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FOREWORD

In this report, the evaluation of the Collision Avoldance
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 S-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 avoildance of collision between encounter-
ing aircraft 1n 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 1s to evaluate Sierra's (Ref. 1)
concept for a cocllision avoldance system, referred to as DME/
CAS.*¥ The evaluation 1s conducted in response to the DOT/FAA
task order reproduced in Appendix E. This i1s one of a series
of evaluations of wvarlous collision avoldance systems performed
by IDA under contract to the FFAA,

DME/CAS is an air-derived synchronous concept intended to
exploit the proliferated network of DME ground facilities to
obtaln synchronizafion and to adapt airbofne DME designs to ful-
fill the CAS function. DME ground facilitlies would be augmented
to transmit a CAS time reference signal, 1n addition to normal
DME replies; airborne clocks would be synchronized to the re-
celved reference after correction for the propagation delay ob-
tained by DME techniques.

The basic information exchanged between the CAS partici-
pants, Z.e., transmitting and recelving aircraft, consists of
three threat parameters: one-way range, 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) ahd thelr measurement accuracies have a direct
impact on the rate of illegitimate alarms and on delays of legit-
imate alarms. For this feaSon, é 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 Measuring Equlipment/Collision Avoidance Jystem.
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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 Alrborne 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 Alr Navigation/Traffic Control Division
of the Alr Transport Assoclation (ATA) of America. The CAS
working group, formed 1in 1967, 1included representatives from the
ATA, the alrlines, the avlonics and alrcraft manufacturers,
ARINC, and observers from the FAA and DoD. The workiling group
recomnended the Tau criteria (descrlibed in Appendix T of this
study) for the threat evaluatlon logle; time/frequency (T/F)
techniques for the transmlssion and reception of signals; one-
way rangling, doppler techniques, and encoded altitude, for thresat

evaluation.

The ANTC-117 specifications 1nclude both functional criteria
(e.g., threat loglc, threat parameter accuracy requirements,
capaclty, interference protection, etc.) as well as detailed
hardware specifications. In general, all of the ACASs eval-
uated by IDA purported to meet the essentlial functional specl-
ficatlions of ANTC-117 without, necessarily, complying with the
specifled hardware implementation (the one exception being the
McDonnell Douglas CAS). Because of this, and because ANTC-117
provides the only articulated set of requlrements, ANTC-117
functional specificatlons were adopted as the common standard
of comparlson for all of the ACASs studied by IDA. The ade-
quacy of ANTC-117 was examlned separately (Ref. 3) and 1s not
addressed in the present study.

A significant portion of the IDA effort on other ACAS studiles
was devoted to the relationshlip between traffic density and
missed and falsc alarms. This problem has been of primary con-

cern In the asynchronous CAS concepts, and 1s the result of
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"fruit" effects within thelr 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) identifled a variety of options without suffi-
clent detéil to permlt an evaluatlon of false alarms and false
dismissal probabilities. For thils reason, the study was con-
fined to a description of the generic type of decoder(s) and
frequency assignments needed to protect agalnst interference.
In accordance with the admonition 1in the task order, no de-
talled functional design of the decoder was attempted. The
special forms of "frult" 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 mechanisms and their implications on traffic han-

dling capacity.

Chapter III provides a brief functional descriptlon of the
DME/CAS; more detailed descriptions are given 1n 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. Acqulsition delays and prohabilitlies of lock-
up on frult are evaluated, together with the CAS-imposed load cn
the DMII ground facility.

Chapter VI analyzZes the airborne clock update requlrements,
clock errors, and thelr implication on CAS capaclty and accuracy

of threat parameter measurements.
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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.

Appendlix B analyzes the synchronization loop behavior and
performance characteristics.

Appendix C evaluates the multipath contribution to range

rate measurement errors.

Appendix D examlnes 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 avoldance.

Appendix G examines the effect of correlation between range

and range-rate errors.

Appendix H evaluates the range-rate blas errors resulting

from range difference measurements.

T



IT. SUMMARY AND CONCLUSIONS

A. STATEMENT OF THE PROBLEM AND STUDY APPROACH

The DME/CAS 1s one of several CAS concepts that have been
analyzed and reviewed in a series of IDA studies. The common

elements 1In 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 specifications (e.g., capacity, alarm criteria,
threat pargmeter measurement accuracles, protection
against interference, etc.) of ANTC-117 (Ref. 2) with-
out necessarily meeting the detailled 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-called "ANTC-117" 1is an airline industry (as repre-
sented by the Alr Transport Association of America) document
designed to provide a statement of airline policy and require-
ments and a technical description of an Airborne Collision

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



ausplces of the Airline Alr Traffic Control Committee, CAS
Technical Working Group, and issued by the Air Navigation/
Traffic Control Division of the Air Transport Assoclation (ATA)
of Amerlica. The CAS working group, formed in 1967, included
representatives from the ATA, the airlines, the avlionlcs 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 altltude 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
speclfied 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-117
functional specificatlions 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. The flrst wlll impact hoth the CAD
functlons as well as the conventlonal DMl functions, whille the
second lmposcs some basic constralints on the fhreat parameter
measurement accuracles. Accordingly, a significant portion of

the study was devoted to these problem areas.
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The basic assumptlons and ground rules adopted in the
study are listed below: -

l.

The technical characteristics of the DME ground facili-
ties conform to the FAA specifications and ICAO stan-
dards (Refs. 4 and 5).
The essential .elements of the DME/CAS are répresented
in Sierra's Report TR-1115 (Ref. 1) with two amendments:
a. Synchronization logic changes communicated to IDA

in a letter dated 9 December 1974,
b. Introduction of a pulse peak detector which was

not described 1In TR-1115 and which was communicated

to the author through telephone conversations.
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 avolded to prevent any
spurious controversies about the credibility of the
analytical methods.
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.
A detailed analysis of DME coverage throughout continental
United States 1s 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 1n 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 1is

a primary concern in asynchronous CAS concepts, and 1s the re-
sult of "fruit" effects within thelir target tracking algorithms.
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O 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 codiné/decod—
ing and the number of frequency channels that are envisloned
for the CAS functlion. Sierra (Ref. 1) identified a variety of
optlons without sufficlient detaill to permit an evaluation of
false-alarm and missed-alarm probabllities. 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 wlith the admonitlon in the task
order, no detailed functlional design of the decoder was attempted.

B. SYSTEM DESCRIPTION

DME/CAS is an alr-derived synchronous concept intended to
explolt the proliferated network of DME ground facllities to
obtain synchronization, and to adapt alrborne DME designs to
fulfi1ll the CAS functlon. DME ground facllitles would be aug-
mented to transmit a CAS time reference signal, in addition
to normal DME replies. Alrborne clocks, included 1n the alr-
borne DME/CAS units, would be synchronilzed to the recelved ref-
erence after correction for the propagation delay obtalned by
DME techniques.

The conventional DME 1s a standardized, L-band, pulse-
ranging system designed for airborne navigation applications.
It consists of alrborne interrogation-and-reception equipment
and ground-based transponders or beacons. DME-equlipped alr-
craft interrogate the ground transponder and determine range
from the time elapsed between the transmission of an 1nterroga-
tion and the reception of the corresponding reply. DME func-
tions are incorporated into four types of ground facilities:

1. TACAN 1s an L~band Tactlcal Air Navigatlion system
which, in addition to DME service, provides bearing
Information to approprlately equlpped alrcraft. TACAN
ranglng lu compatlble wlth the conventlonal alrborne
DME unlits.



VOR/DME conslists of two co-located facilities: one is
a VHF omnidirectional range system operating in the VHF

ro

band providing only azimuth information, while the DME
component, operating at L-band, provides range.

3. VORTAC conslists of co-located VOR and TACAN facilities
where the DME ranging function is provided by the TACAN
component.

4. DME-only facilitles 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 DMI service out Lo a range of 130 nmi.

VORTAC statlons have been ldentlified by Slerra (Ref. 1) as
the prlme candidates for the dissemination of the CAS tlme refer-
ence slignal for synchronization of the alrborne CAS units. The
required modifications/additions to these stations include: an
atomlc 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 1s 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 largér number of ground stations, Although a
number of different methods for master time dissemination are
avallable, it 1s not clear at present which of these can meet

the accuracy specificatlions at a cost acceptable to the [FAA.

As far as the alrborne equipment 1is 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. Transmlsslion of conventional DME interrogations

to the ground-based DME transponder,

¥ .
950 statlons In 1967 and 1050 projected for 1981.
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2. Receptlon 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, Z.e., one-way range
and encoded altitude,

5. Receptlion of the CAS signal from other alrcraft.

Of these five functions, only (1) and (2) are incorporated in
the conventilonal 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 wilth appropriate galn control and peak detec-

tor clrcultry.

Overall system operation is as follows. The alrborne CAS
unit synchronizes 1ts 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
unoccuplied time slot for transmission of the CAS slgnal. This
consists of two pulse pairs: (1) a marker pulse palr, and (2)
an altitude pulse palr. The first palr 1s transmitted at a
fixed time relative to slot start time while the second pair
is delayed relative to the first. The delay conslists of a
relatively large component minus a component which 1s propor-
tional to aircraft altitude. Thus, a synchronized CAS recelver
obtalns range to the transmitter by measuring the delay between
reception of the marker pulse palr and its known transmission
time, while the transmitter's altitude 1s decoded from the
separation between the received marker pulse palr and the alti-
tude pulse palr. Range rate is obtalned from the change of
range 1n 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 alrcraft poses a
potential collision threat. An alarm/warning 1s generated when
an lntruder appears within prescribed altitude band(s) of the
receiving aircraft and when the 1ntruder range 1is less than a
minimum range or the sum of: (1) the prescribed (by ANTC-117)
Tau value, 1n units of time, multipllied by the range rate, plus
(2) an offset range to allow for unexpected alrcraft maneuvers,
The resultant warning time for aircraft on a colllsion course

is greater than the Tau value.

The DME/CAS frequencles are selected from the 960 to 1213
MHz band allocated to DME service. DME interrogatlon and reply
frequencies are separated by the usual 63 MHz; the CAS time
reference signal 1s transmitted (and received) on the uplink
DME reply frequency, while the CAS signals are transmltted and
recelved on one or more exclusive fregquencles. The DME interro-
gation and reply frequencles, 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 adlJacent service volumes covered by the ground
transponders. However, the CAS frequencies are common through-
out the continental United States., A CAS time slot 1is pre-
empted by each DME measurement and by each airborne clock up-
date requiring a time-of-arrival measurement of the CAS time
reference signal. The latter 1s 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 1impact
of" time sharing between DME and CAS functilons, Interference
mechanlsms, and threat parameter measurcment accuracles. A
more detalled breakdown of the specific technical areas and

the factors addressed in each area are provided 1n Table 1.
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TABLE 1.

Areas Covered in the Study

STUDY SCOPE

[ e

Factors Addressed in the
Indicated Area

Intersliot interference,
its impact on frequency
channel requirements and
dislocation to convention-
al DME service.

1. Power budget factors (trans-
mitted power, antenna gain,
receiver sensitivities) and
their fluctuation over the
equipment population.

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

CAS load imposed on DME
ground transponders.

1. Relative priorities assigned
to DME and CAS transmissions.

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

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.

Threat parameter measure-
ment accuracies.

1. Power budget factors, random
errors, and bias errors.

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

3. Multipath,

Impact of interference on
CAS capacity.

1. CAS signal format, number of
frequency channels, power
budget factors, undetected
co-slot occupants.

2. Pulse-pair decoder character-
istics.

12



The folliowing are beyond the scope of the present study:

1. Analysis of DME coverage throughout the continental
United States. 1In splte of the 1000 VORTAC statlons,
some coverage gaps can be anticipated where the asyn-
chronous Back-Up Mode (BUM) will have to be invoked.*

2. Dissemlnatlion of master time among ground stations:
Ref. 1 has not identified any method for establishing
a common time base.

inally, it should be noted that the analysis of the BUM
was omitted from thils 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-
clusive 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 alirborne 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 1s selected, three ground
reply frequency channels will be preempted:

1. 987 MHz = 1041 - 63, corresponding to the so-called
channel number 17X,

1104 MHz = 1041 + 63, corresponding to the so-called
channel number 17Y, and

rno

3. 1041 MHz, corresponding to channel 80Y, which replies
to interrogations on 1104 (= 1041 + 63).
If two airborne frequenciles separated by 63 MHz are used for

CAS, only three ground reply channels are displaced. On the

*
The DME/CAS has no alr-to-alr synchronization relay capabilityij
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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-
locatlion to DME service will depend on the number of frequenciles
needed for CAS which, in turn, depends on the CAS signal for-

mat, power budgets, and interslot interference protection require-
ments. Interference may be produced by a CAS transmission after

a propagation delay which 1s long enough to place the traililng

end of the CAS signal in a subsequent time slot belonging to a
different CAS participant. 1In thls regard, the factors examilned
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 l-usec
delay per 250 ft of altitude would not meet the specified (Ref. 2)
accuracy; accordingly, the scale was changed to l-pusec delay

per 100 't of altitude (Chapter IV, Egs. 4 and 6, and Table 6).

(3) Pulse palr decoder characterlstics.

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 wlll be reflected 1n 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 wilill depend on the interference protection mar-

gins employed in present allocatilon.

2. CAS Load on DME Ground Facilities

A CAS load 1s 1mposed on the DME faclility by the CAD time

reference signal transmissions. Thelr priority, relative to

14



conventional DME replies, affect the synchronization acquisition
performance of the alrborne 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 1s 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 occupled by remote air-
craft which pose no threat to the interrogator. 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 specifled synchronization accuracy, the
specifled 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 blas errors,
a properly deslgned synchronlization 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 bilas errors, Introduced on the DML interro-
gation 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 bilas error differ-
ence can reach 1.25 usec (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 blas error
difference 1s reduced by a factor of 2.5 to that specified by
ANTC-117.

An additional source of potential range blas errors 1s the
reply delay accuracy of the DME transponder. The nominal value
of the delay between interrogatlion reception and reply 1s 50
pusec, which 1s 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
+]1 pusec (two-way), which is also reflected in the requirements
(Ref. 5, p. 32, paragraph 5.4.1b) for continuocus monitoring of
the ground facility. Thus, the combination of the two error
sources, one from Interrogator amplitude disparlty and one
from transponder delay errors, may exceed the range error allow-
ance (*0.5 usec) of ANTC-117.

Conclusion: In DME/CAS, DME ground faclility standards on
accuracy will have to be upgraded toc meet the CAS specl-
filcations of ANTC-117.
It 1s conceilvable that many stations provide better accuracies
than 1is called for in the ICAO/FAA specifications. The availl-
able measurements (Ref. 6) show a bilas error of 0.8 nmi (or

0.5 usec 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. Sti1ll, the experimental results supggest that

*
This 1s the most powerful ground faclility whose nominal
range extends out to 130 nmi.
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sufficient accuracy for CAS operation may be achlevable,

Range rate measurement errors, which were examined in
Chapter VII, depend on the basic pulse shape, receliver system
noise levels, synchronization errors, multipath effects, re-
celver bandwidth restrictions imposed by electromagnetic com-
patibility requirements within the congested DME frequency band,
and the time avallable between the two range measurements.
Calculated one-sigma errors were compared to the root sum square
of two specified (1n Ref. 2) error components:

1. The specified one-sigma error, and

2. The specified bias divided by V3,
the latter belng the one-sigma value of a random error uniformly
distributed between the bilas limits. The result 1s 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 1s increased from 3 sec to 6 sec, and when multipath

1s negligible, then all CAS equipment palr 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, 1n which case the bulk of the aircraft population will
not meet the relaxed accuracy specification. This applies to
general aviation CAS palrs 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 17) and Appendix C. At a signal-
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, z.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 fall 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 range
rate error due to multipath. Some of the alternative approaches
Include a modification in the threshold control loglc 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 1is 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 bilas error on the alarm rate was esti-
mated in Chapter VII (see discussion assoclated with Fig. 18).
For this purpose, Intruder aircraft trajJectories were charac-
terized by the distance at closest approach, or crossrange,
relative to the threat-evaluating alrcraft. If these cross
ranges are assumed to be uniformly distributed, the increase
in the alarm rate due to blas errors amounts to 8 percent to
10 percent, depending on relative speeds.

Conclusion: The use of range difference measurements

for range-rate estimation 1Introduces blas errors between
the actual Tau alarm boundary and the specifled boundary.
In spite of the fact that the error, at short ranges, ex-
ceeds the specified value by wide margins (see Table 12
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in Chapter VII), there 1s 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 slgnal. 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 nml 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 pailr
decoder for range and altitude pulse pailrs. Unfortunately,
the simplest decoder, which is very attractive from the stand-
point of convenience of implementatiocon, is also the most vul-
nerable. Such a decoder 1s 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 1n Ref. 1 and 1ts design was beyond the
scope of thls 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)
wlll be available for transmission/reception of CAS signals.
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Conclusion (Chapter IV): Given two frequency channels,

and approprilate 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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IT1. BRIEF FUNCTIONAL DESCRIPTION OF THE DME/CAS CONCEPT

The DME/CAS 1s a concept for an alr-derived synchronous
colllslion avoldance system proposed by the Slerra Research
Corporation (Ref. 1). The basic approach attempts to exploit
the proliferated network of DME ground transponders¥* for syn-
chronization and to adapt alrborne DME designs to fulfill the
CAS function. DME transponders would be augmented to transmit
a CAS time reference signal (CASTRS) in addition to normal DME
- replies, and airborne clocks would be synchronized to the re-
celved 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. 1In essence, the CASTRS
1s composed of two components: (1) a fine cynchronization com-
ponent and (2) an epoch synchronization component. The first
consists of pulse palrs 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 palirs in slot number 0 and in slot
number 8. In both slots, the first pulse of the first pair is
transmitted 6 usec after slot start time. However, the second
pulse pair is delayed relative to the first pulse pair by 128.8
usec 1n slot number 0 and by 140.8 usec 1n slot number 8. Thus,
the transmissions in slot numbers 0 and 8 delilneate epoch start

¥
DME transponders are a part of all VORTAC stations. In addil-

tion, DME is avallable 1n VOR/DME stations and DME-only
statlons. The total number of DME-equipped stations 1in CONUS
1s approximately 1000.
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time, while the remalning transmissions provide a refined refer-

ence for slot start times.

After synchronization, the airborne CAS selects an unoc-
cupled 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, whlle the second pair 1is de-
layed relative to the flrst. The delay conslsts of a relatively
large component mlnus a component which 1s proportional to air-
craf't altitude. 'Thus, a synchronized CAS recelver obtalins range
to the transmitter by measuring the delay between reception of
the marker pulse palr and its known transmission time, while the
transmitter's altitude is decoded from the separation between
the received marker pulse palr 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 alrcraft poses a potential collision threat.

An alarm/warning 1ls generated when an 1ntruder appears wlithiln
presceribed altlitude bands of the recelving alrcraft and when the
ITntruder range 1o less than a minimum range opr the sum of: (1)
the prescribed Tau value, in unlts of time, multipllied by the
range rate, plus (2) an offset range to allow for unexpected
alrcraft maneuvers. The resultant warning time, for aircraft on
a colllsion course, 1s somewhat greater than the Tau value.

The airborne DME/CAS transcelver 1s time shared among
five functlons:

(1) Transmission of conventional DME interrogations to
the ground-based DME transponder,

(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) Transmlission of the CAS signal, 1.c., one-way range
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 bahd;allocated to DMFE 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, i1.e., function
(3), will have to be carried out in the presence of frult gen-
erated by the conventional DME replies to other alrcraft inter-
rogations.

A1l transmissions, air-to-ground, ground-to-air, and air-
to-alr, employ pulse pairs composed from the basic DME pulse
shown 1n Fig. 1. The separation between the constituent pulses
of the pulse palrs are summarized 1n Table 2.

TABLE 2. INTERPULSE INTERVAL CODING

Pulse Pair Interpulse Interval (psec)
"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.

Coneclusion: 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 detalled description of system operation will be

provided 1n the course of the analysls 1In subsequent sections.
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PULSE ENVELOPE (AS MEASURED WITH LINEAR DETECTOR)
______________m___________________]_
c
—— e —————————— o ——— ‘
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VOLTAGE AMPLITUDE

____:;;___n______"__-

JUPRSEDINS VS R N —

(1)

TIME ——

PULSE PULSE

fe-- - = - - e
M
RISE TIME PULSE DECAY TIME

2.5usec, NOMINAL DURATION 2,5 usec, NOMINAL
3usec, MAXIMUM 3.5 ysec | 0.5 1 sec 3 usec, MAXIMUM

DEFINITION OF PULSE SHAPE (See diagram)

a) Denote 0.1A and 0.9A on leading edge of pulse by a and c respectively, and 0.9A
and 0.1A on trailing edge of pulse, as e and h respectively.

b) Denote 0.5A by b and 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 0.5A points on leading and trailing edges of
the pulse envelope.

Pulse rise time. The rise time as measured between 0.1A and 0.9A on the leading edge
of the pulse envelope.

Pulse decay time. The decay time as measured between 0,.9A and 0.1A on the trailing

edge of the pulse envelope.
6-27-75-1

FIGURE 1. The Basic DME Pulse (Ref. 4)
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Inasmuch as alrborne transmissions are confined to the
1025 to 1150 MHz band, the CAS signal wlll have to be accommo-
dated 1n thils band. Here, a single frequency allocated to CAS
eliminates three DML reply channels: 63 Mz above, 63 MHz below,
as well as a "Y" reply channel of the same frequency. For ex-
ample, 1f the airborne frequency channel at 1041 MHz 1tg 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 80Y which replies
to interrogations on 1104 (= 1041 + 63) MHz.

If two alrborne frequencies separated by exactly 63 MHz are

used for CAS, only three ground reply channels are dilsplaced.
On the other hand, 1f the spaclng between alrborne frequenciles
1s less than or greater than 63 MHz, then six channels are
displaced.¥

The latter implies that for a population of 1000 statilons,
(4/252) x 1000 = 16 stations¥**, as well as their neighbors and
neighbors' neighbors, etc., may have to have thelr frequencles
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 ailrborne use
and a modificatlon of the standard DME transceiver design
mlght alleviate some of the dlslocation to DME service.

* %
Thils fipgure 1s probably higher because some of the nomlnally
DME frequencles are not avallable to DME users and because
the population of 1000 statlions does not include DME facilli-
tles assoclated with stations other than VORTAC.
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The interslot 1nterference mechanism for a single frequency
CAS 1s 1llustrated 1n Flg. 3. Here tl, 1s the time, relative
to slot start time, of the start of transmission of the CAS
message, t2 1s the end of the transmission, tl + delay 1s the
arrival time of the leading edge of the transmission at a remote
recelver, and t2 + delay 1s the arrival time of the tralling
edge of the transmission. Thus, a CAS transmission 1n any one
slot may reach a remote CAS recelver after a propagation delay
which places the tralling end of the CAS slgnal in a subsequent
time slot belonglng to a different CAS participant. Whether

or not the spillover (see Fig. 3) exceeds the CAS receiver

e —— —— 1.5 ms - - 1S5ms o
tl—-» ———
\\ \ TRANSMISSION
~ ”"(””””5"“““””" \ TIME
\ \
\ \
\ \
\ \
\ \
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SPILL- TIME
-——t] + DELAY ——=| SVER
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NOTE: fl = transmission time of the leading end of the CAS signal

t transmission timo of the trailing end of the CAS signal

2

627750

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
2,2

—E8 A = cAS threshold, (1)

(4m)° RIL
t

where P 1s the transmitted power, G 1s the antenna gain, A 1s
the wavelength, L 1s the total cable loss, and Rt 1s the thresh-
0ld range at which the signal level is equal to the CAS recelver
threshold; results of this calculation are shown in Table 3

TABLE 3. NOMINAL POWER BUDGETS

Airline Transmitter to GA(]) Trapsmitter to
airtine | call) airtine |ga(l)
Power Budget Factors Receiver Receiver Receiver | Receijver
a. Transmitter power (W) 500 500 100 100
b. Average antenna gain(z)
product (dB) 4 4 4 4
c. Recejver sensitivity(3)
(dBm) -90 -80 -90 -80
d. Cable losses for both
ends (dB) 9 7 7 5
e. CAS threshold above
sensitivity (dB) 3.7 3.7 3.7 3.7
f. Resultant threshold
range(4) (nmi) 101 40 57 22
g. Probability that thresh-
old range exceeds nom-
inal value(®) 93% 80% 58% 61%

(1)GA denotes general aviation equipments

(Z)Assumed frequency is 1050 MHz (wavelength = 0.9374 ft)
(3)Sensitiv1ty is 9 dB above the noise

(4)Free space calculation

(S)Based on data in Ref, 1, Figs. 4-13 through 4-16
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for the four combinations of transmitter-receliver palrs. Eqguip-
ment characterlstics are the same as those of the alirborne DME
transcelvers which will be shared with CAS. The indicated re-
ceiver sensitivity 1s 9 dB above the recelver nolse level, and
the CAS threshold 1s 3.7 dB above the sensitivity, or 12.7 dB
above the noise. This threshold was selected by Sierra (Ref. 1)
on the basls of tradeoffs between the probability of threshold
crosslings by noilse and signal detection margins needed to pro-
tect agailnst variations in equipment characteristics (power,
antenna gain, and sensitivity) below the nominal specifications,

The last row of Table 3 shows the probabllity that the
threshold range exceeds 1ts nominal value because of variations
over the population of airborne equipments. The probabllity
1s obtained from a convolution (extracted from Ref. 2) of the

histograms for transmitted power, antenna gains, and receiver
sensltivities, expressed in declbel units.

A similar computation, shown in Table 4, ylelds the prob-
abllity that a 6 dB margin will be availlable at the Tau 2 threat
range.

The deviations from nominal values are characterized 1in
terms of a marglin, defined as the ratio of the received signal-
to-CAS-threshold ratioc to 1ts nominal value. The upper 5 per-
centile, and 1 percentlle values of the margin, together with
the corresponding threshold range, are shown in Table 5.

The threshold range 1s converted into one-way delay (ap-
proximately 6.2 usec/nmi which, when added to the transmlssion
time 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 envisloned in Ref. 1, are
shown in Fig. 4, and the resultant time budget 1s summarized in



TABLE 4.

AT THE TAU 2 THREAT RANGE

PROBABILITY OF OBTAINING A 6 dB MARGIN

Airline Transmitter to

GA Transmitter to

Airline GA Airline GA

Encounter Parameters Receiver Receiver Receiver | Receiver
a. Maximum closing rate

(knots) 1200 800 800 400
b. Tau two threat range,

(nmi) 15.1 10.7 10.7 6.24
¢. Margin available over

nominal threshold(1)

range (dB) 16.5 11.5 14.5 10.9 dB
d. Probability that a

6 dB margin will be

available at the (2) (2)

threat range Over 99% Over 99% 99% 93%

(])These are shown in row (f) of Table 3,

(Z)The available data do not extend beyond the 99% point.

TABLE 5. POWER AND RANGE EXCESS ABOVE NOMINAL VALUE
Airline Transmitter GA(‘) Transmitter
to to
| airtine | 6l [asrtine | call)

Statistics Receiver | Receiver | Receiver | Receiver
Upper margint2) (dp) 6.5 9.0 8.0 8.0
five
percentile | threshold range (nmi)| 213 113 143 55
Upper margin(?) (dp) 9 13 1.5 14
one
percentile | threshold range (nmi){ 285 179 214 110

(1)GA denotes general aviation equipments.

(2)
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Based on data in Ref. 1, Figs. 4-13 through 4-16,
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FIGURE 4.

TABLE 6.

1usec per 250 ft, and | ysec per 500 ft.
the scale factor is discussed in greater detail in the subsequent analysis,

The choice of

Transmitted CAS Signal Format (Not to Scale)

CAS TRANSMISSION TIME BUDGET

3

a. Transmission time of the first pulse of the
marker pulse pair (relative to slot start)

Range pulse position coding delay(l)
Dead space for 80,000-ft altitude(z)
Dead space for -1000-ft altitude(3)
Altitude pulse position coding de]ay(l)

Transmission time (relative to slot start)
of trailing end of CAS signal from a
minimum altitude aircraft

- O®© a 0O o
*« e e s e

15 usec

60 to 130 usec
60 usec

384 usec

140 to 210 psec

599 to 739 usec

(I)Reference 1 does not provide a specific value, only range is given.

(Z)Maximum design altitude.

(3)
Hsec.

This value is the sum of 60 usec and (81,000 ft x 1 ysec/250 ft) = 324



Table 6. Clearly, the trailing end of a low-altitude CAS trans-
mission willl arrive at the start of the subsequent time slot at

a recelver at a range equal to

1500 psec - 599 usec _
6.18 usec/nmi = 146 nmi, (2)

where 1500 usec 1s the slot duration; 599 usec 1s the trans-
mission time relative to slot start time of the trailling 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 usec 1s the one-way propagation delay per nautical
mile of range. The probabllity that a transmission received
from 146 nmi range exceeds the CAS threshold is simply the prob-
abllity that the power budget margin, in dB, 1s equal to or

>
log g (%Eé ) s

nom

greater than

1

o

where Rnom 1s the nominal threshold range (see item f in Table
3). The required margin, and the probability of attailning that

margin, 1s shown in Table 7.

The effect of spilllover depends on the pulse palr decoder.
For the Sierra implementatlion, the decoder will be preempted by
the spillover signal when its time of arrival precedes the range
and/or altitude pulse palr from the desired signal. Although
the problem could be solved with a more sophlsticated decoder,
Slerra's implementation appears to be the preferred approach
from the standpolnt of simplicity and cost considerations for
the general aviation CAS units.
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TABLE 7. PROBABILITY THAT THE CAS THRESHOLD IS EXCEEDED BY THE
INTERSLOT SPILLOVER(I) SIGNAL (SINGLE-FREQUENCY CAS)

. , Probability of
Margin Needed to - .
Exceed the CAS 0bta1nzg§ Indicated
Transmitter-Receiver Threshold at (2) Margin
Pair 146 nmi Range (%)
Airliner-to-Airliner 3.2 dB 42
Airliner-to-GA 11.2 dB 1
GA-to-Airliner 8.2 dB
GA-to-GA 16.4 dB 0

(I)This is defined in connection with Fig. 3

(Z)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 spilllover interference could be reduced through
the use of two CAS frequencles--one for transmissions 1n even
slots and another for transmission in odd slots. Receptlion willl
take place on both frequencies, in synchronism with the trans-
missions. Under such conditions, Eq. 2 1s replaced by

00 yogs <390 e - 300 o,

whilich exceeds the upper one percentlile threshold range, zZ.e.,
285 nmi, for the most powerful transmitter-receiver pair in
Table 5. Thils result hinges on the CAS signal format selected
by Sierra, and, in particular, on the pulse-spacling 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 1in one or both will ilncrease Interpulse spaclngs
which willl 1ncrease Interslot Interference probabllities,
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The ANTC-117 specifies (Ref. 2, pp. 109, 127, and 135)
that:

Altltude shall be decoded with a maximum
error in the mean of *0.1 microseconds and
a standard deviation of less than 0.1 micro-
seconds for 1nput signals within the dynamic
range of the equipment.
Since the altitude code is specified as 250 ft/usec (Ref. 2,
p. 99), we infer that the standard deviation of the altitude

decode accuracy should be
(250 ft/usec) x (0.1 usec) = 25 ft (4)

The DME/CAS altitude decoding accuracy 1s estimated from
the relationships between decode accuracy, pulse time of ar-
rival (TOA) measurement accuracy, signal-to-noise ratio, and
the power budget relatlonships. Thus, the standard deviation,
of leading-edge time-of-arrival measurements 1s estlmated

o
toa’
from#¥

T
r

o = — (5)
toa s =RR
and
pG2a°2

SNR = ———5—
(Uw)“RLN

(6)

where Tr 1s the pulse rilse time after filltering through IF
stages; SNR 1s the peak pulse-to-average nolse power ratio af-
ter flltering; P, G, A, and L were defined below Eq. 1 and are
given in Table 3; R 1s the range between transmitting and re-
celving alrcraft; and N 1s the average nolse power which 1is 9
dB below the recelver sensitivities shown 1n Table 3. In order
to protect agalnst adJacent channel interference, DME recelver

¥
Equation 5 1s derived in Appendix A.
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bandwidths have been restricted to 250 kHz so that the pulse
rise time, Tr’ could not be less than 4 pusec. The results of
the calculation are shown in Table 8. Thus, to meet the alti-
tude decode accuracy specification (Eq. U4), the decode scale
wlll have to be changed from 250 ft/usec to

%%—%% x 250 ft/psec ~100 ft/usec. (6a)

Conclusion: In order to meet the altitude decode accuracy,
the altitude decode scale should be changed from 250 ft/
usec to 100 ft/usec.

The consequences of this change, are as follows:

1. Item (d) in Table 6 1is changed from 384 psec to 60 usec
+ 81,000 ft x 1 usec/100 ft = B70 usec.

Item (f) 1n Table 6 1s changed from 599 usec to 599 +
(870 - 384) = 1085 usec.

3. Equation 3 is changed to 30006-1%085 = 310 nmi

ro
.

which sti1ll exceeds the upper one percentile threshold range,
i.e., 285 nmi, for the most powerful link in Table 5, Z.e.,
alrliner-to-alrliner 1link.

The number of candidates for alrliner 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 probabllity that an intruding alrcraft, within 15
nmi, selects the same slot for CAS transmlssion 1s bounded by

1

0.5% £ 5500 = N,

99% -
X 99% < 5555 797 = 0.8% ,




TABLE 8. ALTITUDE DECODE ACCURACIES

Transmit-Receive Links
Airline-to- | Airline-to GA-to GA-to
Error Characteristics“ Airline GA _5jrjjne GA

a. One-sigma TOA error(]) in
nanoseconds as a function-
ing range R in nmi 6.50R 16.34R 11.57R 29.1R

b. Required range in nmi{) | 15.13 10.69 10.69 | 6.24

c. One-sigma TOA error,
in microseconds, at
required range 0.0983 0.1747 0.1236 0.1814

d. Altitude decode ac-

curacy.(3) one sigma

in ft, at a scale of
250 ft/usec 34.8 61.8 43,7 64.2

(M1his is obtained from Eq. 5.

(Z)The required range corresponds to a Tau two alarm for the closing rates
of 1200 knots, 800 knots, and 400 knots, respectively.

(3)T0A accuracies have to be multiplied by v" 2 because altitude is decoded
relative to the marker (Z.e¢., range) pulse pair position.

where 2000 is the total number of slots; Ni is the number of
slots that the intruder has detected as occupied slots, Ny < 7975
99 percent is the probabllity that the intruder does not "hear"
the spillover signal. Consequently, a substantlal interference
probability may be accumulated in 100 encounters. It should be
emphaslzed at this point that all of the precedlng estimates

are based on the behavior at the "tails" (Z.e., upper one per-
centlle) of the distribution of equlpment characteristics (trans-
mitted powers, antenna gains, receiver sensitivities). For

this reason, the estimate must be regarded as unreliable. The
conservative approach 1s to equlp the airliner (or equivalent)
CAS units with non-blocking pulse-palr 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-blockling, pulse decoder which will not
be preempted by the first-arriving interference pulse.

Implicit in the conclusion 1is the assumption that the inter-
pulse spacings used in the previous analysls provide adequate
time-guard bands against multipath interference. The specifiled
(Ref. 2, p. 107, paragraph 2.5.1) maximum multipath levels 1is
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 1is
further emphasized by the problem of undetected co-slot occu-
pants addressed 1in Appendlx 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 baslic CASTRS, as indicated 1in Chapter III, contalns a
12-ms periodic component which 1s used by the airborne CAS to
update its clock. To acquire the CASTRS, the alrborne unit will
initiate a search with a 20 usec search gate which 1s swept rel-
ative to a locally (in the aircraft) generated 12-ms periodic
reference. The gate 1s swept in 20-usec increments 1n successive
12-ms intervals until the CASTRS pulse pair is detected within
the gate., At this point, a tentative lockup occurs: the gate
sweep 1s arrested and a three-out-of-five test is 1nitlated.

If three, or more, of the next five detection opportunities,
spaced at 12-ms 1ntefva1s, confirm the initial lockup detection,
then a fine search 1s initiated within the 20-usec gate. For
this purpose, a narrower Ll-usec gate 1s swept through the wider
gate in an attempt to localize the CASTRS. The sweep employs
0.8-usec 1ncrements In successive 12-ms intervals. The gate

1s arrested when the CASTRS pulse palr is detected and a two-out-
of-two confirmation test 1s applled 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 palr trans-
mission at the scheduled time wlll be 70 percent if 1t has no
priority over DME replles.¥ 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 slgnal generator
(inside the DME facility) 1s treated like any DME interrogator,
only 70 percent of the generated timing pulse will be trans-
mitted on the alir.
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probability, defined as the probabllity of a tentative lockup
and subsequent confirmation, 1s given by

Pr [wide gate lockup per sweep] =

n=5 .
0.7 % €2(0.7)"(0.3)°™ = 0.585, (n
n=3

where Cg are the binominal coefficlients. If no lockup occurs
on the first sweep, and the corresponding probabllity is

1 - 0.585 = 0.415, then the gate will continue to sweep, 1in
20-usec increments per 12-ms Interval, until the first sweep 1is
completed and a second sweep 1s carried through to the second
lockup opportunity. Thus, the probability of missing n or more
lockup opportunitles is

Pr [wide gate lockup delay>n sweeps] = (0.415)", (8)

In the absence of any coarse synchronization information,
the wide gate will have to sweep through 12-ms intervals be-
tween successive lockup opportunities. Thus, the time required
to complete one sweep, 1f the sweep 1s not arrested by "fruit”
detectlons (to be analyzed later in this section) is

12 ms

ms—e-cx 12 ms = 7.2 secC. (9)

After lockup of the wide gate, the narrow gate sweep 1s
Initlated. The probabilility of a tentative lockup followed by
a confirmation 1n a two-out-of-two test 1s

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

and

(1 - 0.343)"
(0.657)" .

Pr [narrow gate lockup delay >n sweeps]
(11)



If the narrow gate sweep 1s not arrested by fruit, then the time
required to complete a 20-usec sweep, at the rate of 0.8 usec
per 12 msec, 1is

62%—%22% x 12 msec = 0.3 sec. (12)

A range rate (between alrcraft and ground station) of 600 knots
will sweep the CASTRS pulse through the wide gate at the rate
of

§g%%—§§% x 6.18 usec/nmi = 1.03 usec/sec, (13)

so that the maximum dwell time wlthin the 20 usec gate is
(20/1.03) sec and the maximum number of lockup opportunities

for the narrow gate 1s

20 usec

1.03 usec/sec x 0.3 sec 65 sweeps. (14)

If the wide gate lockup error (cqual to the dlfference between
gate center and pulse center) 1s uniformly distributed over
20 usec, then the probability that the narrow gate falls to lock
up during the time that the CASTRS remains within the wide gate
is obtained by averaging Eq. 11 over 65 sweeps, Z.e.,

65

zE z;l(o.6s7>k = 0.0295. (15)
k=

Frult is introduced into the CASTRS acqulsition clrcultry
because the DME repllies 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 probabllity
that a pulse of a frult pulse palr falls withlin the wilde gate
is the product of gate width, 20 usec, and fruit rate, 2800

1



pulse pairs per sec, Z.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)}% ¢2(0.056)™(1 - 0.056)°™™ = 1,17 x 1070, (16)
n=3
Since the number of gate steps 1in one sweep 1s
12 ms _
m = 600, (17)

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\ 600
An analogous calculation for the narrow gate yields:
1. The probablility that a pulse of a frult pulse pailr
falls into the narrow (U-usec) gate 1is

6

4 x 107" x 2800 = 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 1s

20 usec

O_B_UE—E—C = 25 steps, (21)
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and the probabllity that the narrow gate locks up to
frult 1n one sweep through the wide gate 1s

| -6)2° -5
1 - (l - 1.405 x 10 = 3.5 x 10 ~. (22)

Up to 65 sweeps (see Eq. 14) might be allowed in order to insure
a2 high probability of signal acqulsition. Thus, the probability
that the narrow gate locks up on frult during this time is

_5\65 _3
1l - (l - 3.5 x 10 ) = 2,28 x 107 °, (23)

M

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

probabllity that both gates lock up on fruit, given no signal
lockup by the wlde gpate. The total time elapsed during thlc per-
iod is one wide pate sweep, i.e;, 7.2 sec plus 65 narrow gate sweeps,
or 05 x 0.3 sec = 19.5 sec, a total of 26.7 sec. During this interval,
the CASTRS could have been acquired through the following events:
1. One wide gate sweep followed by 65 narrow gate sweeps
(if aircraft motion were neglected) with the probability

(using Egs. 7 and 10)
0.585[1 - (1 - 0.3“3)65] = 0.585.

2. Two wide gate sweeps followed by 41 narrow gate sweeps
with the probability (again neglecting aircraft motion)

0.585(1 - 0.585)[1 - (1 - o.3u3)"1] = 0.243.

3. Three wide gate sweeps followed by 17 narrow gate sweeps
2 171 _
0.585(1 - 0.585) 1 - (1 - 0.343) = 0.101.

Thus, the overall CASTRS acquisition probability would be less
(because aircraft motion was neglected) than the sum of the
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above, Z.e., 0.93; while the frult lockon probabllity will be
greater than 1.5 x lO_Li (computed below Eq. 23) because this
estimate does not include all of the fruilt lockon event possi-
bilitles within a 26.7-sec interval. Such a performance should
be regarded as unsatisfactory from the standpolint of a conserva-
tive deslign approach.

If, on the other hand, CASTRS transmissions were given
priority over DME replies, then, for all practical purposes, ac-
qulsition would occur 1n one sweep of the wlde gate followed by
one sweep of the narrow gate. The probabllity of a frult lockup
in this time 1is just the product of Eqs. 18 and 20, <Z.e., 10—7.

In order to estimate the CASTRS load on the DME ground

transponder, we note that:

1. The CASTRS consists of a component with 83 pulse pailrs
per second plus two additional pulse palrs every six
seconds (see Chapter III), and

2. The DME transponder load limit is rated as 2800 pulse
palrs per second, corresponding to 100 1nterrogating
alrcraft,

Thus, 1f CASTRS 1s given priority, <.e., 1f all CASTRS pulse
palrs are transmitted by the transponder, then the DME capacity
is reduced by

5%%6 x 100% = 3%,

or three alrcraft 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 1s reduced to 2.1 aircraft
instead of 3 aircraft. Thus, the reduced capaclity penalty 1s

too small to Jjustify the adverse impact on CASTRS acquisltion
performance (as calculated 1n the earlier parapgraphs).
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Conclusion: The transmlission of the CAS time reference

pulse palrs should recelve priority over DME replles. 1In
thls case, the transponder capaclty avallable for DME ser-
vice wlill be reduced by about 3 percent.
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VI. UPDATING OF THE AIRBORNE CAS CLOCK

The time of arrival of the CASTRS pulse palr at the air-
born:, receiver depends on the CASTRS transmission time and on
the range to Lhe ground station. The dlfference between the
mintmum and maximum range (=120 nmi for class I facilltles) cor-
responds Lo a time span of 120 nmi x 6.18 usce/nmi = 741.6 usec
whlch is too long to be accommodated within the same slot as
the receptlion and transmission of the CAS signal, particularly
when the more accurate altitude encoding scale (see Eq. 6a)
is to be employed. Consequently, a CAD slot will be preempted
ror cach c¢lock update. 'l'nus, 11 an updntce were attempted at each

opportunlty (s 83 tlmes per scecond), then

"3 sec x 83 sec—1

= 10 .57 .
5000 x 100% 12.5% (24)
o' Lhe 2000 CAS slots will be blocked. PMPurthermore, the same

sel of slots will be affected at all Limes. Whether or not an
update 1s needed at every opportunlity depends on the clock ac-
curacy requlrements and on the implementation of the synchroniza-

tion maintenance circultry.

The synchronlizatlion update sequence is shown 1n IFig. 5. At
fhe time t], the alrborne unit transmits the conventlonal DME
interrogation which 1s recelved on the ground at time L?. After
a fixed and accurately callbrated delay, the pround statlon
transmits Lhe DME reply at Llme Lg' M. L“ Lhe reply 1s reccolved
in the alr. In additlon, at 1“/, Lthe alrborne unlt reecelves the
CASTRS pulge pater which was transmltted [l‘rom the ground at t5.
Thus, Lhe alrborne unit estimates 1ts clock lag (negative lag

belng lead) from
Wy



clock lag = 3[(t,=t;) - (t5-t,)] = (E,-tc). (25)

An error budget [or the clock lag estimation accuracy would
include contributions from (1) errors 1n tl (see Flg. ) due to
DMIs transmitter Jitter; (2) errors in t2 from time-of-arrival
measurement errors on the ground; (3) errors 1in (t3—t2) due to
the difference bhetween the presumed beacon delay and the actual
delay plus transmitter Jltter; (4) errors in ty due to time~of-
arrival measurement errors 1n the airborne uynit; (5) errors in
t5 due to ground station transmitter jitter; (6) errors in t

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 GENERATED

DELAY PLUS BEACON DELAY TIME REFERENCE
AIRBORNE A
UNIT - or <+ TIME
'Il 4
|
| KNOWN FIXED
| BEACON DELAY
|
|
|
|
|
I "———l
|
GROUND B -
STATION i » TIME
: ONE-WAY
l*— DELAY TRANSMISSION SCHEDULED TRANSMISSION
»
RECEPTION O:EEmE OF THE CASTRS” PULSE PAIR
OF DME
TN INTERROGATION * CAS TIME REFERENCE SIGNAL

FIGURE 5. Synchronization Sequence
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A single lag (or lead) estimate 1s based on a DME measure-
ment coupled with a time-of-arrival measurement of the CASTRS
pulse palr. The CAS/DME concept, envislons that the DME measure-
ments will be made at an average rate of 21 per second (correspond-
ing to a 30 sec_l interrogatlion 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 1s (1/21) = 48
msec; the change In alrcraft-to-station range 1in thils tlme 1n-
terval 1s negllglble. Palring of a DME measurement wilith a
CASTRS time-of-arrival measurement has other highly desirable
benefits: error components on the uplink (station-to-alrcraft)
are canceled and errors due to separate filtering of DME replies
are ellimilnated.

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

measurements 1s estimated from Eq. 5 with

PG/Ll

MnR2n

for the downlink
2 ’ (26)
SGA
TrT N for the uplink
1

where P is the airborne transmitter power (see Table 3); G is
the airborne antenna gain (2 dB nominal); L1 1is the transmitter
connector loss (one-half the dB values shown 1n Table 3); R io
the maxlmum range, z.e., 120 nml; n 1s the average nolse power
per unlt area as referenced to a plane (perpendlcular to the
alrcraft-to-statlion line of slght) through the ground-bacsed an-
tenna; the value of n ls assumed to be 6 dB below the upeclfied
sensitivity of -101 dB relatlve to 1 W/m2 (Ref. 5, p. 23, para-
graph V=2,2.1); 8 1s the signhal power density (W/mz) recelved
at the alrcraft antenna at maxlimum range; the value of S is

speclifled as -86 dB relative to 1 W/m2 (Ref. 5, p. 24, paragraph
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V-3-2); A 1a the wavelength, assumed to be 0,937 feet (0.2857
meters) for conslistency wilth Table 3; and where N i1s the receiver
noise power (9 dB below the sensitivitles shown 1n Table 3).

The results are shown 1in Table 9, together with TOA accuracies
as computed from Eq. 5.

TABLE 9. UPLINK AND DOWNLINK MEASUREMENT ACCURACIES PER PULSE

Downlink from Uplink to
System Parameters Airliner GA Airliner GA
SNR at maximum range, dB 13.6 7.6 18.6 9.6
L?ne-sigma TOA error,* usec 0.369 0.739 0.332 0.937

*
Equation 5 is used here with T, = 2.5 psec for downlink measurements
and t» = 4.0 usec 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 lig. 25 shows that the lag/lead
estimation error 1s the root sum square of three ''OA measure-
ment errors:

1. Downlink DME 1interrogations
2. Uplink DME repliles
3. Uplink CASTRS pulse

Thus we obtaln:

[N «a
one-sigma lag/lead _ 0.597 usec for airliners

= (27)
estimation errors 1.52 usec for GA

which applles to the maximum range, 120 nmi, and whilich scales
in proportion to range.¥

'ne clock synchronlzatlon accuracy wlll depend on the proc-—
euvlng that 1o applled to the lap/lcad measurcments. In one
The error ls Inversely proportlional to the square roolt of

the SNR (see lig. 1), whlle the SNR 1s Inversely proportional
to the square 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-
chronlzation error due to the lag/lead estimation errors; curve
E chows the contrlbution from clock drift of +5 parts per 109.
The overall rms error 1is the root sum square of the clock-drift-
induced error and the measurement error contribution. It 1is
clear from the figure that an appropriate choice of loop time
constant, and thils 1s controlled by selectling loop galn, will
minimize the overall rms error. For example, by differentiat-
Ing the appropriate relations 1in Appendlx B, it can be shown
that the RSS error of curves A and E 1s minimized for a loop
settling time of 10 sec. The occurrence of the minimum is char-
acteristic of tracklng 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 ANTC-117 speclfications (Ref. 2, p. 1104,
paragraph 2.8)

Airborne equipment synchronization shall be

accomplished with an accuracy of *0.25 micro-

seconds wlth respect to the synchronization

donor with a probability of 0.995.
For limited equipments, the accuracy requirement is relaxed to
+0.5 usec (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 1 enough to meet the
synchronizatlion accuracy speclficatlions. Unfortunately, the
contributlion to range-rate error ls excesslive when a 2.h-sec
settling time 1s used (this wlll become apparent from the dls-

cusslon in the subsequent sectlion and from the analysis 1in

H1
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the latter part of Appendix B). For thils reason, a 10-sec set-
tling time 1s selected. The resultant loop galn* is 5 x 10_3
which when multiplled 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 chaln. One solution
to the problem is to smooth/average the individual lag/lead
measurements prlor 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 U4,

2. The interval between clock corrections 1s increased
by a factor of 16; from 48 msec to 0.768 sec

3. The loop gain 1s 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

Appendix B), remains unchanged.

The result of (1) and (2) 1s that the one-sigma value

Ul

of clock correctlons 1s increased by a factor of U;
i.e., the 3- and 8-nsec flgures obtalned earller are
increased, respectlively, to 12 and 24,

To simplify implementation, 1t 1s deslrable to quantlze oscil-
lator corrections 1into 20-nsec steps. Thls can be i1mplemented
by adding or subtracting a pulse in the countdown chaln start-
ing at the 50-MHz voltage-controlled oscillator (VCO) proposed
for DME/CAS. Such a quantizatlion level 1s not 1lncompatible with

the cited osclllator correction requirements.

The maln polnt to be made here 1s that lag/lead measure-

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

¥
'his Is computed from kg. B-4 1in Appendix B for settling

time = 10 sec, and update 1interval = 48 msec.
* ¥
kach update preempts one CAS slot and involves a frequency

swltceh from the CAS frequency to the DME uplink frequency
where the CASTRS ls recelved.
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applied once every 0.768 sec, should provide adequate accuracy
for a properly designed synchronization loop. The reduction in
update rates from (12 msec)_l to (48 msec)_l is reflected as a
four-fold reduction in the capacity penalty computed in Eq. 24.
1t should be emphasized, however, that the reductlion applies
only to the synchronization malntenance phase; durlng acquisi-
tion, the higher rate 1s still needed (see Chapter V).

Conclusion: In the absence of blas 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 avallable CAS slots.

The synchronization maintenance method proposed 1nitially by
Sierra (Ref. 1, pp. 3-20, last paragraph, Section III-H-4) could
function only 1in a very high signal-to-nolse ratloc envlironment.
The original approach should be redesigned to approach the po-

tentlal performance demonstrated in the preceding analysis.

As far as blas errors are concerned, 1lnspection of Flg. 5
and Eq. 25 reveals that the two uplink biases (Z.e., DME replies
and CASTRS pulses) cancel. Unfortunately, the downlink bias 1n
TOA measurements, (on the ground) of DME interrogations, will ap-
pear as a blas 1n the airborne clock and may, ultimately, be re-
flected as a blas 1n the one-way range measurement of the CAS.
Clearly, if two enccuntering alrcraft experience the same blas,
no problem exists. However, 1n an encounter between two air-
craft, the ERP (effective radiated power) difference between
thelr downlink interrogations could easily exceed 10 dB. 1f
the encounter takes place near the edge of the coverage volume
of the ground statlon, the difference in the downlink bias crrors
between the lInterrogators wlll amount to one-half the full pulse

rise of 2.5 usec*, l.e., 1.25 psec.

¥
This 1s the dlifference between the times that the leadlng edges
o' a4 strong and a weak pulse cross the threshold at the DME

transponder.
bl



Bias differences between aircraft well withln the coverage
range of the ground transponder are reduced to 0.6 psec when
both interrogating slgnals 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 upsec and

+0.5 pusec, depending on equipment type).

An additional source of potential range blas errors is the
reply delay accuracy of the DME transponder. The nominal value
of the delay between Interrogation receptlon and reply Ils 50 usec,
which 15 compensated by the alrborne recelver (sec discussion
In connection with Fig. 5). The present standard (Ref. U4, p. 35,
paragraph 3.5.3.5) allows a maximum delay error of *1 psec (two-
way) whlch 1s also reflected in the requirements (Ref. 5, p. 32,
paragraph 5.4.1b) for continuous monitoring 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 psec) 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 ICAOQO/FAA speciflications. The
available measurements (Ref. 6) show a blas error of 0.08 nmi
(or 0.5 usec of one-way delay). However, this result includes
aggregated data from short- and long-range measurements, and the
transponder delay monltoring and calibration procedures were
not 1ldentified. Still, the experimental results suggest that
sufficient accuracy for CAS operation could be achleved.






VII. RANGE RATE MEASUREMENT ERRORS

The DME/CAS in its CAS mode extracts range rate from one-
way range difference measurements. The required accuracies
are specified in ANTC-117 (Ref. 2, p. 110, paragraph 2.7.1.1):

The overall recelver system shall evaluate
the range vs range rate status wlth the
following accuracy. Ior a speclfic system
and set of test readings at the same range,
taken under essentlally 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 R, (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 o 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) | ' (28)
and

M[11l; 0.015 R] , (29)

o

where M[a;b] denotes the larger, in magnitude, of the two quan-
titles a and b. The relatlionshlp between ranges and range rates

along the threat Llne (sce Mlg. 7) are:

R= R+ th (30)
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and

whlch, when used 1In Egs.

and

RANGE RATE /R)

FIGURE 7.

6]

R = —RO/T s

28 and 29, lead to

B = M[28; 0.07R/71]

o = M[11; 0.015(R-R_)/7]

.

TAU THREAT LINE,

— -1

SLoPE T

! 28 KNOTS

Mean Accuracy Requirements (Extracted
P.

from Ref. 2,

RANGE

1108B)

(31)

(32)

(33)



The appropriate numerical parameters (see Ref. 2, p. T71)

are:

25 sec 1n Tau zone 1
(34)

o sec 1n Tau zone

0.25 nmi in Tau zone 1
(35)

1.8 nmi in Tau zone 2

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

hours)

M[28; 10.08R] in Tau zone 1

B = (36)
M[28; 6.3R] in Tau zone 2
M[11l; 2.16(R - 0.25)] for Tau zone 1

c = (37)
M[11; 1.35(R - 1.8)] for Tau zone 2

The blas error specificatlon represents an’ allowance for
an error contribution from the FM discriminator characteristic
that was originally envisioned for the AU'A/CAS doppler (range-
rate) measurements. In the absence of range rate bilas errors,
the one-sigma error allowance might be relaxed to a value given
by

o, =‘l02 + (B2/3) s (38)

where B2/3 is the mean square value of a random error uniformly
distrlbuted between -B and +13,

HY



The RSS contribution, 0y to range rate error from noise

jitter in TOA measurements is estimated from¥
o= = (39)

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

of Table 8 (after multiplication by 0.984 ft/nsec); the factor
Y2 accounts for the contribution from the two range measurements
needed to estimate range rate; and Tm is the time between the
two range measurements. The results, for Tm = 3 sec, are

(with range R in nautical miles):

’1.79 R for airliner to airliner

4,49 R for airliner to GA

0y (knots) = « s (40)
3.18 R for GA to airliner
(7.-99 R for GA to GA
whlich Is plotted In IMigs. 8 through 15, together with ligs. 36,
37, and 38,  When the sceparatlon s incrcased to 6 sec, the

error ls reduced by a factor of two.

Another contributor to range rate estimation error is the
clock synchronization error. Thils component was analyzed 1in

Appendix B and the results are summarized in Table 10.

The resultant range rate error performance 1s scored in
Table 11 1n terms of whether or not the error is "within" or
"outslde" the relaxed specifications (as defined in Eg. 38 and

and the assoclated discussion). Except for the borderline case,

3

This expression does not account for the correlation between
range and range rate (from range differences) measurement
errors. In the worst case, for v = 25 sec and T_ = 6 sec,
the result is a 12.6 percent increase relative t8 the error
given by Eq. 39 (see Appendix ().
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TABLE 10. ONE-SIGMA CONTRIBUTION OF THE SYNCHRONIZATION ERROR
TO THE RANGE RATE ESTIMATION ERROR

Range to DME Time Between Error

Transponders Range Measurements Contribution

Encounters (nmi ) (sec) (knots)

Airliner with 120 3 5.8
Airliner 120 6 3.8
60 3 2.9
60 6 1.9
Airliner with 120 3 11.2
GA - 120 6 7.4
60 3 5.6
60 6 3.7
GA with QA 120 3 14,7
120 6 9.7
60 3 7.4
60 6 4.9

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

S

: (1)
Range Measurements P

Encounters (sec) Tau Zone 1 Tau Zone 2
Airliner-to- 3 Within Within

Airliner 6 Within Within
Airliner-to- 3 Within Outside

GA 6 Within Within
GA-to- 3 Within Within

Airliner 6 Within Within
GA-to-GA 3 OQutside Qutside

6 Within Border]ine(z)

(1)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.
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the score 1s not affected by the contribution of the synchroni-
zation error components (shown in Table 10); in other words,
the synchronizatlion error contribution is negligible for the

synchronization loop design described in Chapter VI.

Conclusion (wlthout multipath): When the CAS range
data interval is increased from 3 sec to 6 sec, all
CAS equipment palr categories can meet the relaxed
range rate accuracy specification in both Tau zones.
However, the 3-sec epoch speclifled by ANTC-117

(Ref. 2) implies a data Iinterval requirement of

3 sec. In thils case, the bulk of Lhebalrcruft popu-
lation, 90 percent of which 1s 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 1s examined in Appendix C. The
resultant range-rate error 1s a function of the signal-to-
multipath (SMR) ratio, and multipath delay; while the latter
1s a function of altitude and range. A maximum, one-sigma
crror is attalned when the multipath deiay 1o approximately
2 pusec (equal to one-half the pulse rise time). 'Thils maximum
is plotted in Fig. 16 as a functlion of the SMR. 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 1s 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 6-sec time base, the onec-slgma error can be
as high as 01 knots (see Flg. 10) whlch exceeds the speciflca-

tlons (see Kigos. 11 and 15) clted earlier. llowever, preliminary
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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 1ndicated throughout the preceding analyses, the
random range rate error problem is alleviated when the time
base is 1lncreased from 3 sec to 6 sec. However, the consequence
of" such an increase is a range rate blas error due to a consis-
tent overestimate of the actual range rate (see Appendlx H).
In other words, the range difference divided by the elapsed
time 1s greater than the magnitude of the time derivative of
range. The resultant error* is compared with the specified

error 1n 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 Allowed*
Range Bias Error Bias Error
(nmi (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 exhiblting the effect of the
bias error is shown in Fig. 18. "The ordinate and abscissa rep-

resent, respectlvely, crossrange and downrange relative to the

A more detalled discusslon of this source of error 1s pro-
vlided In a companlion study dealing with the McDonnell
Douglas CAS (Ref. 7).
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threat-evaluating aircraft. The curve marked "ANTC-117" rep-
resents the specified alarm boundary expressed 1n crossrange and
downrange coordinates which are related to range and range-rate
variables through obvious kinematic relations (see Egs. 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).

3T ACTUAL ALARM BOUNDARY

EXAMPLE OF
INTRUDER
TRAJECTORY

» DOWNRANGE, nmi

CROSSRANGE , nmi

L ANTC-117
3- TAU | ZONE

L VIR
.

FIGURE 18 Downrange-versus-Crossrange Plot for a Relative

Speed of 600 Knots

Two limitling trajectories may be ldentiflied; one 1s tangent
to the actual alarm boundary, and the other 1s tangent to the
speclfied (ANTC-117) boundary. The crossranges for the two tan-
gentlal trajectories are 2.262 nmi and 2.486 nmi, respectively.
False alarms are therefore generated by lntruders whose cross-
range:s lle between the two limits (one such Intruder is shown
In Fig. 18). ''ne percentage dll'ference between these 1s 10
percent.  Thus, for a uniform dlstributlion of crossranges, Lhe

overall alarm ratce would lncreace by 10 percent, desplte the
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fact that the blas 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.

Concluslon: The use of range difference measurements

for range-~rate estimatlon 1ntroduces blas errors be-
tween the actual Tau alarm boundary and the specifled
boundary. 1In splte of the fact that the error, at
short ranges, exceeds the specified (by ANTC-117)
value by wide margins (see Table 12), there 1s only
an 8 percent to 10 percent increase 1n overall alarm

rate.
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APPENDIX A
ACCURACY OF LEADING EDGE TIME-OF-ARRIVAL MEASUREMENTS

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

crosses a threshold H satisfles the equatilon

5°(£)+2S(t) Xcosd + X° = H , (A=1)

where S(t) 1s the pulse signal envelope, X 1s the magnitude of
the nolse, or interference, envelope and ¢ is the phase differ-
ence between the signal and noise/interference. Solving for
S(t) we get

251n2¢ - X cos¢ , (A=2)

S(t) = VfHZ— X
which is valid only for X < H (a complex solution means that the
threshold 1is not crossed). It is assumed that the phasc, ¢,
at the time of threshold crossing, is a random varlable 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 applyling the mean value theorem for derivitiles, we
obtain

S(t) - S(t) = S'(tl)(t-'t“) . (A=3)

where t, Is an appropriately chosen point between 4 and { and
S‘(tl) {5 the derlvative of (L) at Ll.

A= 3



Thus,

_.72
(t-F)2 = [éiﬁl:éiﬁl (A-1)
57 (t,)

At the point of inflection, ¢t on the leading edge of the

i’
pulse, we have

[s e % = [sce 3] ? (A-5)

so that Eq. A-4 becomes

T 2
(t—€)2 > w . (A-6)
‘ S’(ti)

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

(z-b)° = (z-Z)° . (A=7)

This can be proven by squaring, averaging, and differentiating
the left-hand side with respect to b, which for z = S(t) and
b = S(t), yields

[S(t)=S(E)1° = [s(t)-§757]2 ; o (n-8)

Application to Eq. A-6 leads to

2

_ [8(6)-8(1)1°% _ 82(£)-5(t)

(t-5)7 2 5 S (A-9)
[S”(t,)] [S7(t,)]

A=l



The averages are obtalned from Eg. A-2:

2m 2T
a(t) = q_lﬁ / JHZ—ngjngcp do¢ - %f)(eoscbd(b , (A-10)
0 0

where the second integral averages out to zero while the first
integral 1s expressible 1n terms of the complete elliptic inte-
gral* of the second kind:

2m n/2 5
X
%/ﬁg-xgsinzcb d¢ = —2}% 4 f‘fl-—(-ﬁ) sin2¢> do
0 0

(A-11)

"
o
=,'.I:

g
=

—~
T <

N——”

[N

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

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

4

/2

" E(m) =/ Jl—msingcb do (A-12)
0 ,

The other average required in Eq. A-9, Sg(t), is obtained
from Eq. A-2:

¥

See, for cxample "Handbook of Mathematilcal lunctlons," U.3.
Department of Commerce, Natlonal Bureau of Standards,
Applled Mathematics Series 5%, June 1964, p. 609.



2T

s2(t) = ZL/ (Hz-xzsin2¢)d¢
™
0

2m
1
- ﬁf JH2—X23in2¢ Xcosodo (A-13)
0

The integral contalning the radical consists of contribution in
four regions: (1) 0 to w/2; (2) 7w/2 to m;

(3) m to 3n/2, and
(4) 3n/2 to 2mw.

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 1s obvious so that

s2(t) = H° (A-11)

Equations A-11 and A-14 are substituted into kq. A-9 piving,

—_— 2 2

2 1 2 ..2f2 o X
(t-t) 2 0——= |H =-H (—) E (~—) (A-19)

[S,(ti)]2 m H2

or

e 2 2 2 ~fy2
T2 X H 2 2f X
(t-t)" 2 —m———5 — l—(—) E (——) . (A-16)

N=0



Using tables of elliptic Integrals, we obtain

TABLE A-T1. CALCULATIONS RELATING TO EQ. A-16

am? Q- @ = ()

no

0 0.5000
0.05 0.5017
0.25 0.5090
1.00 0.5947

which shows that the lower bound 1s not sensitive to the thresh-

old setting, H, although the actual value of (t—f)2 may be
sensitive to the threshold.

The consequence of Table A-1 and Eq. A-16 1s

)
.2 [so/s (ti)]_

——7 1 1
(.-E)2 = 2 X _ 1 (A=17)
e c (so/x)2

T

where So i1s the peak signal amplitude; (SO/X)2 is the peak

signal-to-noise/interference power ratio; t, 1s the point of

i
inflection on the leading edge of the pulse; S’(ti) is the
maximum slope of the leadling edge of the pulse; SO/S’(ti) has
the dimensions of time and 1s 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 equallty sign holds when the pulse 1s trapezoidal, and when
the signal-to-noise/interference ratio 1s high.

A-T
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SYNCHRONIZATION LOOP ANALYSIS

The relationship between clock oscillator lag (or negative
lead), reset corrections, and drift is characterized by

Sr1+l = Sn - g(Sn+xn) + 6, (B-1)
where Sn is the clock lag Just prior to the nth update, X, is
the lag estimation error at the nth update, Srl + X is the
estimated clock lag at the nth update, g is the loop gain,
o<1, R(Sn+xn) 1s the applied correction, Sn - g(Sn+xn) 1s the
clock lag immedlately after the correction, 8§ 1a the drift

between the nth update and the n + 1 update, and Sn+l 1s the
lag just prior to the n + 1 update.
The solution* to Eq. B-1 is
_ n 3
5, = AC-g)" + 2 - ¢ gmz;l(lg) e (B-2)

where the first term, with A as an arbitrary constant, is the
homogeneous solution of Eq. B-1; &8/g is the component of the
particular solution corresponding to oscillator drift; and the
remainder, also a component of the particular solution, 1s the
contribution of the lag estimation error. Furthermore, we note
that:

1. In the steady state, the Tirst term disappears

becausec p, < 1; and

—
Verifiable by direct substitutlon into lag. B-1.

3= 3



2. The X, are assumed to be uncorrelated, zero mean
random variables (biases are treated separately);

with a mean squared value equal to 02

Thus, in the steady state, the mean square value of Eq. B-2

becomes

2 2 oo
o o (sV, (_&_) 2 5% (1_g)2m
SR (S) I-g) ° mz=:1(l &)
5 5 ) (B=3)
I ) + O g
P 2~-g
o e e e
drift noise error
component component

where the first term represents the clock drift component while
the second term 1s 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 1s of the form of (1—g)n. Thus, a loop responsc
time, 1, c¢an be defined as the time that 1t takes the resultant
synchronirattion crror to decay to 0-1 of 1Ls orliglnal value,

l.e.,

(1-g)"/7T = 71 (B-4a)
or

‘= - , (B-1b)

where T 1s the time interval between updates. The clock drift,

d, between updates Is proportlonal to T:
§ = p'I', (13-5)
In which p 1s the usual osclllator atabl 1Ly specli'lcatlon In

dimenaslontess form.
[4=4



Substituting Egs. B-4 and B-5 into Eq. B=-3 and using the
approximation

¢n (l-g)=x~ - g for g<<1, (B-6)
we obtain
(Se) = (pr)2 + % o° 2) for (2> <<1 (B-7)
s 4 T T
T ——— e e,
clock noise error
drift component
component

The steady state mean square difference between usynchro-
nizatlon errors at two polints in time, separated by N updates,
is obtained from Eq. B-2 (without the transient component):

. « Y2\ _ - — o MK
<<bn+N'°n)>s i (l 8) Z Z (1-2)"(1-8) "X ynem FnaNek’

m=1 k=1

2 =z |
+ (T%E) Z Z(l-g)m(l—g)k(xn_m xn—k> (B-8)

- 2(%-)2 E E (1-g)"(1-¢) % ¢x
=

1 k=1 . n+N-m xn—k> ?

where

(xlxj)= ' ‘ . (B-9)



lnder such conditions, Eo. B=8 becomes

2 oo
2 _ g 2m 2
oy = 2(1—g) Z (1-g) o

m=1

2 x©
-2(&) Y a-g)"a-e)" e,
m=N+1

where

oy = <(Sn+N—Sn)2> .

The sums are recognlzed as geometric series so that

2 2
° 2(—5—) o? (1-g)

1-¢g 1 - (1-g)°
2 2(N+1)
- o) o g LT
1 - (1-g)
= 2592[1 (1 )N]
= 2-g L _P‘

_ e—T/T R

so that Eq. B-12 may be rewritten as

> o(1-e"T/Ty
N ~ -T/1
(1l+e )

2 _J[l _ e-NT/T]02

(B-10)

(B-11)

(B-12)

(B-13)

(B-14)

Equation B-14 glves the contribution of synchronizatton error

to TOA difference measurement errors for two TOA measurements

separated by time NT; ¢ belng the one-sipgma error of the

13--6



lag/lcad estimate (glven by Eq. 27 of the main text). The

parameters of Interest are

loop settling time = 1 = 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
oy = . (B-15)
0.046540 for 6-sec separation
If o is expressed 1n microseconds, then Eg. B-15 can be converted

into range rate error, expressed 1n knots, by multipllcation by

0.1618 (nml/usecc)
3 (sec)

3600 (sec/hr) = 194.2 knots/usec (B-16)

ffor 3-sec separation; and by half this number for 6-sec separa-
tilon. Thus, the one-sligma RSS contrlbution to range rate error,

expressed 1n knots, becomes

6.850 for 3-sec separation

4,520 for b-sec separation ,

where o, 1n microseconds, 1s given by Eg. 27 (of the maln text)
for a 120-nmi range to the DME transponder. Thus, the synchro-
nization error contribution, at the maximum range to the

synchronization donor (DME transponder), is as follows:

Separation Airliner CAS GA CAS

3 seconds 4,09 knots 10.1 knots

6 seconds 2.70 knots 6.87 knots

B3—7f



In any encounter between two alircraft, both the trans-
mission time and reception time measurements will be affected
by synchronization errors. Thus, synchronization error con-
tributions from both alrcraft in any encounter must be root

sum squared. The result is shown in Table 10 of the main text.

=8
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APPENDIX C
EFFECT OF MULTIPATH ON RANGE RATE ERROR

leading edge of a styllzed trapezoldal pulse, together
multipath return, 1s shown in Filg. (-1, where

direct signal amplitude

peak value of signal plus multipath return

pulse rise time

multipath ampllitude at the time that the composilte
signal (direct plus multipath) reaches 1ts peak ampli-
tude B.

time delay between the leading edge of the multipath
return relative to the leading edge of the direct
slgnal

The speclal case consldered here 1s one where the half-amplitude
point, B/2, occurs before the arrival of the leadlng edge of the
multipath slgnal. The tlme-of-arrival 1s deflned as the point
at which the envelope 1s equal to one-half of 1ts peak value
(the leading edge of the signal must be delayed 1n order to
compensate for the delay through the peak detector). Thus, the

error, ¢

(see Fig. C-1), 1s given by

= (1 1
£ = <2B - 2A)/slope

B-A
(C-1)
2A/T

C-3
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FIGURE C-1. Multipath Parameters
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Furthermore, i1f ¢ 1s the phase difference between the
direct and multipath signals, then

B =‘JA2+X2+2AXCOS¢

'J(A+X)2-2Ax(l-cos¢) (c-2)

(A+X)J]7. -4 AX 2sin2 /2 .
(A+X)

For a uniformly distributed phase angle ¢, we have:

= A + X (C=3)

and

ool
~
b=
+
Ca
\_/
g N
ﬂ
=
I
=
~~
:!>
+
><
g
w
s
3
~~
<
~
n
o
<

(C-4)

1
(A+X) Ff 1 - —2- sin2u du
0

(A+X) %E[AA—X?] ,

where E[+] 1s the complete elliptic integral of the second kind.

The varilance of the error €, given 1n Eq. C-1, can now be
expressed in terms of Egs. C-3 and C-4:
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]
=
3

2
2 X 2 X bax
1 + — -] =11 + (C-5)
r { A° [“ ( A) QA+X) ] }’

where X/A 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 1s designated by

m = X/A (C-6)

b

which, after substitution into Eq. C-5, yields the one-sigma error

toa

When the signal-to-multipath ratio is 10 dB, m = 1/v10,
and for 16 dB, m = 1/2v/10. Thus,

10 4B

5 = , (c-8)

0.112 Tr for SMR
toa

16 dB

1}

0.056 Tr for SMR

where SMR denotes the signal-to-multipath ratlo.



For a lU-pusec rise time, the one-sigma range error becomes
0.112 x 4 usec x 984 ft/usec = 441 ft for SMR = 10 4B,

and 221 ft when SMR = 16 dB. The corresponding range rate
error, for 6-sec data, 1is

Y2 x 441 ft X 3600 sec/hr
6 sec 6080 ft/nmi

= 61.5 knots for SMR = 10 4B, (C-9)

and 31 knots when SMR = 16 dB., The preceding analysis applies
to the worst-case error which 1is attained for multipath delays
(6§ in Fig. C-1) of about 2 usec (the flat part of the pulse is
of the order of 2 usec). As the delay increases, the multipath
return moves out beyond the signal peak and the 1mpact on the
time-of-arrival measurement 1s reduced. As the multipath delay
decreases, § <2 usec, the waveforms tend to merge and the time-

of-arrival measurement error decreases.

The simple analysis, leading up to Eg. C-8, agrees with
other results* obtained from an elaborate computer simulation.

In thils case, 1t was found that the maximum error occurs when

multipath delay = 0.58 T,

b

and that the corresponding one-sigma errors are 0,11 Tr when
SMR = 10 dB, and 0.06 Tr when SMR = 16 dB; results which confirm
Eq. C-8.

*"A Comparison of Two Approaches for Determinlng Airborne
Aircraft Position in Air Traffic Control," IDA Paper P-912,
November 1972, p. 65, Fig. 14. This analysis assumes an
exponentlally shaped leading edge and the rise time 1is
defined as the time needed to reach 90 percent of the peak
amplitude.
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The ranges and amplitudes at which the 2-usec delay (equal
to one-half the rise time) obtailns are related by

2
%.[ <§> + n° - R] = 2 usec, (C-10)

where C 1is the velocity of light (984 ft/usec), R 1s the range,
h 1s the altitude of both alrcraft, and where the multipath is

assumed to arrive from the ground midpoint between the two air-
craft.

Equations C-7 and C-10 are used in Figs. 16 and 17 in the
main text.
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Within a 40-sec interval (equal to mean time between
checks for co-slot occupancy) a certaln number of new trans-
mitters will appear within the communication range of an alr-
liner approaching the Los Angeles Basin. The expected number
is calculated from the geometry shown 1n Filg. D-1, where:

1. Two nmi 1s the product of 40 sec and a mean magniltude

of range rate of 180 knots;

no
.

The 2-nmi annulus centered at airliner position con-
talns the aircraft (primarily GA) whlch will enter
within communication range (60 nmi) of the airliner

within a 40-sec interval (equal to the time between

{(n + 1) RING CENTER OF TRAFFIC DISTRIBUTION

n - thRING

AREA (SQUARE NMI) -

. =1 10(nt1) . -1 lOn]
2x2x[s|n 150 sin 120 x 60

POSITION OF NEWLY ARRIVING

/ (OR DEPARTING ) AIRLINER

FIGURE D-1. Geometrical Factors (Not to Scale)

6-2/-75-20
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slot occupancy checks). However, only half of the
alrcraft will enter communication range because the
other half 1s 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-1. For a
symmetric distribution (about the center in Fig. D-1) 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 1s cancelled and the

number of new communlcants 1s just 21.

The approaching aircraft can be expected to "hear" half of
the 800 (rounded off valﬁe of 797) in the Los Angeles Basin so
that the number of slots avallable 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

T%%ﬁ X 100% = 1.3% per U0-sec interval . (D-1)

For the 2-minute 1Interval during which the front edge of the
communication rzone might remailn within the densest portion of
the tratfic distribution, the probability of undeteccted co-slot
occupancy 1s

1 - (1 - 0.013)L20/40

= 3.8% . (D-2)
Fortunately, the CAS signals from these co-slot occupants will
arrive late withln the CAS slot, as observed by any potential
threat of Interest to the new arrival. With properly designed
pulse decoders (such as described at the end of Chapter 1IV),
there should be no ambiguity between the range pulse pailr 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

Traffic Shaded Area Expected Aircraft

Ring Density*, in Fig. D-1 in Shaded Area
Number (sq nmi) (sq nmi) (Fig. D-1)

1 0.471 20.0 9.43

2 0.229 20.19 6.91

3 0.109 20.45 2.22

4 0.053 20.92 1.11

5 0.028 21.59 0.60

6 0.015 22.51 0.34

7 0.003 23.82 0.07

Total: 21 expected aircraft

*Los Angeles Basin model, 1982.
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TASK C. INDEPENDENT ASSESSMENT OF THE "DME COLLISION
AVOIDANCE SYSTEMT DESCRIBED IN DOCUMENT TR-11115

Conduct an independent assessment of the "DME Collision
Avoidance System" developed by Sierra Research Corporation
as described in thelr 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 1is, in accordance with the threat evaluation criteria),
and false alarms (accepting the hypothesis that the intruder
1s a hazard when in fact he 1s not, again in accordance with
the threat evaluation criteria). The analysis performed
under this task shall consist 1n part of a review of work
already accomplished in this area in order to validate

or invalidate previous conclusions reached, and of original
analysis where previous work 1s non-existant, incomplete

or invalid. Conslderation in the analysis shall be given,
but not limited, to: (1) communication reliability as a
result of transmitter power, receiver sensitivity, antenna
gailn 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 satlsfactory 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),

T
4=




APPENDIX F

SUMMARY OF ANTC-117 EVALUATION
AND MANEUVER LOGIC



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 insuring the safe
separation of aircraft in flight independently of ground con-
trol, although pround stations may be required to provide time
synchronirntion for particlpating alrcraft. In order to achieve
thlis roal, several algorithms, Involving measured valuces of the
separation distance, separation rate, and altltude difflerence
between two alreraft, as well as the rate of altitude chanpe of
the alrcraft in which an evaluation of threat 1s being made, are
usced to generate warnings and alarms. These, in turn, trigger
various cautions and commands to pllots, thereby causing them to
perflorm certaln avoldance or escaping maneuvers such as to stop
turning (also known as "rollout"), to limit vertical speeds, to
changie altitude. DBecause bearing information is not assumed to
be available, escape maneuvers take place in the vertical plane

only.

The algorithms which provide alarm criteria are of two
types: (1) those based on the separation distance (range), R,
and separation rate (range rate), R; and () those based upon
the altitude diftercence Ah betwecen alreraf't and altitude rate
ﬁ of" an individual aircraft. In principle, slnce R represents
the slant range between aircraft, the R, ﬁ criteria alone
should be sufficient to provide the alarms neceded for protection
against collision. However, it has been recopnilzed that the
use of altitude data 1is required to reducec the threat volume,

and hence the alarm rate, to manageable proportions and aleo
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to determine the proper direction for vertical avoidance

maneuvers.

The measurement of R, é, and Ah 1s accomplished by means
of radlo communlication between aircraft. The arrival time ~°
a communication signal 1s used to calculate R, while é is
obtained from a measurement of the doppler shift, although,
recently, the tendency 1n CAS designs has been to obtain é from
measurements of R at two different times. Each aircraft mea-
sures 1ts own altitude with a barometric altimeter and communi-
cates 1t 1n digital steps of 100 ft to other alrcraft. Each
CAS-equipped ailrcraft measures its own altitude rate for 1ts

own evaluation, but does not communicate this data to others.

ANTC-117 requires, 1in general, that each aircraft 1limit
Its horizontal acceleration to 1/2 G, its vertlcal acceleration
to 1/ a, and Its vertlcal rate to 5000 rt/min. This implies a
maximum relative horlzontal acceleration of 1 G and vertlcal
acecleration ot 1/ G, and a maximum vertical separation rate
of 10,000 ft/min between two aircraft. [See A-4.b(3),(4) of
ANTC=-117.]

B. PRIMARY THREAT CRITERIA

In the early days of CAS development, it was proposed that
an R, R algorithm be based upon a quantlity T, defined by

T = R/R ,

representing the time to collision for two aircraft on a non-
accelerating colllsion course. It has since becen realized

that, because of measurement errors and the possibility that
alreraft may be accelerating, a modification of this ldea 1is
necessary. Thus, ANTC-117 has adopted two-alarm algorithms
based on R and h. These algorithms, sometimes known as modifled
T criteria, have the same algebraic form, but different param-
cters:

[e=4



R+ 1, R<R_ ,

wher : *
nere T, Rol, Tos Ro2 are designated constants.

In the first algorithm, known as the 1, alarm critericrn,

1
Lhe desliynated constants have the values

25 sec

~
il

=
]

1/4 nmi (1520 ft) .

[n the vecond alporithm, known as the 1., warning criferion,

the constants have the values

T, = 40 sec
RO = 1.8 nmi (10,940 ft)
9.

It two alreraft are co-altitude (within 600 't for olti-
tudes below 10,000 't or 800 't for altitudes above 10,000 't),

and 1t measured values of R and R satisfy the 1, eritcerion, the

2
pilot 1s commanded to 1imit turns (rollout) to a bank nngrle no
prreater than 10 dep and to neither c¢limb nor dlve. Thio is
supposed Lo reduce the relative tralJectory of the encountering
alrcraft to an approximately linear horiwvontal course. Then
conditions are assumed to be suitable for the safe usc of the

more restrictive Tl criterion.

wThese algorithms are not actually stated by ANTC-117 in
equation form, as is done here, but thce equatlons can he
deduced from [B-3.b] and Fig. 2 of that document. Note
also that the conventlon R positive corresponding to
increasing R 1s used here rather than the converse used
in ANTC-11T7.
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If R and R satisfy the T,
commands are Iissued so that the aircraft at the higher alti-

criterion, vertical maneuver

T3¢ 2limbs while the aircraft at the lower altitude dives

A

WTII o toth aireralt are separated by a safe distance. IT7

ziroralft are involved, the aircraft at the intermediate z.-i-.Z=

maiinrainsg its course, neither climbinpg, nor diving.

The L criterion has been modified further by the nddition
of o minimum raygte eriterion, the purpose of which is to pro-
tect cymainst the hacardous case of h equal Lo or ncear sero,
sinee itowas 'elt that with the presence of ncceleration and
weacurenent errors, the time avallable for mancuver mipght bhe
reduced below an acceeptable mintmum in Lthis circumstance.  Thuo,

an alarm alco occurs with the same commands oo for T 1 dlarms 11

where the minimum range HM has been desipgnated as 1/2 nmi
(2040 ft). The latter alarm will be referred to also an a 1

alarn.

C. ALTITUDE CRITERIA

The + alarms are tmplemented only i1 the encountering air-
craft't are co-altitude, or 1t s predicted that they may become
vo-altitude, where "co-altitude" s defined to mean that their
vertical separation 1s less than 600 ft at altitudes below
10,000 ft and 800 ft at altitudes above 10,000 ft. This detfi-
nition of co-altitude is based upon (1) an altimeter error
allowance of *150 ft (30) below 10,000 fi and *250 ft (30)
above 10,000 1, (2) the assumption that a safe vertical sepa-
ration between aireraft is 150 ., and (3) what is intended as
an allowance for an undetoected vertical drift rate of 500 7L/

min.,

e,



According to ANTC-117, if an aircraft is climbing or
diving at a rate greater than 500 ft/min, it is required to
extend 1ts co-altitude protection boundary in the direction of
its motion by a predicted co-altitude increment. The predicted
co-altitude increment 1s determined by multiplying the air-
craft's own altitude rate 1 by 30 sec [B-3.a(3)].

In addition to the co-altltude zone whereiln the 1 alarms
become operative, relatlve altitude buffer zones are estab-

1ished out to i3MOO f't. In cach of these zones, vertical alti-

tude rates are limited from 2000 ft/min In the farthest to
successively lower values as the zones get narrower [[igs. 4, l4a,
bo, B-3.e].

D. LIMITED EQUIPMENTS

ANTC-117 allows the existence of aircraft with limited
collision avoildance equipments 1in 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 1s the beacon-only equipment.

Since ANTC-117 does not mention that level one and level
two CAS-equilpped aircraft have the ability to measure altitude
rate, 1t has been assumed here that they do not have this
capability. It follows, therefore, that this type of aircraft
1s 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 evaluation to a
CAS-equipped aircraft, but 1s unable to make an avoldance

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 range rate errors. ILct

R = intruder range at time ¢t

kn
1

error in the range measurement

B+ e = estimated Intruder range at time t

Rl = Intruder range, T seconds earlicr
H] + El = estimated intruder range when 1ts true range
is R1

The estimated range rate (closing rates being positive) 1is

(H1+c]) - (R+e)

lIl

so that the system wlll alarm when

(R1+t]) - (R+¢)
+ ¢ = = T+ -
R > i r H() (G-1)
in which « and Ho arce Lhe appropriate alarm paramclers (see Rgs.
M and 3% tn Chapter VIT of the main text). Rearranginge Lerms

in . G=1 we oblain



Thus, the Tau alarm range-rate error due to the range measure-

ment errors € and €y 1s represented by the second term within

the parentheses, Z.e.,

T
Sl—E (l+"? | .
T

I £ and ¢ arc independent, zero mean random variables,
one=gtyma

with
values cqual Lo o

T s then the mecan square velocity
crror becomes
° 2
o
? N m i
ol = — ?+9i+(£)
T’
or
o o 1 fm VP
5 T, 1{TY
= /2 liJl#&—— .
9 T T 2\1
For T = 6 sec and T = 25 sec, we pet
. () ’
o =0 N oxora26 0,
v |

which 15 12.6 percent above V72 or./']‘ used in hg. 39 in
VIT o Lthe main text.

Chaptoer
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APPENDIX H

THE IMPACT OF RANGE-DIFFERENCE:
MEASUREMENTS ON THE TAU ALARM CRITERIA
The purpose of thls appendix 1s to derive:

1. The range-rate estimate obtained from range-differ-

ence measurements

ro

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 Flg. H-1
where all the distances and the intruder aircraft trajectéry
are shown in a coordinate system attached to the reference
alrcraft and moving with it. In such a coordinate system, the
reference aircraft remains fixed at point A while the intruder
moves along the trajJectory Bl-B—C. B 1s a point along the
trajectory when the reference aircraft makes a range-rate esti-
mate; Bl 1s the intruder position T seconds before the intruder
reached B; T 1is the time elapsed between the two range measure-
ments, Rl and R, employed 1in the range-rate estimate; C would
be the point of closest approach 1f neither aircraft maneuvered;
polnt A and the trajectory Bl—B-C define a plane which 1s taken
as the plane of the diagram in Fig. H-1; the angle A-C-B 1is a
right angle; V 1s the magnitude of the relative velocity between
the reference and Iintruder aircraft; 6 1s the angle C-A-B;
range rate (taken to be positive for closing geometries) is

given by

V sin 6 , (H-1)

Do
]
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AIRCRAFT

g-19-75-14

FIGURE H-1. Aircraft Encounter Kinematics in
Reference Aircraft Coordinates
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while the estimated range rate is

Application of the law of cosines to the triangle A-E-E

ylelds

R2

1 R

which,

2
Rl

The specifled
in Fig. H-2. Thus,

criterla are

for

R

geometriles and negative

where R 1s the range,

and 1 depend on the Tau

2

upon substitution of Eq.

(Ref,.

estimated value of R, 1.

criterion becomes

or

R

1

Rl—R

T

Te>

(H-2)

1

+ 2RVT sin 8 + (VI)° , (H-3)

C~1, becomes

2

R® + 2RAT + (VT)° (H=-1)

2, pp. 71, 73) alarm criteria are shown

ranges greater than 0,5 nmi, the alarm

R > (R-R_)/7 , (H-5)
1s the range rate (positive for closing
for opening geometries) and where RO
When the
e., ﬁ, 1s used 1n place of ﬁ, the alarm

zone as shown in Filp., H-2.

(H-6)

T
i R + ’i_- (R_RO) s (H—?)

H-5



RANGE
RATE
CHOSING_
OPENING
RO]/
NOTES :
(n T = 25 seconds
(2) To= 40 seconds
=0.2 i
—d L—OS nmi (3) Ro] 025 nmi
. (4) R°2=1.8 nmi
(5) R, =0.5 nmi
R

B-19-75-15

T ————

FIGURE H-2. Threat Evaluation Range and Range Raté’
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which is henceforth understood as applying to R > 0.5 nmi. As
long as the right-hand side remains positive, both sides of the
inequality can be squared. Thus, using Eq. H-4 we obtain

2
R® + 2RAT + (VI)° > [R+%(R-RO)] for [R+§(R-RO)] >0  (H-8)

or

2
R > z[R+$(R-RO)] - R® - (VT)2€ for R + %(R—Ro) >0

—

where |ﬁ| < V in accordance with Eq. H-1. After some obvious
manipulation we get

2
R-R R~R
R > TO-E:P_R[VQ—(TO):, (H-9)

range rate blas error

which is used to compute Table 12 in Section VII.

When the right-hand side of Eq. H-7 1s negative, then,
since Rl is always positive, the alarm region becomes Rl
2

R] > 0. Consequently, with the help of Eq. H-4 we obtain the

alarm region as

> 0 or

R® + 2RRT + (VI)? > 0 for R + “(R-R_) < 0 (H-10)
or
2 2
. R%+(VT) T
ko> - BAIE for R + T(R-R ) < 0 (11-11)

where, in accordance with Eq. H-1, the restriction I1s that
[R| < V. It should be noted that in Tau zone 1, where 1 = 25
sec, R, = 0.25 nmi, and for T = 6 sec,

H-7



R + %(R-RO) >1.24 R - 0.06 > 0 for R > R_ = 0.5 nmi

(H-12)

In other words, Eq. H-11] is never invoked in Tau zone 1. Simi-

larly, in Tau zone 2 (1 = 40 sec, R, = 1.8 nmi), and for T = 6

sec, we have
R + g(R—RO) = 1.15 R - 0.27 > 0 for R > 0.5 nmi (H-13)

so that Eq. H-11 is never invoked.

The additional kinematic relations needed for the analysis
in Chapter VII (Fig. 18) are

R =4¢X° + Y (H-14)

YY Y

Vx° + 2 Nx? + ¥°

where X 1s the crossrange shown as the interval A-C in Fig. H-1;

R

Vo, (H-15)

Y 1s the downrange, or the distance from C (Fig. H-1) to the
15 and Y 1s the speed, V,
along the trajectory. Solutions for X and Y are

Intruder along the trajectory C-B-B

=\ 2
1 _(5) (H-16)

<
]
=)

_R
Y = 7 R (H-17)
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