to one-half the full pulse 

rise of 2.5 ~sec*, l.e., 1.25 ~8ec. 

* This 1s the difference between the times that the leading edges 
of a strong and a weak pulse cross the threshold at the DME 
t l'allS ponder. 



Bias di fferencef3 between aircraft we 11 wi thin the coverage 

range of the ground transponder are reduced to 0.6 ~sec when 

both interrogating signals exceed the DME reply threshold by 

more than 6 dB. In either case, the contribution to the syn

chronization error exceeds the specifications (±0.25 ~sec and 

±0.5 ~sec, depending on equipment type). 

An additional source of potential range bias errors is the 

reply delay accuracy of the DME transponder. The nominal value 

of tile delay between interrogation reception and r'ep]y 1:3 1)0 psec, 

which 1~) comperwated by the airborne receiver (sec discu~::i~::iion 

In connection with Fig. 5). The present standard (Ref. 4, p. 35, 
paragraph 3.5.3.5) allows a maximum delay error of ±l psec (two

way) which is also reflected in the requirements (Ref. 5, p. 32, 

paragraph 5. 14.lb) for continuous moni toring of the ground facil

ity. ThUS, the combination of the two error sources, one from 

interrogator amplitude disparity and one from transponder delay 

errors, may exceed the range error allowance (±0.5 ~sec) of 

ANTC-117. 

Conclusion: DME ground facility standards on range 

accuracy will have to be upgraded to meet the CAS 

specifications of ANTC-117. 

It is conceivable that many stations provide better accura

cies than are called for in the ICAO/FAA specifications. The 

available measurements (Ref. 6) show a bias error of 0.08 nmi 

(or 0.5 ~sec of one-way delay). However, this result includes 

aggregated data from short- and long-range measurements, and the 

transponder delay monitoring and calibration procedures were 

not identified. Still, the experimental results suggest that 

sufficient accuracy for CAS operation could be achieved. 





VII. RANGE RATE MEASUREMENT ERRORS 

The DME/CAS in its CAS mode extracts range rate from one

way range difference measurements. The required accuracies 

arc specified in ANTC-117 (Ref. 2, p. 110, paragraph 2.7.1.1): 

The overall receiver system shall evaluate 
the range VB range rate status with the 
following accuracy. For a specific system 
and set of test readings at the same range, 
taken under essentially the same environ
mental conditions, the alarm outputs shall 
occur as follows: 

The mean of the set of readings shall not 
exceed the greater of (a) 28 knots or 
(b) 7% of the difference between the nom
inal threat line R .value and Ro (see Fig~ 
ure 7). The standard deviation of the 
set of alarm points shall not exceed the 
greater of 11 knots or 1.5% of the nominal 
range rate. 

If B and a denote, respectively, the bias error and the 

one-sigma error of the range rate estimate, then the specifica

tions can be restated as 

B = M[28; 0.07(R-R )J (28)o 

and 

a = M[ll; 0.015 RJ , 

where M[a;bJ denotes the larger, in magnitude, of the two quan

tltl~s a and b. The relationshIp between ranges and range rates 

:11\l1lt': tile L1lr'(':lt .LIne «,ce "'lg. 7) are: 

(30) 



and 

(31)
 

whLch, when W1CU In Eq::l. 28 and 29, lead to 

B = M[28; O.07R/T]	 (32) 

and 

a = M[ll; O.015(R-R )/T] .	 (33)o 

TAll THREAT LINE, 

1SLOPE 'T

.~ 

UJ.... 
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~ 

t> ..... /,]-7 

FIGURE 7.	 Mean Accuracy Requirements (Extracted 
from Ref. 2, p. 110B) 
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The appropriate numerical parameters (see Ref. 2, p. 71) 

are: 

zone 1'r = {25 sec in Tau 

110 Ge(~ 1 n 'l'at.! 

R = {0.25 nmi in Tau zone J. 
(35) 

a 1.8 nmi in Tau zone 2 

so that Eqs. 32 and 33 become (after converting Eq. 34 into 

hour~) ) 

10.08RJ in 'l' au zone 1{Ml28;
B = (36) 

M[28; 6.3RJ in Tau zone 2 

rlll; 2.16(R - 0.25)J for rrau zone 1 
a = (37) 

M[ll; 1.35(R - 1. 8) J for rrau zone 2 

The bias error specification repreoents an' allowance for 

an error contribution from the FM discrj.minator characteristic 

tha t wa~) l)riginal Jy envis ioned for the l\'l'A/CAS dopp 1er (range

rate) measurements. In the absence of range rate bias errors, 

the one-sigma error allowance might be relaxed to a value given 

by 

, (38 ) 

2where B 13 is the mean square vulue of u random error uniformly 

distributed between -B and +B. 



The RSS contribution, ° , to range rate error from noise v 
jitter in TOA measurements is estimated from* 

Or • 12 
(39)°v = T 

m 

where or is the one-sigma range error, obtainable from row a 

of Table 8 (after multiplication by 0.984 ft/nsec); the factor 

n accounts for the contribution from the two range mew;urements 

needed to estimate range rate; and T is the time between the 
m 

two range measurements. The results, for T = 3 sec, are m 
(with range R in nautical miles): 

1. 79 R for airliner to airliner 

4.49 R for airliner to GA 

°v (knots) = (40) 
3.18 H for GA to airliner 

7.99 R for GA to GA 

whIch L:; pJottt'd In Il'tg~j. n Lhr'oup;h L5, tUI~('Lher with I';(F!. '36, 

)'(, :lnd 38. Wllerl Ltle :;cparilL!ulI t:; lncr'ca:;ed to (j 3ec, the 

error is reduced by a factor of two. 

Another contributor to range rate estimation error is the 

clock synchronization error. This component was analyzed in 

Appendix B and the results are summarized in Table 10. 

The resultant range rate error performance is scored in 

Table 11 in terms of whether or not the error is I1 within l1 or 

"outside" the relaxed specifications (a:> defined in Eq. 38 and 

and the associated discussion). Except for the borderline case, 
It 
This expression does not account for the correlation between
 
range and range rate (from range differences) measurement
 
errors. In the worst case, for T = 25 sec and T = 6 sec
 
the result is a 12.6 percent increase relative t~ the err~r
 
given by Eq. 39 (see Appendix G).
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TABLE 10. ONE-SIGMA CONTRIBUTION OF THE SYNCHRONIZATION ERROR
 
TO THE RANGE RATE ESTIMATION ERROR
 

I 

Encounters 

Range to DME 
Transponders 

(nmi) 

Time Between 
Range Measurements 

(sec) 

Error 
Contribution 

(knots) 

Airl iner with 
Airliner 

120 
120 

60 
60 

3 
6 
3 
6 

5.8 
3.8 
2.9 
1.9 

Airl iner with 
GA 

120 
120 
60 
60 

3 
6 
3 
6 

11.2 
7.4 
5.6 
3.7 

GA with GA 120 
120 

60 
60 

3 
6 
3 
6 

14.7 
9.7 
7.4 
4.9 

TABLE 11. SCORE OF RANGE RATE ERROR PERFORMANCE (NO MULTIPATH)
 

Relation to Relaxed (1) Overall Time Between Error Specification Range Measurements 
Tau Zone 1 Tau Zone 2(sec)Encounters 

I---------+--------------+---------t----------I 
3Airliner-to Within Withi n 

Airliner Withi n l~ithin6 

3 Withi n OutsideAirliner-to
GA Withi n Withi n6 

3 Within WithinGA-to
Airliner Within Within6 

GA-to-GA 3 Outside Outside 
6 Within Borderline(2) 

'--- --l. _ 

(l)See Eq. 38 and associated discussion. 
(2)Equal	 to the specification when the DME transponder facility 

(Class H) is within 60 nmi; 10 percent above specification 
when the facility is at 120 nmi. 



the score is not affected by the contribution of the synchroni

zation error components (shown in Table 10); in other words, 

the synchronization error contribution is negligible for the 

synchronization loop design described in Chapter VI. 

Conclusion (without multipath): When the CAS range 

data interval is increased from 3 sec to 6 sec, all 

CAS equipment pair categories can meet the relaxed 

range rate accuracy specification in both Tau zones. 

However, the 3-sec epoch spec1fied by ANTC-IJ7 

(Hef. 2) implies a data interval requirement of 

3 sec. In this case, the bulk of the aircraft popu

lation, 90 percent of which is in the. GA category, 

will not meet the relaxed accuracy specification 

(see Figs. 11 and 15). This applies to GA CAS pairs 

in both Tau zones as well as to GA CAS units assess

ing airliner threats in Tau zone 2. 

The impact of mUltipath is examined in Appendix C. The 

resultant range-rate error is a function of the signal-to

mUltipath (SMR) ratio, and mUltipath delay; while the latter 

is a function of altitude and range. A maximum, one-sigma 

\.~l'l'or is attaJ.ned when the mu1 tlpath d(~ Lay L; approximately 

::: lJ:3CC (('qual to one-half the pUl~;e rise tim(~). 'l'hi~j maximum 

is plotted in Pig. 16 as a function or the SMH. Altitudes and 

ranges producing the maximum error are plotted in Fig. 17. 

For shorter delays, the multipath signal tends to merge 

into the direct signal and errors are reduced. At longer de

lays, the main mUltipath return occurs after the signal peaK, 

the impact on the peak detector is reduced, and hence, the 

error is also reduced. 

At an SMR of 10 dB (specified in Ref. 2, p. 107, paragraph 

2.:5.1) and with a G-sec time ba~1e, the ono-~;\e;ma error ~an be 

as high a~; (ll knot:; (:;eo l<'lg. Hi) which exc(~od~; the ~;pcc.:lficu

tJon~; (~;cc Fig:;. 11 and 15) cited earlier. Howevcr, pr'elirnJnary 

'( () 
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calculations for the doppler system (which is addressed in the 

ANTC-117 specifications) indicate that this system would also 

fail to meet the specified accuracies for the specified mUlti

path conditions. 

As was indicated throughout the preceding analyses, the 

random range rate error problem is alleviated when the time 

base is increased from 3 sec to 6 sec. However, the consequence 

of such an increase is a range rate bias error due to a consis

tent overestimate of the actual range rate (see Appendix H). 

In other words, the range difference divided by the elapsed 

time is greater than the magnitude of the time derivative of 

range. The resultant error* is compared with the specified 

error in Table 12 below. 

TABLE 12. RANGE-RATE BIAS ERRORS (FROM APPENDIX H, EQ. H-9)
FOR A 600-KNOT RELATIVE SPEED, A 6-SEC TIME BASE, 

AND TAU ZONE 1 PARAMETERS 

Range-Rate A11owed* 
Range Bias Error Bias Error 
Lnmi} (knots) (knots) 

1.0 290 28 

2.0 125 28 

3.0 55 28 

3.4 32 32 

*Specified by ANTC-117; see quotation at the beginning 
of this Chapter (VII). 

An alternative method for eXhibiting the effect of the 

bias error is shown in Pig. 18. '['he ordinate and abs cis s a rep

re:3ent, respectively, crossrange and downrange relative to the 

*f\ more uetalled (Ht;cusslon of tiltf; ~)Ou['C(~ oj' error L3 pro
vldcu III u companion study dealing with the McDonnell 
Dougla~ CAS (Ref. 7). 



threat-evaluating aircraft. The curve marked "ANTC-117" rep

resents the specified alarm boundary expressed in crossrange and 

downrange coordinates which are related to range and range-rate 

variables through obvious kinematic relations (see Eqs. H-16 and 

H-17 of Appendix H). The same transformation is applied to the 

actual alarm boundary which includes the effect of the range 

bias as given in Appendix H (Eq. H-9). 

3 
ACTUAL ALARM BOUNDARY 

EXAMPLE OF2.4 +----::::;r,II!.~~~~.~"~:':"":"":""--4--.. •. .
INTRUDER 

2 TRAJECTORY 

----+------11-----+-----+-1---+ DOWNRA NGE I nmi 

E 
<: 
, 

UJ 

o 
z 
~ 
VI 

(3 2 
co:: 
u 

ANTC-117 
3 TAU 1 ZONE 

FIGURE 18.	 Downrange-versus-Crossrange Plot for a Relative 
Speed of 600 Knots 

Two limiting trajectories may be Identified; one is tangent 

to the actual alarm boundary, and the other is tangent to the 

specIfied (ANTC-117) boundary. The crossranges for the two tan

gentIal trajectories are 2.262 nmi and 2.486 nmi, respectively. 

False alarms are therefore generated by intruders whose cross

range:; 11 e between the two limits (one 3 uch i nt ruder i~) shown 

in Flg;. J8). 'I'ho percentage c11J'ference between these Is 10 

pCl'ct:nt. 'l'hw;, flH' a untform dl:;tribut Lon of' crossranr;es, the 

overall alarm ratc: would increo.:_;c by 10 percent, de::;pi te the 



fact that the bias error exceeds the ANTC-117 specifications by 

wide margins (see Table 12). 

Repetition of the previous analysis for a relative speed 

of 180 knots (instead of 600 knots) yields the crossranges for 

the two tangential trajectories as 0.8068 nmi and 0.8744 nmi. 

In this case, the alarm rate is increased by 8.4 percent. 

Conclusion: The use of range difference mea:;urements 

for range-rate estimation introduce:; bias ery'()rs be

tween the actual rrau alarm boundary and the specified 

boundary. In spite of the fact that the error, at 

short ranges, exceeds the specified (by ANTC-117) 

value by wide margins (see Table 12), there is only 

an 8 percent to 10 percent increase in overall alarm 

rate. 

'( ,) 
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APPENDIX A 

ACCURACY OF LEADING EDGE TIME-OF-ARRIVAL MEASUREMENTS 

The time, t, at which the signal-pIus-noise envelope 

crosses n thrc~hold H satisfies the equation 

(A-I)
 

where Set) is the pulse signal envelope, X is the magnitude of 

the noise, 01' 1 nterf'erence, envelope and ¢ is the phase differ

ence between the signal and noise/interference. Solving for 

Set) we get 

I 2 2 2
S (t) = ~ H - X sin ¢ - X cos¢ , (A-2) 

which is valid only for X < H (a complex solution means that the 

threshold is not crossed). It js assumed that the phaGc, ¢, 

at the time of threshold crossing, is a random vaY'lable uni

formly distributed between 0 and 2n. All of the subsequent 

averages, denoted by a horizontal bar, are averages with 

respect to ¢. 

If t is the mean value of the threshold crossing time, 

then, by applying the mean value theorem for derivities, we 

obtain 

(1\-3) 

where t .13 an approprolc1.Lcly ch():;(~n point hL·tW(~en Land Land
1 

~)~(tl) l::. the (kr'lv:ILlve of' ;;(L) ilL L1 . 

/\ - 1 



'I'hus, 

(A-4)
 

At the point of inflection,_ t on the leading edge of thei , 

pulse, we have 

~ (t i)~ 2 [3 ~ (t 'J 2 (A-S)[3 J;;:: 1)' 

so that Eq. A-4 becomes 

(A-6)
 

For any random variable, z, and a parameter, b, we have 

(A-7) 

This can be proven by squaring, averaging, and differentiating 

the left-hand side with respect 

b = S(f), yields 

to b, which for z = Set) and 

(A-8) 

Application to Eq. A-6 leads to 

- ') 

(t-f)'  (A-9) 



~= 

The averages are obtained from Eq. A-2: 

2 'IT 

d<j> - /'IT f Xcos<j>d<j> (A-IO) 

o 

where the second integral averages out to zero while the first 

integral is expressible in terms of the complete elliptic inte

gral* of the second kind: 

2 'IT 'IT/2
 
1 2 2 2 H
d<j> =2 'IT f ~ H _X sin <j> - . 4 f ~ l-(~r sin2~ d<j>2'IT 

0 0 
(A-II) 

H = 4E [(~r]2 'IT 

in which E [m] denotes the complete elliptic integral of the 

second kind, with parameter m, i.e., 

'IT/2 

2
. E(m) = f ~ I-msin <j> d<j> (A-12) 

o 

The other average required in Eq. A-9, S2(t), is obtained 

from Eq. A-2: 

*Sec, for exnmple "Handbook of' Mathemat1cal j"unctlons," lJ.:;. 
Df'partment of Commerce, National Bureau or ;;tandards, 
Applied Mathemnticfi Sertes srj, June 1964, p. 609. 

A-5 



27T 

S2(t) = }~	 f (H2_x2Sin2$)d4 

a 

27T 

1 f ~ 2	 2 2 Xcos¢d¢ (A-13)- 27T H -x sin ¢ 
a 

27T 

1 2 2X cos ¢d¢+ 2 7T f 
a 

The integral containing the radical consists of contribution in 

four regions: (1) a to 7T/2; (2) 7T/2 to 7T; (3) 7T to 37T/2, and 

(4) 37T/2 to 27T. Contributions from region (1) cancel with region 

(2), while region (3) cancels (4); the net result being zero. 

Integration of the first and third integrals is obvious so that 

Equations A-ll and A-14 are substituted into Eq. A-9 giving, 

(A-16) 

or 

j\ -() 



Using tables of elliptic integrals, we obtain 

TABLE A-l. CALCULATIONS RELATING TO EQ. A-16 

o 
0.05 
0.25 
1. 00 

0.5000 
0.5017 
0.5090 
0.5947 

which shows that the lower bound is not sensitive to the thresh

old setting, H, although the actual value of (t_t)2 may be 

sensitive to the threshold. 

The consequence of Table A-I and Eq. A-lG is 

(A-17) 

where S is the peak signal amplitude; (S /X)2 is the peako 0 
signal-to-noise/interference power ratio; t is the point ofi 
inflection on the leading edge of the pulse; S~(ti) is the 

maximum slope of the leading edge of the pulse; S /S~(t.) has o l 

the dimensions of time and is a measure of the pulse rise time; 

So/S~(ti) is, in fact, the rise time for a trapezoidal pulse. 

It can be shown, by repeating the preceding analysis, that 

the equality sign holds when the pulse is trapezoidal, and when 

the signal-to-noise/interfercnce ratio 1s high. 
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APPENDIX B 

SYNCHRONIZATION LOOP ANALYSIS 

The relationship between clock oscillator lag (or negative 

lead), reset corrections, and drift is characterized by 

(B-1) 

where S is the clock lag just prior to the nth update, x is 
n	 n 

the	 lag estimation error at the nth update, S + x is the 
n n 

estimated clock lag at the nth update, g 1s the loop gain, 

~ < 1, ~(S +x ) is the applied correction, S - ~(S +x ) is the , n n n n n 
clock ]n~ immediately after the correction, 8 j~ the drift 

between the nth update and the n + 1 update, and Sn+l 1~ the 

lag just prior to the n + 1 update. 

The	 solution* to Eq. B-1 is 

ex> 

S = A(l_g)n + 0 ....E.- ~ (l_g)m	 (B-2)x 
n	 g l-g ~ n-mm=l 

where the first term, with A as an arbitrary constant, is the 

homogeneous solution of Eq. B-1; o/g is the component of the 

particular solution corresponding to oscillator drift; and the 

remainder, also a component of the particular solution, is the 

contribution of the lag estimation error. Furthermore, we note 

that: 

1.	 In the steady state, the first term disappear~; 

because I~ < 1; and 

V"*-----------
Ve r j	 nab 1e by d ire c L 3 U b s t 1 t u t ton -j n to I';q. B-1. 



2. The x are assumed to be uncorrelated, zero mean
k 

random variables (biases are treated separately); 
. 2

with a mean squared value equal to a 

Thus, in the steady state, the mean square value of Eq. B-2 

becomes 

0 2 L: (l_g)2m(8 2) = (i)2 + (~)2 
00 

s m=l 
(H-3)

2 
(J= we + -lL 

2-g . -'" 
drift noise error 
component component 

where the first term represents the clock drift component while 

the second term is the contribution of the measurement error, 

and where the subscript, s, denotes the steady state. 

Equation B-2 shows that the response of the loop to a single 

error sample is of the form of (l_g)n. Thus, a loop response 

time, T, can be lkflned as the t1.me that 1 t takes the f'(~sultant 

-1synchrolli ;~at 1on ('y'ror to decay to e . of' 1L~3 orlgt nal value, 

1 . e . , 

(l-g) T /'l' = e -1 (B-4a) 

or 

T
T = - (B-4b)Q,nCl-g) , 

where T is the time interval between updates. The clock drift, 

6, between updates Is proportional to T: 

o = p'l' , (B-1») 

in which p I~) tile usual (lsclJlatclf' nLall' IlLy :lpecl J'lcaLlon :In 

dirncn:~1 on] e~1~; form. 



Substituting Eqs. 8-4 and 8-5 into Eq. 8-3 and using the 

approximation 

2n (l-g)~ - g for g«l, (B-6) 

we obtain 

(32) = (PT)2 + 1- 0
2 (~) for (~) «1 (B-7)2 T 

S ... 
clock noise error 
drift component 
component 

'I'he steady state mean square difference between ~;'yrlchro

nization errors at two points in time, separated by N updates, 

is obtained from Eq. B-2 (without the transient component): 

00L: (l-g)m(l-U;)k(X +N_ x +N_ k )n m n 
k=l 

00 

L: (l_g)m(l_g)k(x x _ ) (B-8)
n kk=l n-m 

00 00 

whf'I'C 

for i = .J 
(8-9) 

for i "I- .1 

_ 2 f-1L)2 ~ 
\l-g m=l 



\)ndc~r fjuch condl tions, Eq. B-8 becomes 

where 

( 
r:r)2 ~ - 2 ~ LJ 

m=N+l 

( m( m-N 2I-g) I-g) 0 , 

(B-I0) 

(B-ll) 

The sums are recognized as geometric series so that 

1 - (l_g)2 

(~)2 2 ( -N (l_g)2(N+l) (8-12) 
2 I-g 0 I-g) 1 _ (l_g)2 

2[2 0 NJ= 2~g 1-(I-g) . 

Equation B-4a provides 

-TIT (B-13)
g = 1 - e ' 

so that Eq. B-12 may be rewritten as 

(B-14)
 

Equation 13-14 p;lves Lhe contr1but10n of synchroniz:nt1cHI crr'oT' 

to 'ro/\ dl1'fer'ence rn(~aSIH'ement errors for two 'J'OA measuY'c'rnenti, 

separated by t_, me N'l'; a being the onc-sll';ma ey'ror of' thc; 



lag/lpad est1matc (given by Eq. 27 of the main text). The 

parameters of interest are 

loop settling time = T = 10 seconds 

update interval = T = 48 milliseconds 

time separation = NT = 3, 6 seconds , 

in which case, Eq. B-14 becomes 

0.035270 for 3-sec separation 
(B-15)o = N 0.046540 for 6-sec separation 

If 0 is expressed in microseconds, then Eq. B-15 can be converted 

into range rate error, expressed in knots, by multiplication by 

o.16H3 (nmlhlscc) x 3600 (:..lee/hI') = 194.2 knots/JJsec (B-16)
3 (sec) 

f'or 3-sec separation; and by half this number for 6-sec separa

tion. Thus, the one-sigma RSS contribution to range rate error, 

~xpressed in knots, becomes 

6.850 for 3-sec separation 

4.520 for 6-sec separation , 

where 0, in microseconds, is given by Eq. 27 (of the main text) 

for a l20-nmi range to the DME transponder. Thus, the synchro

njzat10n error contribution, at the maximum range to the 

~;ync 11 ron tzation donor (DME transponder), is as follows: 

Separation Airliner CAS GA CAS 

3 seconds 4.09 knots 

2.70 knots 

10. II knots 

6. (3'( knotsG seconds 

l:l-'( 



In any encounter between two aircraft, both the trans

mission time and reception time measurements will be affected 

by synchronization errors. Thus, synchronization error con

tributions from both aircraft in any encounter must be root 

sum squared. The result is shown in Table 10 of the main text. 

11-1l 
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APPENDIX C 

EFFECT OF MULTI PATH ON RANGE RATE ERROR 

The leading edge of a stylized trapezoidal pulse, together 

with its multipath return, is shown in Fig. C-L, where 

A = direct signal amplitude 

B = peak value of signal plus multipath return 

T = pulse rise time 
r 

x = multipath amplitude at the time that the composite 

signal (direct plus multipath) reaches its peak ampli

tude B. 

o = time delay between the leading edge of the multipath 

return relative to the leading edge of the direct 

signal 

The special case considered here is one where the half-amplitude 

point, B/2, occurs before the arrival of the leading edge of the 

multipnth signal. The time-of-arrival is defined as the point 

at which the envelope is equal to one-half of its peak value 

(the leading edge of the signal must be delayed in order to 

compensate for the delay through the peak detector). Thus, the 

error, £ (see Fig. C-I), is given by 

= B-A (C-I)2A/T
r 

c- j 



B/2 

,""ENVELOPE PEAK OF COMPOSITE SIGNAL 

DIRECT SIGNAL ENVElOPE 

A/2 

10-29-7$-"" 

FIGURE C-l. Multipath Parameters 
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Furthermore, if IP is the phase difference between the 

direct and mUltipath signals, then 

=~(A+X)2_2AX(l-COSCP) (C-2) . 

= (A+X)~l 4 AX 2sin2 CP/2 • 
(A+X) 

For a uniformly distributed phase angle ~,we have: 

(C-3) 

and 

211',----------- 

4 AXB = (A+X)2; /V1 
(A+X)2a 

(C-4) 
4AX 2= (A+X) ~ f~l - -=--.,.. sin u du 

(A+X)2a
 

= (A+X) ~ E[ 4AX J .
 
7T (A+X)2 

where E[eJ is the complete elliptic integral of the second kind. 

The variance of the error E, given in Eq. C-I, can now be 

expressed in terms of Eqs. C-3 and C-4: 



2 -2
£ - £ = 

2 2 
= 1T2{I + X _ [~ (1 + ~) E r. 4AX )'] } (C- 5) '4 r A2 rr A \(A+X)2 , 

\~here XIA is the ratio of multipath amplitude to signal ampli

tude at the time that the composite envelope (direct plus multi

path) reaches its peak value B. This ratio is designated by 

m = XIA , (C-6) 

which, after substitution into Eq. C-5, yields the one-sigma error 

-2 
- £ 

(C-7) 

When the signal-to-multipath ratio is 10 dB, m = lillO, 
and for 16 dB, m = 1/2/IO. Thus, 

for SMR = 10 dB= {0.112 Tr (C-8) 
0.056 T for SMR = 16 dB r 

where SMR denotes the signal-to-multipath ratio. 



For a 4-~sec rise time, the one-sigma range error becomes 

0.112 x 4 ~sec x 984 ft/~sec = 441 ft for SMR = 10 dB, 

and 221 ft when SMR = 16 dB. The corresponding range rate 

error, for 6-sec data, is 

12 x 441 ft 3600 sec/hr
6 sec x 6080 ft/nmi = 61.5 knots for SMR = 10 dB, (C-9) 

and 31 knots when SMR = 16 dB. The preceding analysis applies 

to the worst-case error which is attained for multipath delays 

(0 in Fig. C-l) of about 2 ~sec (the flat part of the pUlse is 

of the order of 2 ~sec). As the delay increases, the multipath 

return moves out beyond the signal peak and the impact on the 

time-or-arrival measurement 1s reduced. As the mUltipath delay 

decreases, 0 <2 ~sec, the waveforms tend to merge and the time

of-arrival measurement error decreases. 

The simple analysis, leading up to Eq. c-8, agrees with 

other results* obtained from an elaborate computer simulation. 

In this case, it was found that the maximum error occurs when 

multipath delay = 0.58 T 
r ' 

and that the corresponding one-sigma errors are 0.11 T 
r 

when 

SMR = 10 dB, and 0.06 T r when SMR = 16 dB; results which confirm 

Eq. c-8. 

*'fA Comparison of Two Approaches for Determining Airborne 
Aircraft Position in Air Traffic Control," IDA Paper P-912, 
November 1972, p. 65, Fig. 14. This analysis assumes an 
exponentially shaped leading edge and the rise time is 
defined as the time needed to reach 90 percent of the peak 
amplitude. 

C-7 



The ranges and amplitudes at which the 2-~sec delay (equal 

to one-half the rise time) obtains are related by 

(C-IO) 

where C is the velocity of light (984 ft/~sec), R is the range, 

h is the altitude of both aircraft, and where the multipath is 

assumed to arrive from the ground midpoint between the two air

craft. 

Equations C-7 and C-IO are used in Figs. 16 and 17 in the 

main text. 

C-tl 
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APPENDIX D 

UNDETECTED CO-SLOT OCCUPANTS 

WithJn a 40-sec interval (equal to mean time between 

checks for co-slot occupancy) a certain number of new trans

mitters will appear within the communicatIon range of an aJr

liner' npproaching the Los Angeles Basin. rrhe expected number 

is calculated from the geometry shown in Fig. D-l~ where: 

1.	 Two nmi is the product of 40 sec and a mean magnitude 

of range rate of 180 knots; 

2.	 The 2-nmi annulus centered at airliner position con

tains the aircraft (primarily GA) which will enter 

within communication range (60 nmi) of the airliner 

within a 40-sec interval (equal to the time between 

CENTER OF TRAFFIC DISTRIBUTION 

AREA (SQUARE NMI)c 
• -1 10 (nil) . -1 10 n]


2 x 2 X [ Sin 120 - Sin 120 x 60
 

POSITION OF NEWLY ARRIVING 
(OR DEPARTI NG) AI Rli NER 

(n t 1) RING 

60 NMI 

6-U-'~·lD 

FIGURE 0-1. Geometrical Factors (Not to Scale) 

0- 3
 



slot occupancy checks). However, only half of the 

aircraft will enter communication range because the 

other half is receding. 

3.	 The nth ring is a circle of radius n x 10 nmi centered 

about the traffic distribution center. 

The expected number of aircraft is summed in Table D-l. For a 

symmetric distribution (about the center in Fig. D-l) a similar 

shaded region needs to be added on the other side of the center. 

However, since the expected number of receding aircraft equals 

the number approaching, the factor of two is cancelled and the 

number of new communicants is just 21. 

The approaching aircraft can be expected to "hear" half of 

the 800 (rounded off value of 797) in the Los Angeles Basin so 

that the number of slots available to the new arrival is 2000 

- (800/2) = 1600 slots. Thus, the probability of undetected 

co-slot occupancy during the most critical point of the air 

liner's approach (i.e., 60 nmi from the center of the distri 

bution) is 

21
1600 x 100% = 1.3% per 40-sec interval. (D-l) 

For the 2-minute interval durln~ which the front edge of the 

communl(~atton 7.one might remain within the densest portion 0[' 

the lral'fic distribution, the probability of undetected co-~lot 

occupancy is 

1 -	 (1 - 0.013)120/40 = 3.8% . (D-2) 

Fortunately, the CAS signals from these co-slot occupants will 

arrive late withirl the CAS slot, as observed by any potential 

threat of interest to the new arrival. With properly designed 

pul se doc odel'S (f) uch as de s cribed at t he end 0 f Chapter IV), 

there should be no ambiguity between the range pulse pair of 

the remote co-slot occupant and the altitude pulse pair of a 

potential threat. 
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TABLE D-1. SUMMATION OF EXPECTED NEW AIRCRAFT 
WITHIN COMMUNICATION RANGE 

Shaded Area Expected AircraftTraffic 
in Fig. D-1Ring in Shaded AreaDensity*

(sq nmi)-l (sq nmi)Number (Fig. D-1) 

20.0 9.431 0.471 
6.912 0.229 20.19 
2.220.109 20.453 

0.053 20.92 1.114 
0.600.028 21. 595 
0.340.015 22.516 

23.82 0.070.0037 
--_._---- ------------ -------------

Total: 21 expected aircraft 

*Los Angeles Basin model, 1982. 
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APPENDIX	 E 

COPY OF DOT/FAA TASK ORDER 

TASK C.	 INDEPENDENT ASSESSMENT OF THE "DME COLLISION 
AVOIDANCE SYSTEM" DESCRIBED IN DOCUMENT TR-11115 

Conduct an independent assessment of the "DME Collision 

Avoidance System" developed by Sierra Research Corporation 

as described in their report TR-1115 dated December 1973. 

Particular emphasis should be placed on the relationship 

between traffic density and missed alarms (accepting the 

hypothesis that the intruder is not a hazard when in fact 

he is, in accordance with the threat evaluation criteria), 

and false alarms (accepting the hypothesis that the intruder 

is a hazard when in fact he is not, again in accordance with 

the threat evaluation criteria). The analysis performed 

under this task shall consist in part of a review of work 

alreaqy accomplished in this area in order to validate 

or invalidate previous conclusions reached, and of original 

analysis where previous work is non-existant, incomplete 

or invalid. Consideration in the analysis shall be given, 

but not limited, to: (1) communication reliability as a 

result of transmitter power, receiver sensitivity, antenna 

gain and shadowing, signal processing, such as sensitivity 

time control, etc.; (2) both synchronous and asynchronous 

garble (including interweaved and overlapped pulse trains); 

and (3) multipath. The traffic model to be used for evalua

tion purposes is that furnished you for the previous analysis. 

Obvious improvements to the system shall be recommended 
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(although it 1s not the purpose of this task to do any 

sUbstantial redesign effort) and Inherent limitations in 

the system, which will preclude satisfactory operations 

in the designated environment. will be pointed out (due 

consideration will be given to conclusions reached as a 
result of TASKS A and B). 
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APPENDIX F
 

SUMMARY OF ANTC-117 EVALUATION AND MANEUVER LOGIC
 

A. SYSTEM CONCEPT
 

The specifications given by ANTC-117 for a cooperative air

borne collision avoidance system are aimed at insurin~ the safe 

separation of aircraft in flight independently of cround con

tro], a]thou!~h I~round stations may be required to provide time 

~;yrll'llt'l'l1i:',:ttion foY' particip:1tlnf~ nlrcrclft. ln or'deY' to achieve 

Ul!~~ l~o~11, ~;l'vl'['al alf'~()rithrn~" Inv()lvint·~ me3:~llr'ecl Vnlll(':, or the 

~it~p:tr-:lt1()n d1"tilnce, separation r-ate, and altitude dif'j'l~renc(' 

IJt' t wl' l~ tl l w() a i ['era f' t, a s well a s the rat (~ 0 f a 1 t j t udec han f~ (. 0 r 
the aircraft in which an evaluation of threat is being made, are 

used to r:enerate warnings and alarms. These,:in turn, trigger 

Val'l.OllS cautions and commands to pilots, thereby causi np; them to 

pt::·rrorm certain avoidance or escaping maneuver's such as to stop 

turn1I1t': (also known as "rollout"), to limit vertical speeds, to 

,'llallf:e altitude. 13ecause bearing information is not assurnerJ to 

be available, escape maneuvers take place in the vertical plane 

only. 

The ali.,;ori thms which provi de alarm cri 1,eria are of' two 

t.\'l)l'~~: (1) t.ho:,c LJa:~cd on the' :~('parnt.ion dl:;1,:l.ncC- (f'anf~C'), r~, 

:1nd ~H'parat.lo11 r'atc' (rnnt~e r':1.t('), H; and (;l) th()~)f: ba:,(:d upon 

the altitude dL1't'erl~nce Ah betw('en aircY'art and altitllrJ(~ rat(; 

h 0 ran i n d i v i d u a 1 Cl i r c r aft . I n p r inc i p .1 c, [, J n c C' Ii rep r' e f~ ( ; n t ,; 

the slant range between aircraft, the R, H cr1 teri8. alrHJf-: 

should be sufficient to provide the alarms needed rCJr r}r'()tf~ctj (JfJ 

against collis1on. However, it has been recor;nl7.cd thut the 

use of altitude dat:l. 1:, required to reduce the threat v(Jlurn r:, 

and hencf: the alarm rate, to mana!~eabl(' pr'ol)CH-tion~) and :-J!c;') 
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to determine the proper direction for vertical avoidance 

maneuvers. 

The measurement of R, R, and hh is accomr11ished by means 

0f radio communication between aircraft. The arrival time s~ 

a communication sir;nal is used ,to calculate R, while R is 

obtained from a measurement of the doppler shift, although, 

recently, the tendency in CAS designs has been to obtain R from 

measurements of R at two different times. Each aircraft mea

sures its own altitude with a barometric altimeter and communi

cates it in digital steps of 100 ft to other aircraft. Each 

CAS-equipped aircraft measures its own altitude rate for its 

own evaluation, but does not communicate this data to others. 

ANTC-117 requires, in general, that each aircraft limit 

l.ts !1()l'i~ontal acceleration to l/~) G, its vertlcal acceleration 

to l/il l}, and 1ts Vl~rt leal rnte to 5000 rt/mill. 'l'his implies a 

tlI:lxlt1lutli f'l'latlvC' Ill)!'l7.ontal accclerntion of' 1 (} and vertical 

:ll'l'C]t'I':ltlon 01' .I/') (}, and a maximum vertical separatiorl rat(~ 

l)(' In,OOO rt/r1l1n between two aircraft. [~ee A-4.b(3),(4) of 

AN'l'l~-ll7. J 

B. PRIMARY THREAT CRITERIA 

In the early days of CAS development, it was proposed that 

an R, R algorithm be based upon a quantity T, defined by 

T = R/R 

representing the time to collision for two aircraft on a non

accelerating collision course. It has since been realized 

that, because of measurement errors and the possibility that 

a1rrraft may be acceJeratlnf.:., a modification of this idea is 

llt.'Ct·St~:lry. '1'!1us, AN'I'C-117 has ndopted two-alarm nIgor1 thrns 

l)n~H'd on Rand R. 'I'hese algor! thmg, somet .tmes known as modi fied 

T criteria, have the same algebraic form, hut different param

('ters: 



R + 1 R < R1 °1 

R + 1 R < R2 °2 

~~e~e 11' R ' 1 2 , R are designated constants. * ol 02 
In the fjrst algorithm, known as the 1] alarm crit":'Y'ic,n, 

LIlt' (lL'sjl~natcd con~~tants have the vaIuc:~ 

1 = 25 sec
1 

1R = 1/1 nmi (15?0 ft) 
0] 

[11 tht' :;l'l'Utld illl~()r'ltllllJ, known :1:; till' 1;1 w;)r'nlnl~ eriLc'r'ion, 

tilt' l'l)n:;j iUlts Ilavl~ Lhl~ v:llues 

1') = 40 sec 
L 

R = 1.8 nml (10,940 ft) 
°2 

It' two :tlr'lTil1't ar'c co-altItude (wlthJn (JOU f't ['cJr' :)11,1

tudt'S below 10,000 rt or 800 1't ror alt1tude:; above JO,()OO f't), 

ilnd it' rnt>asurcd va]uc~s of Rand H satis1'y thl' 1 eritc:rirm, thF::
2 

pilot. 1 s commal1dpd to ] 1nd t tw'ns (r'ollout.) to a hank :Jrlir,]C: n r) 

f:!'l'iltt'r' than ]0 dL'f"; and to neitlll'r' c]imlJ nor dIvC'. 'rhi:; 1:; 

~;UPP():~l'Li to redllCl~ the rl'latjvl~ traJectury of' the cnclJunLerLng 

aircr.1.ft to an approximately 11 Ileal' hOI'j ~'.()ntli1 courJe. 'l'hen 

conditions are assumed to be suitable foy' the safe usc of the 

more restrictive 1 criterion.
1 

*These algorithms are not actually stated by I\NTe-ll'fin 
equation form, as js done here', but the' (~qunt;jon:; can h(~ 

deduced from [B-3.b] and Fir>;. ;-, of' that document. N()1J~ 

also that the convention R ro~,1Uve cnI'rr'spond1nr>: to 
increasing R is used here rather than the conver:;e W,('(j 

in ANTe-117. 

F-5 



If Rand R satisfy the T, criterion, vertical maneuver 

commands are issued so that the aircraft at the higher alti

:-,.je21i~1bs while the aircraft at the lower altitude dives 

,.:,,:-::.::, ::-ct:~ aircrart 8re separated by a safe distance. =~ ~~ree 

,.... - ... ~ ,....; /'"

~"-=-:'_':':":'~ 2re involved, the aircraft Clt the jntermedia~c; -::.. - .., - ~ --:: 

:n:lit;r::ins its course', neither climhinp: nor divjnp;. 

'j'tlt' II ('I'iLc'r'ion has been modifjed further by the ;j(jrJi~~::()n 

Ill' ;~ [llillillllll1l 1':1111':(' (~r'iLer'ioll, the purpo~,(' of which j;, to pro

1 t", t : Ii':: I i I I :", L 1 I j(' h,'): : :d' d ()U ~, C :J :; (' () f' r\ e q U : I ] I, () () r' n (, ;U' : : ( , r 0 , 

:',ill('(' il w:r:; 1't'IL LlI;d~ wiLh Lll(, PI'(':;('rlC(' (Jf' :lccc](;r:1Li(1l1 :llld 

It:t';t:',III'I'[:ll'11L 1'['J'(ll'::, \ he Limc' :Ivai l:tl)]c {'or m:Ult'llVL'r' IlIi,':td. h(' 

I'l'llll('l'd lll,ll)W :)11 :lcl:('pLalJ1c Tn i III mum 1n Lh-!~, c i l'cul1I:;l:Jlll:I:. 'j't I u~; , 

\'/)1('1'(' LIll' mill illillfli r':lIl!~(' I'M ha:; been de::d I~nat(:d a:, 1/2 nm! 

(,:(1110 rt). 'J'he l:ltLer al:Jrm will be ref'erred to also a~ a 1 
1 

:11 :1 1"111 • 

C. ALTITUDE CRITERIA 

'I'lll' I illal'lll:: ill'c 111IpJl'IIIC'IIL('d only ii' LIw C'IIC()lJllt('r'!rll~ :Jir

l:r';lf'l ar'e co-aILiLude, or' it I:; pr'C'dlctl'd LIt:IL tr)(!y rn:l.Y bCCI)TrIe 

1'(,-a.ltiLudc, Wflr'Y't; "co-altitud('" is defined to TrIl!:ln lhat LI)(:ir 

vErtical separation is less than COO ft :lL altitudes l)(']ow 

10,000 ft and floo ft al clltitudes above 10,000 ft. Thj" (k1'i

nit i 011 Cl f co - a 1 tit u cl e i s b a ~; e d up 0 n (1) a n a 1 U met e Y' e I' l' 0 I' 

:11loWill1C(' of ±1!JO ft (30) below 10,000 f't and ±250 ft ('30) 

:ll:()Vl' l(),()()(l rt, (~,) the assumption th8l :1 ::;af'e vertjc:ll serJa

l'iit il'll l'I'!.\vl'l'11 :lll'CI'aft'h; 'lflO f't., (llld (3) what js intulded oJ:; 

:It: :d 111W:111C(' for iln wldet.l'l't.l'd vl'r'Llcal dr'! f't. r'aj,(, of' ~OO rt/ 

:n ill. 
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According to ANTC-117, if an aircraft is climbing or 

diving at a rate greater than 500 ftlmin, it is required to 

extend its co-altitude protection boundary in the direction of 

its motion by a predicted co-altitude increment. The predicted 

co-altitude increment is determined by mUltiplying the air

craft's own altitude rate h by 30 sec [B-3.a(3)]. 

In addition to the co-altitude zone wherein the l alarms 

become operative, relative altitude buffer zones are estab

lL;lll'd (Jut to .:!:.3400 ft. In caell of' the::>e zones, Yc'rtlcal alti

tuck r'aL('~; are limited from ClOUO rt/rnin In the farUle~)t L,O 

successively lower values as the zones get narrower [Figs. 4, 4a, 
4b, B- 3. e ] . 

D. LIMITED EQUIPMENTS 

ANTC-117 allows the existence of aircraft with limited 

collision avoidance equipments in order to spare general avia

tion the expense of a full CAS. Several possible variations 

are mentioned, but it is implied that unmentioned others may 

also be permitted. 

Of those that are mentioned specifically, there are two 

types whose properties have an effect on threat evaluation. 

The first consists of the so-called level one and level two 

CAS, and the second is the beacon-only equipment. 

Since ANTC-117 does not mention that level one and level 

two CAS-equipped aircraft have the ability to measure altitude 

rate, it has been assumed here that they do not have this 

capability. It follows, therefore, that this type of aircraft 

is unable to use the predicted co-altitude algorithm. 

The beacon-only-equipped aircraft has no threat evaluation 

capability but is required to communicate its altitude. Thus, 

it can provide the necessary data for threat evaJuation to a 

CAS-equipped aircraft, but is unable to make an avoidance 

maneuver on command. 
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APPENDIX G 

EFFECT OF CORRELATED ERRORS 

This appendix examines the effect on Tau alarm errors due 

to correlation between range and rclnr;e rate errors. Let 

R = intruder range at time t 

€ = error in the range measurement 

n + E = estimated intruder range at time t 

HI = intruder range, T seconds earlier 

"1 + E = estirnated intruder range when Jts true range
1 

:\ s R
1 

'l'he estimated l'nnr;e rate (closing: rates being positive) is 

( H1+r:]) - (R+f:) 
----- --'JI---~ 

so that the system will alarm when 

(G-I) 

in whichl and H 
() 

Qye Ul(' app:r'oTn'iatc aJarm parameter;; (~ee Eqs. 

)11 :uld ';1) In Ch:)pl,et' vir of thc' lIIaln text). l<e(lY'r'anl~lnl~ Ler'rni; 

in I':q. (;-1 Wl' ()lJLllirJ 

I 1-1- 1+_[[I~I:: I~ ( 'I')]

11 = + -------'1' ----- -t + I< «(; -? )

'I' ( ) 

r]- .; 



Thus, the Tau alarm range-rate error due to the range measure

ment errors E and E is represented by the second term withinl 
the parentheses, i.e., 

If' c and care indcpC?ndcnt, zero mean random varjable:;, wjthl 
"nc-:,1/';1l1;1 value:; ('flU:11 to or' then the mean "quare vf:L()clLy 

<'l'l'lll' lH'CllI11l':; 

fa
? l' 

') 

'1' (;1' )2]?+?-+a =~ . 
v T T'1' '- [ 

or 

a v 

POl' l' = () ,-;ec and T = 25 sec, we p;C?t 

r' o = I> 
() 

I . I? () , 
v 'I' X 

whlch L; I?h 1)"Y'ccnt above I)~ 0 /'1' used in 1o:q. 3() jn ChapL('r' 
t r' 

VJ J 0 I' L h,' JTlil i n t ext. 
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APPENDIX H
 

THE IMPACT OF RANGE-DIFFERENCE
 
MEASUREMENTS ON THE TAU ALARM CRITERIA
 

The	 purpose of this appendix is to derive: 

1.	 The range-rate estimate obtained from range-differ

ence measurements 

2.	 The effect of (1) on Tau alarm boundaries and 

3.	 The difference between (2) and the specified alarm 

boundary and allowable errors. 

The appropriate kinematics are obtained from Fig. tI-l 

where all the distances and the intruder aircraft traject6ry 

are shown in a coordinate system attached to the refer~nce 

aircraft and moving with it. In such a coordinate system, the 

reference aircraft remains fixed at point A while the intruder 

moves along the trajectory BI-B-C. B is a point along the 

trajectory when the reference aircraft makes a range-rate esti 

mate; B is the intruder position T seconds before the intruderl 
reached B; T is the time elapsed between the two ~ange measure

ments, R and R, employed in the range-rate estimate; C wouldl 
be the point of closest approach if neither aircraft maneuvered; 

point A and the trajectory BI-B-C define a plane which Is taken 

as the plane of the diagram in Fig. H-l; the angle A-C-B is a 

right angle; V is the magnitUde of the relative velocity between 

the reference and intruder aircraft; e is the angle C-A-B; 
range rate (taken to be positive for closing geometries) is 

given by 

R =	 V sin e (H-l)t 
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l 

while the estimated range rate is 

(H-2) 

Application of the law of cosin~s to the triangle A-B-B

yields 

R2 = R2 + 2RVT sin e + (VT)2 (H-3)
1 

which, upon sUbstitution of Eq. C-l, becomes 

(H-4) 

The specified (Ref. 2, pp. 71, 73) alarm criteria are shown 

in Fig. H-2. Thus, for ranges greater than O.S nmi, the alarm 

criteria are 

R > (R-R ) /T , (H-S)
- 0 

where R is the range, R 1s the range rate (positive for closing 

geometries and negative for opening geometries) and where R o 
and T depend on the Tau zone as shown in Fl~. H-2. When the 

" 
estimated value of R, i.e., R, is used in place of R, the alarm 

criterion becomes 

R -R R-R 
_1_ > 0 (H-6)

T T 

or 

(H-7) 

H-S
 



RANGE 
RATE 

TAU 
ZONE 

1 

.3~~ 
OPENING 

1.8 nmi 
NOTES: 

( 1) T 1 =25 seconds 

(2) T 2 =40 seconds 
(3) R ~ 0.25 nmi 

0 1 

RANGE 

(4) R ~ 1.8 nmi 
°2 

(5) R ~ 0.5 nmim 

8-IY·15-15 

FIGURE H-2. Threat Evaluation Range and Range Rate 
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which is henceforth understood as applying to R ~ 0.5 nmi. As 

long as the ~ight-hand side remains positive, both sides of the 

inequality can be squared. Thus, using Eq. H-4 we obtain 

2R + 2RRT + (VT)2 > [R+2'.(R-R )J2 for [R+!(R-R )] > 0 (H-8)
- TOT 0 

or 

where IHI < V in accordance with Eq. H-l. After some obvious 

manipulation we get 

R-R. oR > -- (H-9)
T 

range rate bias error 

which is used to compute Table 12 in Section VII. 

When the right-hand side of Eq. H-7 is negative, then, 

since Rl is always positive, the alarm region becomes Rl ~ 0 or 

Ri ~ O. Consequently, with the help of Eq. H-4 we obtain the 

alarm region as 

o for R + !(R-R ) < 0 (H-10)
T 0 

or 

(11-11) 

where, in accordance with Eq. H-l, the restriction 1s that 

IHI < V. It should be noted that in Tau zone 1, where T = 25 

sec, R = 0.25 nmi, and for T = 6 sec,o 

H-7 



R + !(R-R ) > 1.24 R - 0.06 > 0 for R > R = 0.5 nmiTom 

(H-12) 

In other words, Eq. H-ll is never invoked in Tau zone 1. Simi

larly, in Tau zone 2 (T = 40 sec, R = 1.8 nmi), and for T = 6 
o 

sec, we have 

R + !(R-R ) = 1.15 R - 0.27 > 0 for R > 0.5 nmi (H-13)
T 0 

50 that Eq. H-ll is never invoked. 

The additional kinematic relations needed for the analysis 

:Ln ChapU~l' VII (Fig. 18) are 

(H-14) 

y
= --~- V, (H-15) 

where X is the crossrange shown as the interval A-C in Fig. H-l; 

Y is the downrange, or the distance from C (Fig. H-l) to the 

intruder along the trajectory C-B-Bl ; and Yis the speed, V, 

along the trajectory. Solutions for X and Yare 

(H-16) 

Y = fl R (H-17)V 
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