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FOREWORD

In this report, the evaluation of the CAS has been based
on the criteria and specifications, insofar as they are appli-
cable, of ANTC-117. No direct conclusion 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
Ref. 1, IDA Study S-450 (FAA Report No. FAA-RD-75-72), an evalu-
ation of ANTC-117, itself, was made. The results of that study
indicate that ANTC-117 requirements do not guarantee the safe
avoldance of collision between encountering aircraft in all cir-
cumstances. Moreover, they predict excessive alarm rates in
high density trafflc such as forecast by the FAA for the Los
Angeles Basin in 1982.
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I. INTRODUCTION

A. BACKGROUND

The purpose of thils study was to evaluate the collision
avoidance system of the MDEC (McDonnell Douglas Electronics
Company). The evaluation was conducted in response to the DOT/
FAA task order that appears in Appendix A.

The MDEC concept is an air-derived collision avoidance
system (CAS) employing time/frequency multiplexing. Synchroni-
zation timing is disseminated by ground stations and through
air-to-air relay by appropriately equipped aircraft. Each syn-
chronized CAS participant transmits in an exclusive time/frequency
slot and receives the transmissions of other participating air-
craft in their respective slots. The information exchanged in
this fashion includes one-way range, range rate, and altitude.
An alarm/warning is generated when an intruder appears within
prescribed altitude band(s) of the receiving aircraft and when
the intruder range 1s less than a minimum range or the sum of:
(1) the prescribed Tau value,* in units of time, multiplied by
the range rate, plus (2) an offset range to allow for unexpected
aircraft maneuvers. The resultant warning time, for aircraft
on a collision course, exceeds the Tau value and the excess
depends on range rate. A summary description of the collision

avoidance logic is provided in Appendix B.

The synchronous time/frequency CAS dates back to the 1960s.
In 1967, a CAS Technical Working Group, formed by the Air Transport

¥The Tau values are fixed by ANTC-117 criteria--the CAS units
measure only range and range rate and check whether these values
satisfy the alarm criterion. The instantaneous ratio of range-
to-range rate is never measured in the actual system.
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Association (ATA), was gilven the task of defining a practicable
CAS. The group included representatives from the ATA, the air-
lines, the avionics and aircraft manufacturers, Aeronautical
Radio, Inc. (ARINC), and observers from the FAA and DoD. The
group recommended the Tau criterion together with communicated
altitude, and one-way ranging based on time/frequency (T/F)
techniques. Subsequently, a set of detailed specifications,
variously referred to as ANTC-117 or ARINC 587 (Ref. 2), was
1ssued, describilng an L-band system for aircraft installation.
By 1968, three manufacturers, McDonnell Douglas, Bendix, and
the Sierra/Wilcox team, submitted prototypes for flight test-
ing. The tests were conducted by Martin-Marietta on a contract
from the ATA. On the basis of these tests, Martin-Marietta
(Ref., 3) concluded that

...the concept is valid, that the equipment

under test did provide suitable warnings and

commands to pilots, and that these warning

and commands led to the safe avoidance of po-

tential mid-air collisions.

The ANTC-117 specifications (a brief summary, the logic of
which is provided in Appendix B) include both functional char-
acteristics as well as fairly detailed deslgn parameters. In
general, the MDEC CAS designs have followed these specifications.
However, the designs have undergone several changes in an effort
to reduce the complexity and cost of airborne equipment. For
example, the MDEC mini-CAS represents an austere version of a
CAU (collision avoidance unit) in which some significant capa-
bilities were deleted in an effort to reduce costs. Because
MDEC no longer considers this as part of their CAS concept,
the mini-CAS was not addressed in this study.

MDEC's current version¥ of the time/frequency CAS provides
two equipment types: a full system, intended primarily for air
carrier use, and a limited system for general aviation use. The

latter has a shorter communication range and cannot participate

¥
Described in an MDEC letter of 28 January 1975.
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in air-to-alr relay of synchronization signals. However, in
contrast to the mini-CAS, the limited system does have the full
frequency capability (four frequencies), as well as the asyn-
chronous Back-Up Mode (BUM) capability.

Since the last IDA evaluation (Ref. 4) of the MDEC CAS,
the doppler techniques for range-rate measurements have been
abandoned in both the full CAS (FCAS) and the limited CAS (LCAS).
Instead, range difference measurements, processed by digital
techniques, are used to estimate range rate. Furthermore, the
highly accurate time standards, e.g., one part per lOll, of
some of the earlier proposed CAS versions, are no longer employed;
both the full and limited CASs are provided with timing standards
of one part 1in 108, which 1is still within the ANTC-117 specifi-

cation (Ref. 2).

B. SYSTEM OPERATION

The time/frequency CAS provides a synchronous mode of opera-
tion as well as a BUM employing asynchronous interrogate-response
techniques. The latter is intended to provide protectilion for
alrecraft encounters beyond the range of qualified synchronization

donors.

In its synchronous mode, the time/frequency CAS employs a
three-second frame, or epoch, which 1s subdivided into 2,000
1.5 msec slots. Each synchronized CAS participant must find an
unoccupied slot to transmit his own CAS signal. Associated with
each slot is & prescribed transmission frequency: one out of
1600, 1605, 1610, or 1615 MHz. The frequencies change from slot
to slot 1n the prescribed pattern, which is repéated every four
slots, i.e., 6 msec. The pattern is synchronized with the CAS
frame and slot timing so that all synchronized CAS particilpants
change frequencies in unison; they transmit on their selected

slot and receive at all other times.



The CAS signal, transmitted in a chosen slot, consists of
a 200 usec range pulse and a 25.6 usec altitude pulse. The first
is transmitted 15 usec after slot start time so that every syn-
chronized CAS receiver can obtain range from the time-of-arrival
of the pulse relative to known slot start time plus 15 usec.
The maximum unambiguous range corresponds to a 6000-usec delay
(equal to the repetition period of the four-frequency pattern)
or 970 nmi. The transmission time of the altitude pulse is de-
termined by aircraft altitude so that 1its time-of-arrival relative
to that of the range pulse can be used by a CAS receiver to decode
the altitude of the transmitter. Two successive range measure-
ments are used to derive range rate.¥ Warning and commands to
the pilot are generated when a transmitter appears within pre-
scribed altitude band(s) of the receiving aircraft and when the
range is less than a minimum range or the sum of: (1) a pre-
scribed Tau value, in units of time, plus (2) an offset range
to allow for measurement errors and alrcraft maneuvers. For
nonaccelerating aircraft on a collision course this provides a

warning time which 1s greater than the specified Tau value.

The synchronization of an airborne CAS unit is accomplished
in two steps. The first step achieves coarse synchronization
and 1s based simply on the time of arrival of an epoch'start
triad transmitted by ground stations and qualified airborne
CAS. The second step is fine synchronization, which 1s obtained
upon request: full CAS, employing bi-phase modulation of the
range pulse address their requests to specified qualified donors
(ground and aifborne), while limited CAS, by virtue of always
transmitting unmodulated range pulses, will continuously request
synchronization from all gqualified donors. On the basis of the
time-of-arrival of a synchronization request, the donor can adjust

the reply transmission time so that the reply arrival time at the

¥
No data smoothing is employed here.



requestor conveys the requestor's timing error. (A more detailed
description of this procedure is provided in Chapter VI.)

v The dissemination of synchronization depends upon ground
stations and air-to-air relay; only full CAS equipments partici-
pate in air-to-air relay. For this purpose, the participating
units order themselves into a hilerarchy of synchronization donors.
The hierarchy consists of 64 levels. Status in the hierarchy
reflects the absolute accuracy (relative to ground master time)
of the participant's clock; the status depends upon the time
elapsed since the last synchronization update and upon the status
of the donor of that update (ground stations are assigned the
most accurate status in the hierarchy). Hierarchy status is
communicated through bi-phase modulation of the range pulse to
insure that synchronization updates are always obtained from the
most accurate clock within synchronization range.

Aircraft without fine synchronization that are beyond syn-
chronization range of qualified donors will invoke the BUM for
threat evaluation. BUM employs an asynchronous interrogation-
and-response technique which is described in Chapter V.

C. STUDY APPROACH

The Phase I IDA study of the MDEC CAS (Ref. 4) addressed
three areas: (1) co-slot occupancy problems, (2) range and range-
rate measurement accuracles, and (3) synchronization limitations
due to garbling of synchronization signals.

Because the first problem was resolved by MDEC through a
modification of the slot selection logic, the issue was not
treated in this study. However, range-rate measurement accuracies
have been reexamined because of the design changes, i.e., replace-
ment of doppler measurements with range difference measurements.

The third area, namely, synchronization, has been addressed
in some detail to complement the Phase I study. In particular,



the limitations imposed by transmitter power, antenna, and re-
celver sensitivity (as required by the task order presented 1in
Appendix A) were analyzed in the context of the air-to-air syn-
chronization relay links¥, Ultimately, the analysis led to the
question: "What happens when there is no synchroni%ation and the
asynchronous BUM will have to be invoked?" For this reason,

a portion of the study was devoted to analysls of the BUM.

The relatively high capacity¥*¥ of the synchronous ANTC-117
CAS systems, which includes the MDEC CAS, hinges on thelr ability
to maintain synchronization among the CAS participants. Because
synchronization of all CAS units in all geographical areas is
neither practicable nor essential, the asynchronous BUM was intro-
duced to provide'a limited CAS capablllty in areas where syn-
chronization may not be available. These are relatlively low-
density areas (much lower than the densest areas of the FAA 1982
Los Angeles traffic model) which are beyond the coverage of ground
stations and where the air-to-air synchronization relay links
begin to break down because of the long distances between airborne
synchronization donors. The ability of the BUM to support the
CAS function in such areas was therefore examined in considerable
detaill.

It should be emphasized that the BUM is not intended for
operation in such high-density areas as the Los Angeles Basin
in the 1980s. Because the available FAA model covers only such
dense areas, a different model was adopted for the analysils of

BUM. This model is characterized by an average aircraft density

¥
These are longer than the communication links involved
in threat evaluation and for this reason pose the more

demanding power budget needs.
* ¥
Totaling 2000 time-frequency slots (minus a negligible

number of '"housekeeping" slots), which is more than
enough to accommodate the traffic of the 1980s Los
Angeles Basin traffic model provided by the FAA.



which was varied over a wide range in the course of the analysis.
In addition, the adopted model allows for considerable statis-
tical fluctuations about average values. For example, if the
expected number of aircraft in a given area is one, there is
still a 36.8 percent probability that there will be no aircraft
in that area and a 26.4 percent probability that there will be
two or more aircraft.

D. STUDY CONTENT

Chapter II provides a summary of results and conclusions
obtained in the course of this analysis.

Chapter III examines the impact of the new range differ-

ence measurements on the Tau alarm zone.

Chapter IV addresses the power budget factors and antenna
galn characteristics pertinent to the relatively long ranges
involved in synchronization request/reply links.

" Chapter V derives the alarm rates and interference probabil-
jties in the BUM of operation. The analysis also explores the
transitional region of aircraft densities where significant seg-
ments of the aircraft population will be in BUM while others remain
in the synchronous mode.

Chapter VI reviews synchronization range limitations im-
posed by the CAS signal format.



II. SUMMARY AND CONCLUSIONS

A. TAU ALARM ERRORS DUE TO RANGE-RATE BIAS ERRORS

The most recent MDEC CAS concept eﬁploys digitized range-
difference measurements 1in place of the earlier doppler tech-
niques. Range data are stored for 3- and 6-sec periods and the
range rate is computed from 6-sec data* whenever these are
avallable. The quantization errors from the least significant
bit in the digital instrumentation are given as 40 knots for
the 3-sec interval and 20 knots for the 6-sec interval. Thus,
to meet the specified one-sigma accuracies (Ref. 2, p. 110,
paragraph 2.7.1.1), the 6-sec interval emerges as the preferred
time base for the range-rate measurements.

The range-rate estimate obtained at any glven intruder range
is the difference between the range 6 sec earlier and present
range, divided by 6 sec. Even with error-free range measure-
ments, the result 1is an overestimate of the actual range rate
(Chapter III). 1In other words, when the estimated range rate
falls on top of the Tau alarm boundary, the real rangé rate will
be below that boundary. The net effect is that the actual, i.e.,
the implemented, Tau alarm boundary is shifted-downward in the
range-rate-vs-range space, and the amount of the shift 1s a
function of range as well as relative aircraft speed (see Chapter
IIT, Fig. 2). The result, for most cases in level flight, is
simply a premature alarm because the lntruder crossing the imple-
mented Tau alarm boundary will, most of the time, also cross the
specified (by ANTC-117) boundary. Still, exceptions resulting
in false alarms do exist, and an example is provided in Chapter III.

Two range measurements separated by 6 sec.

9



The difference between the two alarm boundaries, at any
given range, 1s the range-rate bias error. At short ranges,
the error exceeds the specified value by a large margin, as shown
in Table 1.

The impact of the bias error on the alarm rate was estimated
in Chapter IITI (see discussion associated with Fig. 4y, For this
purpose,<intruder aircraft traJectories were characterized by
the distance at closest approach, or crossrange, relative to the
thfeat—evaluating aircraft. If these crossranges are assumed to
be uniformly distributed, the increase in the alarm rate due to
bias errors arounts to € percent to 10 percent, depending on

relative speeds.

TABLE 1. RANGE-RATE BIAS ERRORS FOR A 600-KNOT
RELATIVE SPEED (FROM FIG. 4, CHAPTER III)

Allowed (Specified by

Range-Rate ANTC-117, Ref. 2)
Range ‘Bias Error Bias Error
~ (nmi) (knots) (knots)
1 290 28
2 - A 125 28
3 55 28
3.4 32 32

Since .the range-rate blas error is a function of relative
speed (not just range rate), the bias is not entirely predictable
from measurements of range or range difference. Thus, an attempt
to cancel errors on the basis of such measurements will reduce
the range-rate overestimates 1n some cases while introducing
range-rate underestimates in others; the latter is much more
serious because of the resultant reduction in warning time. In
spite of this, it should be possible to design a compensating
algorithm which, on the basis of more than two range measure-

ments, will remove a significant portion of the range-rate bias

10



error without developing dangerous range-rate underestimation
errors.

Conclusion: Use of range difference measurements for

range-rate estimation introduces bias errors between the
actual Tau alarm boundary and the specified bqundary in
the range-rate-versus-range plane. Despite the fact
that the error, at short ranges, exceeds the specified
value by wide margins (Table 1), there is only an 8 to
10 percent increase (depending on relative speeds) in
the overall alarm rate.

B. AIR-TO-AIR SYNCHRONIZATION RELAY RANGE

The air-to-air synchronization relay range depends on power
budget factors (Chapter IV) and on timing constraints imposed
by the CAS signal format (Chapter VI). In particular, the nulls
and fades of the airborne antenna gain pattern result in a sig-
nificant reduction in the reliable communication range relative
to that of the nominal range attributed to the nominal 2-dB

antenna.

In order to develop some quantitative measures of perform-
ance, a histogram of the antenna gain product (between receiv-
ing and ¢ransmitting antennas) was used; the assumption being that
the relaying aircraft orientations are independent and uniformly
distributed in azimuth. Thus, while the nominal communication
range is 126 nmi for full CAS to full CAS, there is a .65 percent
probability that the range is smaller, and a 10 percent probability
(see Chapter IV) that the range¥* is less than 47 nmi; the bottom
10 percent is due to the gain fades in the rear sector of the

antenna.

At sufficiently high densities of full CAS aircraft, this
should not pose a serious limitation. For example, the probability
that a full CAS aircraft will find another full CAS within

¥
Communication range is the range at which the received signal

level is equal to the nominal sensitivity.
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communication range, at a uniform density‘of 12 per 105 nmi2,

is 89 percent (Chapter IV). This‘probability includes contri-
butlions from the long ranges available 1n the forward sectors
of the antenna pattern as well as shorter ranges to the rear
(Appendix D).

, Unfortunately, the CAS signal format may lmpose additional
limitations (Chapter VI) which will deny the use of the long com-
munication range avallable through the forward sectors (over
250 nmi* at peak antenna gains). Thls problem, together with
possible solutions, 1s discussed in Chapter VI. Although MDEC
has incorporated a range extension technique, the range 1s still
well below the potentlial 1n the forward sector.

The synchronlzatlon range, whether limited by power budget
factors or CAS signal format, determines the aircraft density
at which the CAS partlclpants will be forced into the asynchronous
BUM. As the synchronlization range decreasés, the transition
density 1ncreases and the attendant interference and alarm rates
for ailrcraft 1n BUM increase. These problems, as well as the
implications of clock stabllity, are addressed in the following
subsection.

C. THE TRANSITION REGION BETWEEN SYNCHRONOUS AND ASYNCHRONOUS
MODES OF OPERATION

Timing standards of the present versions of FCAS are accurate
within one part per 108. Under the best of cirdumstances, when the
FCAS starts at the top of the timing hierarchy, synchronous status
wlll be lost in 4.25 minutes (Chapter V) if no synchronization
updates are obtained within thils interval. Because synchroniza-
tion of all CAS units 1n all geographical areas 1ls nelther prac-
ticable nor essentilal, the asynchronous BUM was 1ntroduced to
provide a limited CAS capability in areas where synchronization

¥
Thls exceeds the nominal range of 126 nmi, which 1s based on
a nominal antenna gain of 2 dB.
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may not be availlable. These are relatively low-density areas

(much lower than the densest areas of the FAA traffic model)

which are beyond the coverage of ground stations and where the
air-to-air synchronization relay links begin to break down be-
cause of the long distance between airborne synchronization donors.
The ability of the BUM to support the CAS function in such areas
was therefore examined in some detail.

The performance in BUM is characteriéed by the true alarm
rate and by the probablility of interference, given an alarm.
The true alarm rate includes only alarms generated in accordance
with the ANTC-117 specifications (Ref. 2); multiple alarms by
the same intruder are counted as one alarm, BUM interference
is the result of the asynchronous mode of operation in which a
single interrogation may elicit two or more overlapping replies
from different CASs. The result 1s elther a missed alarm, when
the warning pulse (the first of the two reply pulses from the
intruder) fails its pulse width verification test, or a command
decode error of the subsequent maneuver pulse (the second of the
two reply pulses from the intruder).

A BUM FCAS (full CAS in BUM) passing through an environment
of 0.009 BUM LCAS (limited CAS in BUM) per nmi’ will experience
a true alarm rate of more than 12 per hour, and an interference
probability, given an alarm, of 9 percent, or more, depending
on the number of other BUM FCAS. At this point, only 14 percent
of the nominal BUM capacity (equal to 500 time slots) is occu-
pied (Chapter V).

Conclusion: The utility of BUM is limited by alarm
rates and interference and not by nominal BUM capacity.

The actual density of BUM aircraft is a function of the
avallability of synchronization donors and hence the density of
FCAS equipments. For a given mix ratio of FCAS-to-LCAS, most
of the aircraft should be able to obtain synchronization in a
sufficiently dense environment. However, as the density

13



decreases, alrcraft begin to enter the BUM: 1initially, only

the LCAS will be dropping into BUM because of their shorter
communication ranges to the FCAS synchronization donors. For-
tunately, encounters between an FCAS and an LCAS will employ the
synchronous mode because the latter will have had an opportunity
to obtain synchronization from FCAS, Still, some encounters be-
tween an LCAS in synchronization and an LCAS in BUM are possible
when the nulls/fades of the BUM aircraft antenna are facing the
synchronization donor of the synchronized CAS. Such encounters
are not protected because the two modes (synchronous and BUM)
are not compatible. ‘ )

As the aircraft density decreases further, while the mix
(FCAS-to-LCAS) 1is held constant, FCAS aircraft begin to drop
into BUM. If a good mix can be preserved, then the overall
density at this point should be low enough to insure a tolerable
BUM alarm rate and BUM interference probability, as well as elim-
inate risks of the unprotected encounters between alrcraft in
BUMvand ailrcraft in synchronization.

The lack of interoperability between CAS in BUM and CAS
in synchronization has important advantages because only BUM
aircraft contribute to the BUM alarm rate and BUM interference.
If aircraft in synchronization were designed to reply to BUM
interrogations, the resultant alarm rate and interference would
become intolerable for the occasional BUM aircraft in a moderate
density environment (Chapter V, Fig. 11).

The relationship between BUM interference and alarms as a
function of aircraft density exhibits a maximum (Chapter V,
Fig. 12) when the mix (FCAS to LCAS) is held constant; the density
at the maximum represents a transition point. For densities
above the transition point, the avallability of synchronization
donors increases, the density of BUM aircraft decreases, and
BUM alarm rates and interference decrease. For densities below
the transition point, BUM interference and alarms decrease simply

14



because the alrcraft density decreases. ‘The parameters at the
transition point are summarized in Table 2. As shown in this
table, most of the LCAS will be in BUM in spite of the fact that
most of the FCAS are still in synchronization--a direct conse-
quence of the shortér communication range of the LCAS.

TABLE 2. AIRCRAFT DENSITIES AT TRANSITION* (DENSI Y IS EXPRESSED
AS THE NUMBER OF AIRCRAFT PER 10% NMI

Full CAS Limited CAS

Expected CAS in

Synchronization 0.618 2.7

Expected CAS in

BUM 0.257 4.3
TOTAL 0.875 7.0

BUM alarm rate: 0.65 per hr.
BUM interference probability, given an alarm: 0.5%

*Densities at the maximum of BUM interference and alarms
for a fixed, 1:8, mix of FCAS to LCAS.

If, on the other hand, the ratio is not maintalned at a
fixed value, and i1f the LCAS density 1s allowed to increase
while the FCAS density is held constant, then both the interfer-
ence and alarms in BUM will increase. For example, if the LCAS
density increases from 1073 per nmi® to 1072 per nm12, while
the FCAS density is held at 1.16 x 10‘“ per nmi2, then the BUM
interference and alarm rates increase from 0.53 percent and 0.69
per hour to 5.3 percent and 6.9 per hour (see Chapter V, Fig.
17). In order to reduce these to the lower values (i.e., 0.53
percent and 0.69 per hour) the FCAS density would have to be

increased to 4 x 10 -4 per nmi2

1 5 echnical Center
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Conclusion: The objectionable interference and alarm
‘'rates in BUM can be reduced to tolerable levels by
maintainling an adequate relationship¥* between full
CAS and limited CAS equipments 1in the alrcraft pop-
ulation. In high-density areas, FCAS units should

be available withln synchronizatlion range so that
most aircraft will not have to invoke BUM. In low-
density areas, where aircraft separétions are too
high for effective synchronization relay/donation,
BUM interfefence and alarms are reduced.

D. SYNOPSIS

Aside from some fundamental issues concerning the ANTC-117
threat criteria (Ref. 1), this study has not revealed any ir-
reparable limitations of the MDEC CAS:

e The large range-rate bias errors (compared to the allow-
ance in the ANTC-117 specifications) produce only an
8 percent to 10 percent increase in the alarm rate gen-
erated by the ANTC-117 threat loglc.

e Reduced air-to-air synchronization reiay range (Chapter
ITI-B) due to aircraft antenna gain nulls/fades; a short
run-down time 1n synchronous status due to limited alr-
borne clock stabllity; the objectionable BUM interfer-
ence/garble and alarm rates are all interrelated (Chapter
II-C) and manageable problems, if an adequate relation-
ship between FCAS and LCAS equipments 1s malntained
throughout the aircraft population.#¥

¥_ _
The regulatory issues involved in this problem are beyond the
scope of this study.
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IIT. THE IMPACT OF RANGE-DIFFERENCE MEASUREMENTS
ON THE TAU ALARM ZONE

The most recent MDEC/CAS concept employs digitized range-
difference measurements for obtaining a range-rate estimate.
Range data are stored for 3- and 6-sec periods and the range
rate is computed from the 6-sec data whenever these are avail-
able. The quantization errors in the digital instrumentation
are given as U0 knots for the 3-sec interval and 20 knots for
the 6-sec interval. Thus, to meet the specified accuracies
(Ref. 2, p. 110, paragraph 2.7.1.1), the 6-sec interval emerges
as the preferred time base for range—rate measurements. The
implications of thilis approach are best i1llustrated through a
specific example shown in Fig. 1. Here, the intruder aircraft
trajectory is shown in a coordinate syStem fixed to the reference
aircraft which is carrying out the threat evaluation. In this
coordinate system, the reference aircraft remains fixed at point
A while the intruder moves along the trajectory Bl -B-C. B
is a point along the trajectory where the reference aircraft

makes a range estimate; B, is the intruder position 6 sec earlier;

C would be the point of c%osest approach 1if neither aircraft
maneuvered; point A and the trajectory B1 - B - C determine a
plane which is taken as the plane of the diagram; and V is the
relative speed. Thus, as shown in Fig. 1, the range-difference
method for range-rate estimation will tend to overestimate the
range rate. Under these conditlons, Tau zone 1 alarm will be
generated because the range R (nmi) and estimated range rate ﬁ

(knots) satisfy the condition

25 sec >
R < 3600 sec/hr R + 0.25.
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RENCE INTRUDER TRAJECTORY
R A IN REFERENCE AIRCRAFT

AIRCRAFT
POSITION COORDINATES
Y
6
_ [
iy X C

Relative speed of intruder: V = 600 knots

Intruder range at B: R =3.5 nmi

Intruder crossrange: X =2.414 nmi

Distance covered by intruder, in reference aircraft
Coordinates, in T =6 sec prior to B: VT =1 nmi
intruder range, Ry, 6 sec prior to B: 4.28 nmi
Angle 9 = 46,39 deg R

Estimated range rate = -—l?_—R = 468 knots

Actual range rate at B: V sinf = 434,45 knots

8-19-75-1

FIGURE 1. Example of Intruder Kinematics
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In general, overestimates in range fate will have one of
two effects:
1. The alarms are generated at greater ranges, and hence
must be regarded as premature alarms, or
2. The alarms are unwarranted (in accordance with the
criteria in Ref. 2) and are classified as false alarms.
Whether or not the intruder in Fig. 1 would have generated a
legitimate alarm is determined from the plots in Fig.l2. Shown
here are four range-rate-versus-range plots:
1. The specified (Ref. 2, pp. 71, 73) alarm boundary for
Tau zone 1, including the minimum range boundary. '
Alarms generated for range and range-rate values to
the left and above this boundary are legitimate alarms
(in accordance with the specifications in Ref. 2,
pp. 71, 73) while those generated for range and range-
rate values to the right and below the boundary are
not legitimate alarms. The latter includes false alarms
as well as premature alarms. 4
2. The actual alarm boundary resulting from the difference
between the estimated range rate (obtained by dividing
range differences by 6 sec) and the actual range rate.
For example, at a range of 3.5 nmi, when the actual
range rate is U434 knots, the estimated fange rate will
be 468 knots. This places the point on the specified
alarm boundary and hence, generates an.alarm. The actual
alarm boundary, which is derived in Appendix C, 1is a
function of relative speed¥: the boundary shown in
Fig. 2 1is applicable only at 600 knots. At lower speeds,
the actual boundary moves in closer to the specified
boundary while higher relative speeds will produce
greater discrepancies.

¥
Note that range rate is the component of velocity along the
aircraft-to-alrcraft range vector, whereas relative speed is
the magnitude of the relative velocity.
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3. The range-rate-versus-range plot for an intruder cross-
range (equal to minimum aircraft-to-aircraft range if
neither aircraft maneuvers) of 2.4 nmi, corresponding
to the example shown in Fig. 1. This particular intruder
trajectory will never cross the specified alarm boumdary,
and hence, will generate a false alarm. |

4, The range-rate-versus-range plot for an intruder cross-
range of 1 nmi. Such an intruder could suddénly appear
to a diving or climbing¥* aircraft at a range rate be-
tween 100 knots and -240 knots (a negative range rate
represents a receding intruder). Under these conditions,
the intruder will generate a false alarm because he
never appears as a threat at or above the specified
alarm boundary and within the threat altitude bands.

The ANTC-117 specifies (Ref. 2, p. 110, paragraph 2.7.1.1)
the permissible range-rate blas error as the greater of (a) 28
knots or (b) 0.07 (R + 36 knots) for Tau zone 1, in which R is
the range rate along the specified alarm boundary. This speci-
fication is compared with the actual error in Fig. 3 (equal to
the difference between the specified and actual alarm boundaries
shown in Fig. 2). ‘ A

Since the range-rate bias error 1s a function of relative
speed (not just range rate), the bilas 1s not entirely predictable
from range, or range difference measurements. Thus, an attempt
to compensate errors on the basis of such measurements will re-
duce the range-rate overestimates in some cases while introducing
range-rate underestimates 1n others; the latter is much more
serious because of the resultant reduction in warning time. 1In
~spite of this, it should be possible to design a compensating
algorithm which, on the basis of more than two range meaéufements,

Note that for a fixed climb/dive angle, a nonmaneuvering intruder
trajectory still appears as a straight line in the coordinate
system attached to the climbing/diving aircraft.
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will remove a large portion of the range-rate bias error without

developing significant range-rate underestimation errors.

An alternative method for exhibiting the effect of the bias
error is shown in Fig. 4. The ordinate and abscissa represent,
respectively, crossrange and downrange relative to the threat-
evaluating aircraft. The curve marked "ANTC-117" represents the
sbécified alarm boundary expressed in crossrange and downrange
coordinates which are related to range aﬁd range-rate variables
through obvious kinematic relations (see Egqs. C-16 and C-17 of
Appendix C). The same transformation is applied to the actual
alarm boundary and the intruder trajectory with a minimum range

of 2.4 nmi,

3 T ACTUAL ALARM BOUNDARY
EXAMPLE OF
INTRUDER
TRAJECTORY

» DOWNRANGE, nmi

E
<
w
o
z
<
or
wy
wr
3
[- 4
(V)
ANTC-117
3+ TAU 1 ZONE

9-2-75-17

FIGURE 4. Downrange Versus Crossrange Plot
for a Relative Speed of 600 Knots
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Two limiting trajectories may be identified: one is tangent
to the actual alarm boundary, and the other 1s tangent to the
specified (ANTC-117) boundary. The crossranges for the tangen-
tial trajectories are 2.262 nmi and 2.486 nmi, respectively.
False alarms are therefore generated by intruders whose cross-
ranges lie between the two 1limits. The percentage of difference
between these is 10 percent. Thus, for a uniform distribution of
crossranges, the overall alarm rate would 1lncrease by'only 10
percent even though the blas error exceeds the ANTC-117 specifi-
cations by wide margins (see Fig. 3).

Repetition of the previous analysis for a relative speed of
180 knots (instead of 600 knots) yields the crossranges for the
two tangential trajectories as 0.8068 nmi and 0.8744 nmi. In
this case, the alarm rate is increased by 8.4 percent.

Conclusion: The use of range-difference measurements

for range-rate estimation introduces bias errors be-
tween the actual Tau alarm boundary and the specified
boundary in the range-rate-versus-range plane. Despite
the fact that the error, at short ranges, exceeds the
specified (by ANTC-117) value by wide margins (see Fig.
3) there 1s only an 8 percent to 10 percent Increase,
depending on relative speeds, in the overall alarm

rate,
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IV. DISSEMINATION OF CAS SYNCHRONIZATION BY AIR-TO-AIR RELAY

CAS master time 1s dlsseminated through a network of ground

stations and ailr-to-air relay among fully equipped aircraft (as

described in Section I-B).

synchronization donor and synchronization solicitor are character-

The communication 1link between the

"ized in terms of the nominal power budgets shown in Table 3.

However, antenna gain deviations from the nominal value will

produce considerable fluctuation in the communication range.

TABLE 3. NOMINAL SYNCHRONIZATION LINK PARAMETERS!
Synchronization donor (transmitter) Ground Station Full CAS
‘Synchronization acceptor? (receiver) Full Limited Full Limited

CAS CAS CAS CAS
Transmitter power, dBm 60 60 60 60
Transmitter losses, dB -1 -1 -4 -4
Transmitter antenna gain, dB 6 6 2 2
Receiver antenna gain, dB 2 2 2 2
Receiver losses, dB -4 -2 -4 -2
Constant?®, 20 ]og]o (r/4m) -102 -102 -102 -102
Minimum receiver sensitivity, dBm -88 -78 -88 -78

10 1ogjg{Range)2, dB above 1 nmi 49 4 42 34
Range, nmi 282 112 126 50

'These were communicated in an MDEC letter dated 28 January 1975.

2The synchronization request link is balanced with the synchronization
1ink to achieve equal communication range.

3X is the wavelength, in nmi, at 1.6 GHz.
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Examples of top- and bottom-mounted antenna patterns are
shown in Figs. 5 and 6, respectively. The use of antennas is
specified in Ref. 2 (p. 64, paragraphs B-l.g.4 and 5):

During odd epochs, transmission and recep-
tion will be accomplished using the upper
antennas except during own slot when trans-

misslon and reception will be accomplished
using the lower ahtennas.

During even epochs, transmission and recep-

tion will be accomplished using the lower

antennas except during own slot when trans-

misslon and reception will be accomplished

using the upper antennas.
Since the synchronization requests and replies take place in
the requestor's slot, the antennas involved in the synchroniza-
tion link are as shown in Table 4. Consequently, for air-to-
air relay, the antenna gain product in the link budget is always

a top and a bottom antenna.

TABLE 4. ANTENNA USE FOR SYNCHRONIZATION

0dd Epoch, ‘Even Epoch,
Synchronization Sequence "~ Ground Epoch Air Epoch
Request transmission Bottom Top
Request reception Ground Bottom
Reply transmission Ground Bottom
Reply reception Bottom - Top

A histogram (see Appendix D, Table D-1) of the antenna gain
product shows that:
1. The probability that the gain product 1s less than the
nominal 4 dB is 65 percent, and o
2. The probability that the antenna gain product 1s less
than -4.5 dB 1s 10 percent. '
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In other words, there is a 65 percent probability that the actual
communication range is less than the nominal range (shown in the
bottom row of Table 3) and a 10 percent probability that the
actual range is 2.7 times'smaller than the nominal range, i.e.,
47 nmi instead of 126 nmi.

_ Fortunately, the antenna pattern improves somewhat with
increased depression/elevation angles (depression angle for the
higher aircraft employing the bottom antenna and elevation angle
for the lower aircraft employing the top antenna) as shown in Fig.
7. Still, the pattern exhibits deep fades over two 20-deg sectors
or 11 percent of the azimuth directions. Thus, for 11 percent
of azimuth direction, the communication range will be well below
its nominal value.

For an altitude difference (between synchronization donor
and requestor) of 4 nmi, the aircraft would have to be within
a U6-nmi range to take advantage of the 1mproved gain at 5-deg
depression angles. However, at this range, even coaltitude air-
craft could have communicated, with 89 percent probability,
through the poorer antenna patterns at 0 deg elevation/depression.
In other words, preferred altitude bands of enroute air carriers
will 1imit the utility of the improved antenna gain character-
istics at greater depression/elevation angles.

The overall picture that emerges from this analysis is that
47 nmi, rather than 126 nmi (see last row of Table 3 for FCAS-
to-FCAS 1links) is the reliable range for air-to-air synchroniza-
tion relay links.

In order to be more specific, a relationship between air-
to-air communication probability and alrborne synchronization
donor density was developed in Appendix D. The results are-sum-
marized in Table 5. Thus, reliable (89 percent) airborne com-
munication relay requires a density of 12 donors per 105 nmie,
while the ideal antennas (4 dB antenna gain product in all direc-
tions) require a density which is 6/2.2 times lower, or 4.4

donors per 105 nmi2.
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TABLE 5. AIR-TO-AIR SYNCHRONIZATION RELAY PARAMETERS
(DERIVED IN APPENDIX D)

(A) Average density of 65per , 1§ per
i 10% nmi

synchronization donors 10~ nmi 2

(B) Average number of
synchronization donors ‘
within 126 nmi range! 3 : 6

(C) Mean distance to
closest donor for .
row B conditions 65 nmi 46 nmi

(D) Probability that one
or more donors are
within actual com-
munication range 76% 89%

(E) Average number of
synchronization donors
needed within 126 nmi
to achieve above row D
re11ab111ty for 1dea1
antennas? 1.4 2.2

'This is the nominal communication range for FCAS- to FCAS
relay as shown in Table 3.

2Ideal antennas achieve a uniform 4 dB gain product for
all directions in the horizontal plane.

Table 5, row D, includes contributions from the long ranges
avallable in the forward sectors of the antenna pattern as well

as shorter ranges to the rear (Appendix D).

Unfortunately, the CAS signal format may impose additional
limitations (Chapter VI) which will deny the use of the long
communicatlion range available through the forward sectors (over
250 nmi for peak-to-peak antenna gains). This problem, together
with possible solutions, is discussed in Chapter VI. Although
MDEC has 1incorporated a range extension technique, the range 1is
st1ll below the potential in the forward sector.
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The synchronlzatlion range, whether iimited by power budget
factors or CAS slgnal format, determlnes the aircraft density
at which the CAS participants wlll be forced into the synchronous
mode BUM. As the synchronizatlon range decreases, the transition
density 1ncreases and the attendant interference and alarm rates,
for aircraft 1n BUM, increase. These problems are addressed
in the following section.
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V. THE BACK-UP MODE (BUM)

A back-up mode has been provided for threat evaluation i1n
alrcraft encounters beyond the range of Qualified synchronization
donors., In this'mode, potential threats are evaluated through
an interrogation and response sequence between the two aircraft
involved in the encounter.

The interrogating aircraft must first find a signal-free
6000 usec interval within a 3-sec segment. At the start of
this interval, the interrogating aircraft will transmit its range
pulse as well as 1ts encoded altitude pulse. A recelving air-
craft will respond if (1) it determines that the interrogator
is within *3300 ft of own altitude, and (2) if the interrogator
range rate¥*, determined from receipt of two successive interro-
gations, 1s greater than -117 knots. The response of the interro-
gating alrcraft is a warning pulse which 1s delayed, relative
to the reception of the interrogation, by the sméller of

2 *
T, - C (RT+RO), or,

2
Ty - C Rm

where Tw is a fixed interval of 2951 usec, C 1s the velocity of
light, R is the range rate of the two alrcraft as determined by

the responder, T is 40 sec, R, 1is 1.8 nmi, and Rm is 0.5 nmi.

The interrogator receives the warning pulse at a time,
relative to the transmission of the interrogation, which 1s given

by

-
Closing range rates are positive and opening range rates are
negative.
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n
Qlw

2 g .2
+ T, - M 6(RT+RO),6Rm R
where R is the range and M{;} denotes the larger of the two quanti-
ties on either side of the semicolon. The interrogator accepts
the pulse as a warning if its arrival time (relative to the trans-
mitted interrogation) 1s less than or equal to Tw, i.e., 1if

2 2g fgr . 1)

C ™ m W

alx

2 /2 .
+ TW - M ol (RT+RO),

Following the warning, the interrogator will receive a maneuver
pulse from the responder carrying one of the four messages or
commands shown in Table 6.

TABLE 6. BUM MANEUVER PULSE MESSAGES/COMMANDS

Altitude Difference Between Warning-to-Maneuver
Responder and Interrogator Pulse Spacing
(ft) Message/Command (usec)
3300 to 800 Aircraft Above : 1498
800 to 0 Dive 1500
0 to -800 Climb 1494
-800 to -3300 Aircraft Below 1496

The preceding equation can also be rewritten as
RsM{R‘HRO; Rm}’

which defines the alarm boundary in range and range-rate space.
The resultant alarm rate is evaluated from the geometry in Fig.
8. Here, u denotes the positive range rate of an aircraft, lo-
cated somewhere in the shaded annulus, which, within the subse-

quent differential time interval dt, will enter the alarm range
34



R ,i= ut + RO > Rm = 0.5 nmi, (la)

ag'

where 1 1s 40 sec and Ro is 1.8 nmi. 1In fact, any aircraft in
the shaded annulus whose range rate lies between u and u + du

(a differential interval), and whose altitude is within the alarm
bands in Table 6, will enter the alarm boundary for the first
time; any aircraft in the shaded annulus with range rates greater
than u + du will have entered thelr correspondingly greater alarm
range at an earlier time, while aircraft with range rates below

u may enter their correspondingly shorter alarm range at a later
time. Consequently, the number of new alarms generated in a time
interval dt by aircraft with range rates between u and u + du 1s
the number of responding aircraft within the shaded annulus in
Fig. 8, that is, |

nF f(u)du « 2w (UT+RO) udt,

where n is the aircraft density per unit area in the horizontal
plane, F 1s the fraction of aircraft within the alarm bands in
Table 6, f(u)du is the fraction of aircraft whose range rates
lie between u,énd u + du, and 2rw (u1+Ro)udt is the area of the
shaded annulus in Fig. 8. Thus, the alarm rate due to aircraft
range rates between u and u + du 1s the above expression divided
by dt, and the rate of new alarms due to all closing aircraft,

u > 0, is obtained by integrating the expression between u = 0
and a maximum u = U beyoﬁd which f(u) is zero. Thus, the over-
all rate, a, due to closing alrcraft 1is

U

_ U )
oa = 2mnF ‘r/ u“f(u)du + Rof
o

o

uf(u)du] . (2)
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FIGURE 8. Plan View of Alarm Geometry at Range Rate = u

The cumulative distribution [i.e., the integral of f(u)]
employed in this calculation is shown in Fig. 9. On thils basis

we obtain

U
f u2f‘(u)du = 0.5 oi, ' (2a)
o _
U
f uf(u)du = 0.4 9, (2b)
o
and
o, = 325 ft/sec = 192 knots for (2¢)
altitudes below 10,000 ft
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To estimate F (equal to a fraction of aircraft within the
altitude alarm bands in Table 6), it is assumed that the altitude
distribution follows the FAA traffic model (1982 projection for
the Los Angeles Basin). Although the BUM will not be needed in
the Los Angeles Basln, the assumption made here 1s that the alti-
tude distribution 1s applicable to the extent that traffic will
tend to congregate in a preferred 6500-ft altitude band which,
in the FAA model, contains 70 percent of the aircraft. For an
interrogator in the center of the band and a uniform distribu-
tion within the band we obtain the percentages shown 1in Table 7.

TABLE 7. ALTITUDE DISTRIBUTION

Altitude Band Type of Alarm or
Relative to Percent of Aircraft Warning Generated
Interrogator (Fx100%) Within the ~ by a Threat Within
(ft) Indicated Band the Indicated Band*

+3300 _ 70 Any Alarm or Warning
3300 to 800 26.5 Aircraft Above

800 to O 8.5 Dive

0 to -800 8.5 Climb

-800 to -3300 26.5 Aircraft Below

— ‘
See Table 6

The aircraft density of interest in thils analysis (i.e., n
in Eq. 2) is related to the total number of aircraft within the
nominal communication range of a full CAS aircraft, a number
which is 1limited by the capaclty of the BUM. The appropriate
relation is

N N
ff Lf
n = 5~ + 5 s (3)
anf “sz
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where fo is the number of FCAS aircraft within the nominal com-
munication range, Rff, of an interrogating FCAS aircraft; sz

is the number of LCAS aircraft within the nominal communication
range, sz, of an interrogating FCAS aircraft; and n is the over-
all density. Equations 2 and 3 are used to obtain the plots

in Fig. 10; the parameters employed here are summarized in Table
8. The axis and plots in Fig. 10 are as follows:

a. The horizontal axis shows the number of limited CASs
within interrogation (i.e., communication range) of
an FCAS in BUM. The corresponding density, also shown
along the horizontal axis, is obtained by dividing
the number by the area covered by the nominal communi-
cation range.

b. The vertical axls shows the number of FCAS within
the interrogation range of the FCAS in BUM; the cor-
responding density 1s obtalned as in (a).

¢c. The solid line plots are constant alarm rate plots
for different combinations of (a) and (b). The rate
figure applies to the number of new warnings/alarms
generated per hour (see derivation of Eq. 2).. The
warning rate for "Aircraft Above" and "Aircraft Below"
constitutes 76 percent of the overall rate (this is
the ratio of "Aircraft Above" and "Aircraft Below"
warnings to the total number of warnings as obtained
from Table 7) while the "Dive" or "Climb" command rate
constitutes 24 percent of the overall rate.

d. The dashed line represents the locus of points where
the sum of (a) and (b) equals 70, which constitutes
14 percent of the 500 nominal time slots available
for BUM. '

Thus, an FCAS in BUM, passing through an environment of 0.009
limited CAS per nmi2, wlll experience an alarm rate of more

than 12 per hour, depending on the number of other FCAS (see
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Fig. 10).

This alarm rate 1s reached loﬁg before the availlable

BUM slots are exhausted by the aircraft within communication

range of the interrogator.

Conclusion:

The utility of the BUM i1s limited by high
alarm rates and not by BUM capacity.

TABLE 8. SUMMARY OF BUM PARAMETERS USED IN FIG. 10 |
Parameter Value Source
(A) BUM Tau (Tt in Eq. 2) 40 sec Specified in Ref. 2
(B) BUM alarm range for zero range
rate (Ro in Eq. 2) 1.8 nmi Specified in Ref. 2
(C) First integral in Eq. 2 18,432 kt2 Eqs. 2a and 2c
(D) Second integral in Eq. 2 76.8 kt Eqs. 2b and 2c
(E) Fraction of aircraft within
~warning and/or alarm altitude
band (F in Eq. 2) 0.7 Table 7
(F) Computed value of alarm rate,
a, as a function of density Eq. 2 with inputs
b (equals number of aircraft from rows A, B, C,
per nmi2) 1509b D, and E
(G) Full CAS to full CAS communi-
cation range (Rff in Eq. 3) 126 nmi Table 3
(H) Full CAS to limited CAS (and
vice versa) communication
range (le in Eq. 3) 50 nmi Table 3

interference among two
terrogation.
given by the left side
time of arrival of two
craft beyond the minimum range Rm)

A related problem

The time
of Eq.

4o

in BUM 1is thé possibility of garble or
or more alrcraft responding to a BUM in-
of arrival of the BUM warning pulse is

1 so that the difference in the
interfering warning pulses is (for air-




% (R,-R) - % T(R,-R)|< & usec (4)

1 1

where R and R are the range and range rate of an aircraft on the
verge of the alarm boundary (see Eq. la), i.e., the range

R=1R+R, = TR + 1.8 nmi.

Ri and ﬁi are the range and range rate of an interfering aircraft
whose warning pulse is within 8 usec (equal to warning pulse
width) of the first aircraft and c¢ i1s the velocity of light,
Because warning pulses must be verified on the basis of their
width, a verificatlon failure occurs as soon as the leading edge
of a later pulse touches the trailing end of the earlier pulse.
Potential interferers must include aircraft which have already
crossed the alarm boundary but which remain within 23300 ft of
the interrogator and within a range rate above -117 knots. Such
alrcraft keep responding to the interrogator and therefore pose
a potential interfering threat to any new responder which is on
the verge of the alarm boundary. The result of'interférence is
either a missed alarm or a command decode error of the subse-

quent maneuver pulse.

The difference in time of arrival of the maneuver pulses
(described in connection with Table 6) is the sum of: (1) the
difference in times of arrival of the warning pulses, plus or
minus (2) the difference in coding times between the warning
pulse and maneuver pulse, a difference which will be no higher
than 6 pusec (see Table 6). Thus, as long as the warning pulses
are separated by 8 usec, the leading edge of the first afriving
maneuver pulse, also 8 psec wide, can be unambiguously associlated
with the first arriving warning pulse. In other words, inter-
ference among warning pulses, as characterized by Eq. U, is the
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shown in Table 8.
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dominant interference effect if leading édge detection of ma-
neuver pulses 1s employed. Although leading edge detection in-
creases the risk (relative to full pulse width verification) of
nolse detections, a combination of time gating (relative to the
verified warning pulse) and the good threshold-to-noise ratio,
i.e., 15 dB, should make leading edge detection a practicable
technique when pulse width verification 1s used on the warning

pulse.

Substituting the preceding equation into Eq. 4 and multiply-
ing the result by c¢/2 on both sides of the inequality, we obtain

IR, - Tﬁi - 1.8/ = 0.65 nmi, (5)
or

+ 1.15< R, < TR

TR 1 1 + 2.45, _ (6)

i
Thus, all aircraft whose ranges and range rates satisfy the above
conditions and whose altitudes are within #3300 ft of the inter-
rogator are interference threats to any other aircraft on the
edge of the alarm boundary. Consequently, the expected number

of interferers with range rates between ﬁi and ﬁi + dﬁi is ob-
tained by multiplying the area enclosed between the above range
limits by

F bf(Ri)dRi,

where b is the BUM alrcraft density per unit area, F is the frac-
tion of aircraft within #3300 ft of the interrogator's altitude,
f(ﬁi) is the density funetion, in range-rate space, of aircraft
range rates, and f(f{i)df{i is the fraction of aircraft with range
rates between Ri and Ri + dRi. Hence, the expected number of
interferers, I, given an intruder at the alarm boundary, is
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I =/‘U [n(réi+2.45)2 - n(rﬁi+1.15)2] Fbr (R, )dR,,
-117 knots

where U is the maximum range rate and where the lower integra-
tion limit is the minimum range rate at which an aircraft will
respond to an interrogation. Usiling the cumulative distribution
shown in Fig. 9 Lwhose derivative is f(ﬁi)], T = U0 sec, and

F = 0.7 (see Table 7), we obtain

I =11.6b, (7)

where b 1s the BUM CAS ailrcraft density per nm12. If the num-~
ber of interferers follows a Polsson distribution, then the
probability of one or more interferers is l—e'I. The result

is plotted in Fig. 11, together with the corresponding Téu alarm
rate derived earlier (see row F of Table 8). At relatively

low values of I (equal to the expected number of interferers),
the probability of two or more simultaneous interferers 1s neg-
ligible, of the order of 12, so that I is a reasonable approxi-
mation to the probabllity of interference, i.e., the probability
that an interfering pulse will overlap the warning pulse from

a responder on the verge of the alarm boundary.

Reference to Egs. 6 and la shows that the maximum distance
from which an interference pulse could originate 1is

(Tﬁi+2.45).— (Tﬁi+l.8) = 0.65 nmi

beyond the actual alarm range of the interfering aircraft. Thus,
the interfering pulse, which overlaps the desired warning pulse,
will always be comparable to, or greater than, the desired warn-
ing pulse from an alircraft on the alarm boundary. Under such
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TRUE ALARM RATE, PER HOUR, FOR THE DENSITY SHOWN BELOW

FIGURE 11.
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o) /| responses will overlap the warning pulse of an intruder aircraft at
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aircraft entering the BUM alarm zone as specified by ANTC-117
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BUM Interference Probability and True Alarm
Rates as a Function of BUM Aircraft Density
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conditions, the result is either a missed alarm or a false de-
code of the subsequent maneuver pulse.

A measure of the persistence of the interference is the
time required for the range difference to change by 0.65 nmi
(corresponding to the right side of Eq. 5). For representative
range rates, such as 200 knots, the time 1s 12 sec. At lower
range rates, the persistence increases, while at higher rates
the persistence decreases.

As indicated 1in Fig. 11, both the true alarm rate and the
interference probability increase with increasing BUM aircraft
density: at 0.008 aircraft per nmiz, the true alarm rate will
reach 12 per hour (once every 5 min) while the interference
probability, given an aircraft entering the BUM alarm zone, is
9 percent. Whether alarm rates or interference probability is
the limiting factor 1s irrelevant, becauée_both are excessive.
At a density of 0.0007 CAS aircraft per nmi2, the true alarm
rate 1s reduced to one per hour, while the interference prob-
ability (given an alrcraft entering the BUM alarm zone) is
down to 0.8 percent; at this point, the mean distance to the
closest neighbor (see Appendix D, Eq. D-6) is 19 nmi.

The actual density of BUM alrcraft 1s a function of the
avallability of synchronization donors and hence the density
of FCAS equipments. “For a given mix ratio of full-to-limited
CAS equipments, most of the aircraft should be able to obtain
synchronization in a sufficiently dense environment. However,
as the density decreases, aircraft begin to enter the BUM:
initially, only the limited CASs will be dropping into BUM be-
cause they have shorter communication ranges to their full CAS
synchronization donors (see Table 3). Fortunately, encounters
between an FCAS and an LCAS will employ the synchronous mode
because the lattér will have had an opportunity to obtain syn-
chronization from the FCAS. Still, some encounters between an
LCAS in synchronization and an LCAS in BUM are possible when

46



the nulls/fades of the BUM aircraft antenha are facing the syn-
chronization donor of the synchronized LCAS. Such encounters
are not protected because the two modes (synchronous and BUM)
are not compatible.

As the alrcraft density decreases further, while the mix
(full-to-limited CASs) is held constant, full CAS aircraft begin
to drop 1nto BUM. If a good mix can be preserved, then the over-
all density at this point should be low enough to insure a tol-
erable BUM alarm rate and BUM interference probabllity, as well
as eliminate risks of the unpfotected encounters between air-
craft in BUM and aircraft in synchronization.

The lack of interoperability between CASs 1n BUM and CASs
in synchronizatlion has important advantages because only BUM
alrcraft contribute to the BUM alarm rate and BUM interference.
If aircraft in synchronization were designed to reply to BUM
interrogations, the resultant alarm rate and interference would
become intolerable for the occasional BUM aircraft in a moderate
density environment (see Fig. 11).

The importance of maintaining a good mix* of potential syn-
chronization donors, i.e., full CAS aircraft, is-illustrated in
Fig. 12, which is based on the analysis 1n Appendix E. The
left ordinate (Fig. 12) shows the conditional probability of
interference, given a BUM intruder entering the BUM alarm zone.
The interference mechanism is gafbling and overlap by warning
pulses from alrcraft other than the intruder under evaluation;
the result is either a missed alarm, when the warning pulse
fails its pulse width verification test, or a command decode
error of the subsequent maneuver pulse.

The right ordinate (Fig. 12) shows the alarm rate generated
by BUM aircraft entering the BUM alarm zone, as specified by

¥
The regulatory issues involved in this problem are beyond the
scope of the present study.
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ANTC-117 (Ref. 2); multiple alarms generated by one aircraft
are counted as one alarm.

Trhe abscissa (Fig. 12) shows the density of aircraft equipped

with 1limited CAS, and includes aircraft in BUM as well as air-
craft in synchronization.

The plots in Fig. 12 show three cases. In case (A) no syn-
chronization is available and all aircraft are in BUM: In cases
(B) and (C) one out of nine aircraft is equipped with a full
CAS, the mix ratio of full-to-limited being 1:8. 1In case (C),
the full CASs are credited with an unlimited air-to-air synchro-
nization relay range. In other words, the full CASs malntain
effective relaying at arbitrarily low densities and, hence, ar-
bitrarily high separations. However, the limited CAS synchroni-
zation range is limited to 50 nmi (see Table 3). Case (B) shows
a more realistic situation in which the full CAS synchronization
relay range is 80 nmi (see Eq. D-8 in Appendix D and associated
discussion, as well as Chapter VI). Thus, full CASs begin to
lose synchronization as the aircraft density decreases and the
separation increases.

The analysis in case B (see Appendix E) 1s based on a model
which relates the probability of obtaining synchronization to
the expected number of donors within synchronization area; the
latter is detérmined by synchronization range and the distance
covered by the CAS during its run-down mode before loss of syn-
chronization status. These relations are shown in Fig. 13 where
the maximum distance covered in the run-down mode depends on:

1. Stability of the airborne timing reference
2. Timing hierarchy status of the last donor
3. Alrcraft speed.

The probabllity of obtalning synchronizatlion before loss
of synchronization status 1is related to the expected number of
donors within the synchronization area (Appendix E). This
probability, when multiplied by the expeéted number of full
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CAS equipments within the same area, is téken as a useful esti-
mate of the expected number of donors, i.e., synchronized full
CAS aircraft. The resultant relationship (see Eq. E-5 ih Ap-
pendix E) is plotted in Fig. 14. The indicated drop-out point
represents the low density environment, where only one full CAS
aircraft is expected within the synchronization area in Fig. 13.
Under these conditions, the expected value model leads to no
synchronized aircraft. Although a more sophisticated model
might show some small, fractional number of synchronized units,
such a refinement would have little practical value; in any
case, the number must remaln below the dotted asymptote.

AREA FOR
SYNCHRONIZATION
OPPORTUNITIES
BEFORE LOSS OF
SYNC

R, = SYNCHRONIZATION RANGE:

t
|
I LAST UPDATE
| OPPORTUNITY
\ BEFORE SYNC
— — 9 LOSS .
DISTANCE COVERED |
IN RUN-DOWN MODE 1

)
I‘\\
| LAST AVAILABLE
t UPDATE

CAS ]
PATHI

B8-19-°5-11

FIGURE 13. Area For Synchronization Opportunities
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The drop-out point in Fig. 12 occurs at the juncture of
plots (A) and (B). At this point, the density of limited CAS
units is 4 per 104 nmi2 while the density of full CAS units,
with a 1:8 mix, is 0.5 per 10” nmi®.

radius of 80 nmi (synchronization range assumed for case B)

Thus, a circle with a

will contain an average of one full CAS aircraft. At this
point and below, case (A) plot obtains.

Both cases (B) and (C) (Fig. 12) exhibit a maximum in BUM
interference andfalarms. To the right of the maximum, the den-
sity 1ncreases, the availability of synchronization donors in-
creases (assuming a constant mix), which drives down the density
of BUM aircraft, so that the resultant alarms and interference
decrease. For densities to the left of the maximum, BUM inter-
ference and alarms decrease simply because the aircraft density
decreases.,

The various ailrcraft densities corresponding to the max-
imum of case B are summarized in Table 9 (based on results in
Appendix E and Fig. 14). This maximum can be regarded as a
transition point where over half of the aircraft are in BUM,
i.e.,

8—:5?‘%—1#:—8 x 100% = 58%,

despite the fact that most of the full CAS aircraft are still
in synchronization (see Table 9) because of their greater com-
munication range.

Note that the BUM alarms and interference shown in Fig. 12
represent only the contribution of the limited CAS in BUM;
the full CAS'in.BUM‘make no appreciable contribution with the
1:8 mix used in this analysis. However, the minority of the
full CAS in BUM is still subjected to the BUM interference and
alarms generated by the limited CAS in BUM.
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TABLE 9. TRANSITION DENSITIES* OF AIRCRAFT FOR CASE B
MAXIMUM (FIG. 12); DENSITY IS EXPRESSED IN
NUMBER OF AIRCRAFT PER 10% NMI

Full CAS Limited CAS
Aircraft in synchronization 0.618 2.7
Aircraft in BUM 0.257 4.3
TOTAL 0.875 7.0

*Entries in this table are derived in Appendix E.

The picture for full CASs would improve considerably if
they carried the more accurate standard, e.g., 2 parts per lOll,
that was envisioned in some earlier MDEC CAS versions. Without
synchronization updates, such a unit would‘lose status 1in the
time hierarchy at the rate of 1 step out of 63, per 42 min.
The-aircraft could cover thousands of miles between synchroniza-
tion donors without losing synchronous status. Under such con-
ditions, the network of air-to-air relays can be represented as
having, in effect, an unlimited synchronization range as in case
B in Fig. 12. Here, only limited CAS aircraft would have to
resort to BUM Qhere the interference and alarm rates are as
shown by curve (C). Thus, the main beneficiaries will be en-
counters between full and limited CAS; limited CAS in the BUM
population would be reduced only in proportion to the ratio of
(C) to (B) or (A) in Fig. 12. |

The current version of the full CAS carries a less accurate
standard, which, in the absence of updates, is demoted one hier-
archy step per six sec. In the best case, when the CAS starts
at the top of the hierarchy, synchronous status will be lost
15 sec after 40 demotions or

40 x 6 sec + 15 sec = 4.25 min.
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A 600-knot aircraft will cover 42.5 nmi during this time inter-
val. Thus, 42.5 nmi represents the maximum distance that can

be covered in the run-down mode and this maximizes the area for
synchronization opportunities shown in Fig. 13. The effect is
shown by the dotted curve in Fig. 12, Curve B, on the other
hand, represents the case where most of the FCAS (full CAS) air-
craft are near the bottom of the time hierarchy and cannot cover
any appreciable distance, compared to 80'nmi, before loss of
synchronized status. This, in fact, represents the more real-
istic case in thé relatively low density areas which are not
likely to have ground station time donors within line of sight.

An alternative method for presenting the previous results
is shown in Figs. 15 and 16, derived from the relations in
Appendix E.

The ordinate and abscissa in Fig. 15 are the same as in
Fig. 12. The parameters N (equal to the density of airborne
synchronization donors) and F (equal to the density of FCAS)
are held constant along each plot. For N = 2 x 10~ and
F=2.04 x 107"
chronous mode 1is

, the expected percentage of FCAS in the syn-

%f%% x 100% = 98%.

However, the probability that an LCAS will not be synchronized
is* 21 percent. Thus, if N and F are held fixed while the LCAS
density increases, then the BUM interference and alarm rate
will increase for the 21 percent of the LCAS which remain in
BUM., For this reason the FCAS density, and hence the density
of qualified synchronization donors must, at some point, be in-
creased to prevent excessive alarms and interference. If the
FCAS density were maintained at a constant ratio, say 1:8, in
relation to the LCAS density, then the interference and alarms

¥
Using Eq. E-3 in Appendix E.
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would be decreased sharply as shown by the circled points in
Fig. 15. These are simply points along curve (B) in Fig. 12
(with a contracted scale).

If, for example, the maximum acceptable BUM interference
probability and alarm rate are 0.5 percent and 0.65 per hour,
respectively, then the FCAS density needed to insure such a
performance is shown in Fig. 16. This gives the locus of points
for the constant BUM interference probability and alarm rate,.
Thus, although the required ratio of FCAS to LCAS decreases,
the FCAS density must sti1ll be increased to compensate for an
increasing LCAS density.

Conclusion: The objectionable interference and alarm
rates in BUM can be reduced to tolerable levels by
maintaining an adequate relationship between FCAS and
LCAS equipments in the aircraft population (see, for
example, Fig. 16). In high-density areas, FCAS units
should be available within synchronization range so
that most ailrcraft will not have to invoke BUM. 1In
low-density areas, where aircraft separations are too
high for effective synchronization relay/donation,
BUM interference and alarms are reduced. |

The required relationship 1is 1illustrated in Fig. 17. If
the synchroniZedeCAS density 1s held at 1 per 10“ nmi2, then
46 percent (see Eq. E-3 of Appendix E) of the LCAS will be in
the BUM. Thus, as the LCAS density increases from 1073 per nm1 2
t:o‘lo-2 per nmiz, the BUM interference and alarm rates i1ncrease
from 0.53 percent and 0.69 per hour to 5.3 percent and 6.9 per
hour. To reduce these to the lowef values (i.e., 0.53 percent
and 0.69 per hour), the FCAS density would have to be increased

by a factor of 4,
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VI. OTHER LIMITATIONS ON FINE SYNCHRONIZATION RANGE

The implicit assumption in the preceding analyses has been
that power budget factors are the primary limitations on syn-
chronization (fine synchronization) relay range. However, de-
pending on the synchronization request logic, additional limita-
tions may be imposed by the signal format as shown in Fig. 18.

Here,

t_ 1s the timing error of the synchronization requestor
relative to synchronization donor,

t 1is the one-way propagation delay between requestor and
donor,

t + t_ 1s the time of arrival of the requestor's rahge
pulse relative to the donor's slot start time plus

15 usec.

Thus, the donor measures te + tp and transmits a fine Synchroniza—
tion triad at time 1419.2 usec - (te+tp), relative to donor's

slot start time. The fine synchronization triad 1s received by
the requestor éfter delay tp, so that 1t arrives at the time
1419.2 psec - 2 te after slot start time at the requestor. At
this point, the requestor knows his timing error and adjusts

the clock accordingly.

Inspection of the donor's timing, shown in Fig. 18, reveals
that transmission of the filne synchronization triad is 1inhibited
when the tralling edge of the received range pulse begins to
overlap the leading edge of the required transmission time of
the triad; 1in order to avoid overlap,

15 usec + te + tp + 200 usec + tp + te < 1419.2 usec,
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or

te + tp < 602 usec. (8)

If the error te is small compared to propagation time, then
Eq. 8 will 1imit synchronization range to

602 usec = 97 nmi.

6.1c usec/nmi

If the donor had waited until the next epoch to transmit the
replying in the requestor's slot, the change in propagation

time (due to relative velocity between requestor and donor)

would be too great to allow fine synchronization.

The range limitation is even more restrictive when the re-
questor has only coarse synchronization obtained from the epoch
start triad from the same donor. Under such conditions, the
error, te’ will be essentially equal to the propagation time
tp*, so that Eq. 8 will limit the propagation delay to 301 usec
and the range to 48 nmi, which 1is considerably below the range
used in Fig. 12, case (B).

One solution to the problem is to bilas, 1.e., adVanée the
requestor's timing. This would 1increase the right side of
Eq. 8 by an amount equal to that bias and thus increase the
usable range. The ANTC-117 speéifications (Ref. 2, p. 67,
paragraph B-2.c.3) indicate that:

Some suitable method of arbitrarily advanc-

ing own station time is permissible to extend
the range of start up fine synchronization,

but 1s not intended for normal fine synchroniza-
tion, since such fine synchronization range
extension could jeopardize CAS performance

after an alrborne station 1s operating in

the system.

—
Any difference is due primarily to the change in propagation
delay between the receipt of the epoch start triad and the
transmission of the synchronization request.
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One risk in this approach is that a remoté synchronized CAS may
recelive the range pulse at an apparently threatening range.
However, 1f the synchronization request is not accompanied by
the usual altitude pulse, the remote CAS should have no problem
in recognizing the range pulse as a synchronization request,
and not a threatening intruder.

Another risk is that the synchronization requestor may miss
his scheduled CAS transmission while listening for the synchroni-
zation reply. If the requestor has only coarse synchronization,
his CAS transmissions have no value to other synchronized CAS
participants. If, on the other hand, the synchronization re-
questor 1s only updating his fine synchronization, he can schedule
and bias his requests so that the expected reply does not inhibit
his scheduled transmission time.

A synchronization requestor in coarse "sync" must also
choose his biases (time advances) judiciouély. If he overblases,
his request will arrive prematurely; i.e., at a time when the
synchronization donor is still monitoring the frequency of the
preceding time slot. A two—'or three-step sequential procedure
should solve this problem: 1if the first unbiased synchroniza-
tion request elicits no reply, the requestor knows that the
potential donor is over 48 nmi distant (as computed earlier),
and the second synchronization request is biased accordingly.

Two or three such steps should be sufficient to reach potential

donors at the most remote communication ranges.

Thus, synchronization range extension appears to be a prac-
ticable technique. Its purpose 1s to exploit the favorable an-
tenna gailns, and hence longer communication ranges, that will
be available'in the forward sectors of the aircraft. The im-
proved range 1s reflected as a decrease in synchronization donor
density needed to support synchronized mode operation and, hence,
decrease the aircraft density where the BUM will»be invoked.
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APPENDIX A
COPY OF TASK B OF DOT/FAA TASK ORDER

INDEPENDENT ANALYSIS OF THE COMMUNICATIONS CAPABILITY OF THE ACAS's

Conduct an Independent analysis of the communication
capacity capability of the three* ACAS's analyzed under Task A
above, but with all design changes, improvements, etc.,
accounted for under each system through March 1, 1974. Con-
sideration shall be given, but not limited, to: (1) communi-
cation reliability as a result of transmitter power, receiver
sensitivity, antenna gain and shadowing, signal processing,
such as sensitivity time control, etc.; (2) both synchronous
and asynchronous garble (including interweaved and overlapped
pulse trains); and (3) multipath. The traffic model¥* to be
used for evaluation purposes 1is that furnished you for the pre-
vious analysis. Obvious improvements to the system shall be
recommended (although it is not the purpose of this task to do
any substantial redesign effort) and inherent limitations in
the system, which will preclude satisfactory operations 1in the
designated environment, will be pointed out (due consideration
will be given to conclusions reached as a result of Task A).

»
RCA, Honeywell, and McDonnell Douglas, Air-derived Collision
Avoidance Systems.



APPENDIX B

SUMMARY OF ANTC-117 EVALUATION AND MANEUVER LOGIC*

—
Extracted from an IDA study, Review and Analysis of Some Colli-
sion Avoidance Algorithms, with Particular Reference to ANTC-
117, by J.J. Bagnall, Jr., and I.W. Kay, Report No. FAA-RD-
75-72, June 1975, prepared for the Department of Transportation,
Federal Aviation Administration, Systems Research and Develop-
ment Service. Note that this discussion applies only to the
synchronous mode of operation; the asynchronous back-up mode
(BUM) is described at the outset of Section V of the main body
of this study.
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APPENDIX B
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 ground stations may be required to provide time
synchronization for participating aircraft. In order to achieve
this goal, several algorithms, involving measured values of the
separation distance, separation rate, and altitude difference
between two aircraft, as well as the rate of altitude change of
the aircraft in which an evaluation of threat is being made,
are used to generate warnings and alarms. These, in turn,
trigger various cautions and commands to pilots, thereby causing
them to perform certain avoidance or escape maneuvers: to stop
turning (also known as "rollout"), to limit vertical speeds, to
change altitude. Because bearing information is not assumed to
be available, escape maneuvers take place 1in 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), é; and (2) those based upon
the altitude difference Ah between aircraft and altitude rate
ﬁ of an individual aircraft. In principle, since R represents
the slant range between aircraft, the R, ﬁ criteria alone
should be sufficient to provide the alarms needed for protection
against collision. However, it has been recognized that the
use of altitude data is required to reduce the threat volume,

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

maneuvers.

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

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

ANTC-117 requires, in general, that each aircraft limit
its horizontal acceleration to 1/2 G, its vertical acceleration
to 1/4 G, and its vertical rate to 5000 ft/min. This implies a
maximum relative horizontal acceleration of 1 G and vertical
acceleration of 1/2 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 guantity T, defined by

T = R/R ,

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

that, because of measurement errors and the possibility that
aircraft may be accelerating, a modification of this idea is
necessary. Thus, ANTC-117 has adopted two alarms algorithms
based on R and ﬁ. These algorithms, sometimes known as modified
T criteria, have the same algebraic form, but different param-

eters:
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where Tyo Ro s Too R are designated constants.#¥
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In the first algorithm, known as the T, alarm criterion,
the designated constants have the values

25 sec

~
]

=)
n

1/4 nmi (1520 ft)

In the second algorithm, known as the 1, warning criterion,

2
the constants have the values

4o sec

~
i

=
1}

1.8 nmi (10,940 ft)

If two aircraft are co-altitude (within 600 ft for alti-
tudes below 10,000 ft or 800 ft for altitudes above 10,000 ft),
and 1f measured values of R and ﬁ satisfy the 5 criterion, the
pilot is commanded to 1imit turns (rollout) to a bank angle no
greater than 10 deg and to neither climb nor dive. This is
supposed to reduce the relative trajectory of the encountering
alrcraft to an approximately linear horizontal course. Then
conditions are assumed to be suitable for the safe use of the

more restrictive Tl criterion.

These algorithms are not actually stated by ANTC-117 in
equation form, as is done here, but the equations can be
deduced from [B-3.b] and Fig. 2 of that document. Note
also that the convention R positive corresponding to
increasing R 1s used here rather than the converse used
in ANTC-117. .
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If R and R satisfy the T
commands are 1ssued, so that the aircraft at the higher alti-
tude climbs while the aircraft at the lower altitude dives

criterion, vertical maneuver

until both aircraft are separated by a safe distance. If three
alrcraft are involved, the aircraft at the intermediate altitude
maintains 1its course, neither c¢limbing nor diving.

The T criterion has been modified further by the addition
of a minimum range criterion, the purpose of whilch 1s to pro-
tect against the hazardous case of é equal to or near zero,
since it was felt that with the presence of acceleration and
measurement errors, the time available for maneuver might be
reduced below an acceptable minimum in this circumstance. Thus,
an alarm also occurs with the same commands as for T alarms if

R < RM s
where the minimum range RM has been designated as 1/2 nmi
(3040 ft). The latter alarm will be referred to also as a Tt
alarm.

1

C. ALTITUDE CRITERIA

The, T alarms are implemented only 1f the encountering air-
craft are co-altitude, or it 1s predicted that they may become
co-altitude, where "co-altitude" is defined to mean that thelr
vertical separation is less than 600 ft at altitudes below
10,000 ft and 800 ft at altitudes above 10,000 ft. This defi-
nition of co-altitude 1s based upon (1) an altimeter error
allowance of + 150 ft (30) velow 10,000 ft and + 250 ft (30)
above 10,000 ft, (2) the assumption that a safe vertical sepa-
ration between aircraft is 150 ft, and (3) what is intended as
an allowance for an undetected vertical drift rate of 500 ft/

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

In addition to the co-altitude zone wherein the T alarms
become operative, relative altitude buffer zones are estab-
lished out to +3400 ft. In each 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 (Fig. 4, la,
Lpb, B-3.e].

D. LIMITED EQUIPMENTS

ANTC-117 allows the»ekistence of aircraft with limited
collision avoidance equipments in order to spare general avia-
tion the expense of a full CAS. Several possible variations
are»mentioned, but it is implied that unmentioned others may
also be permitted.

Of those that are mentioned specifically, there are two
types whose properties have an effect on threat evaluation.
The first consists of the so-called level one and level two
CAS, and the second is the beacon-only equipment.

Since ANTC-117 does not mention that level one and level
two CAS-equipped alrcraft have the abllity to measure altitude
rate, it has been assumed here that they do not have this
capability. It follows, therefore, that this type of aircraft
is unable to use the predicted co-altitude algorithm.

The beacon-only-equipped aircraft has no threat evaluation
capability but 1is required to communicate its altitude. Thus,
it can provide the necessary data for threat evaluation to a
CAS-equipped aircraft, but is unable to make an avoidance
maneuver on command.
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APPENDIX C

THE IMPACT OF RANGE-DIFFERENCE-
MEASUREMENTS ON THE TAU ALARM CRITERIA

The purpose of this appendix is to derive:

1. The range-rate estimate obtained from range-differ-
ence meésurements
The effect of (1) on Tau alarm boundaries and
The difference between (2) and the specified alarm
boundary and allowable errors.

The appropriate kinematics are obtained from Fig. C-1
where all the distances and»the intruder aircraft trajectory
are shown in a coordinate system attached to the reference
aircraft and moving with it. In such a coordinate system, the
reference alrcraft remains fixed at point A while the intruder
moves along the trajectory Bl-B—C: B is a point along the .
trajectory when the reference aircraft makes a range-rate esti-

mate; B, is the intruder position T seconds before the intruder

reachedlB; T is the time elapsed between the two range measure-
ments, Rl and. R, employed in the range-rate estimate; C would

be the point of closest approach if neither aircraft maneuvered;
point A and the trajectory Bl—B—C define a plane which is taken
as the plane of the diagram in Fig. C-1; the angle A-C-B is a
right angle; V is the magnitude of the relative velocity between
the reference and intrudér aircraft; 6 is the angle C-A-Bj;

range rate (taken to be positive for closing geometries) is

given by

e
1]

V sin 6 , (c-1)
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FIGURE C-1, Aircraft Encounter Kinematics in
Reference Aircraft Coordinates

-4



while the estlmated range rate is
A R,-R
s _ 1

Application of the law of coslines to the triangle A-B-B
ylelds

1

2

RS = R° + 2RVT sin 0 + (VT)< ©(c-3)

2
1
which, upon substitution of Eq. C-1, becomes
2 2

R = R® + 2RAT + (vT)° . ' (c-1)

The specified (Ref. 2, pp. 71, 73) alarm criteria are shown
in Fig. C-2. Thus, for ranges greater than 0.5 nmi, the alarm
criteria are

R > (R-R))/T , (C-5)

where R 1s the range, R is the range rate (positive for closing
geometries and negative for opening geometries) and where Ro.
and t depend on the Tau zone as shown in Fig. C-2. When the
estimated value of ﬁ, i.e., ﬁ, is used in place of ﬁ, the alarm
criterion becomes

R, =R R-R ’
1 l¢)
T > T3 (C~6)
or
R. >R + & (R-R_) - (C=-7)
1 - T o’ ?

which 1is hencefdrth understood as applying to R > 0.5 nmi. As
long as the right-hand slide remalns positive, both sldes of
the 1nequality can be squared. Thus, using Eq. C-4 we obtain
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RANGE
RATE

CLOSING

— —— S——

OPENING

NOTES:
(1) 7y =25 seconds
(2) 7o = 40 seconds "
(3) R, =0.25 nmi
— =— (0,5 nmi % .
(4) R°2 =1.8 nmi
(5) R, =0.5nmi

8-19-75-15

FIGURE C-2. Threat Evaluation Range and Range Rate
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2 2

T
R for [R+?(R—Roﬂ

v
o

+ 2RRT + (VT)? > [R+%(R-Roﬂ
(c-8)

or

2
. 1 T 2 2
R > §§T3[§+?(R-Ro)] - R - (VD)

v
o

T
for R + ;(R—Ro)‘_

(C-9)
where |R| < V in accordance with Eq. C-1.

When the right-hand side of Eq. C-7 1is negative then, since
Rl 1s always positive, the alarm region becomes R1 > 0 or Ri > 0.

Consequently, with the help of Eq. C-4 we obtain the alarm
region as

R® + 2RRT + (VI)° > 0 for R + Z(R-R) < 0 (C-10)
or |
B> B e Trer ) < 0 ~ (C-11)
2 T2RT TR Re) 20

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

sec, Ro

R + %(R-Ro) >1.24 R - 0.06 > 0 for R > R_ = 0.5 nmi
(C-12)

In other words, Eq. C—ll‘is never Iinvoked in Tau zone 1.
Similarly, in Tau zone 2 (t = 40 sec, R, = 1.8 nmi), and for
T = 6 sec, we have

R+ I (R-R) =1.15R - 0.27 > 0 for R > 0.5 nmi ,

(C-13)

so that Eq. C-11 is never 1invoked.
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The alarm regions, as defined by Eqs. C-9 and C-11, are
plotted in Fig. 2 of the main text, together with examples of
.R versus R intruder trajectories. The latter are obtained from

Eq. C-1 and Fig. C-1; namely

) R2-X 5
R =Vsing=v =V J 1-(X/R,)° , (C-14)
t Rt t

2 2
t

in which the subscript t 1s used to denote the values of R and
R along a given intruder trajectory.

Finally, it should be noted that Eq. C-9 can be simplified
to

2
R-R R-R
0 o) T 2 0
Ri—r—'éﬁV-(T) : (€-15)

The additional kinematic relations needed for the analysis
in Section III are

R = 4¢X° +7Y | . (C-16)

¥ Y

g = b4 =
Jx2+y2 ‘fx2+y2

\ 0 (c-17)

where X 1s the crossrange shown as the interval A-C in Fig.
C-1; Y is the downrange, or distance from C (Fig. C-1) to the
intruder along the trajectory C-B-Bl; and ¥ 1s the speed, V,
along the trajectory. '

c-8



APPENDIX D

PROBABILITY OF AIR-TO-AIR RELAY



APPENDIX D
PROBABILITY OF AIR-TO-AIR RELAY

The probability that an airborne synchronization donor can
be found within communication range* R of a synchronization re-
questor should increase with increasing

expected number of 1n-range donors = N1TR2 s
where N 1s the average donor density. In general, the probabil-
ity of finding an in-range donor(s) will have the following
properties:

1. When N1TR2 << 1, the probability can be approximated
by NwR°

2. When NnR2 >> 1, the probability should be very close
to 1

3. When NmR 1, the probability should be somewhat
less than 1 in order to account for fluctuatlions in

2

the actual number of donors below 1ts average value

NnRz.

The Poisson distribution offers a simple model which satisfies
these criteria. The salient feature of the model is a constant
average density of aircraft. However, the model allows for
considerable statistical deviations from the average or expected
values. For example, 1f‘the expected number of aircraft in a

given area is one, then

1. The probability that there are no aircraft in that
area 1s 36.8 percent

%
Differences between slant range and horizontal range
are neglected.
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2. The probability that there is ohly one aircraft in
that area is 36.8 percent

3. The probability that there are exactly two aircraft
in that area is 18.4 percent

4, The probability that there are three or more aircraft
in that area is 8.0 percent,

which are simply the properties of the Polsson distribution.

For thlis model, the conditional probability of one or more
in-range donors, given a communication range R, 1s represented

by

2
Pr [in-rangi/h] =1 - e-NnR ) (D-1)

donor(s)

Because of antenna pattern fluctuations, the communication
range R must be treated as a random variable which 1s related
to the antenna gain product through

R =R % , (D=-2)

where T 1s the product of two antenna gains 1involved in synchro-
nization relay; Po is the nominal gain product:

10 log,q T = 4 4B , | (D-3)

and Ro is the communication range at the nominal gain product.

Thus, the conditional relay probability for a given antenna
gain product, T, is obtained by substituting Eq. D-2 into Eq.
D-1. The result 1s

|in-range 'N"Rg I'/Fo
Pr{sonor(s)/T| =1 - ¢ . (D-4)

The unconditioned probability of relay is obtained by averaging
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Eq. D-U4 over the histogram data shown in Table D-1. In other

words,

donor (s)

11 2 '
P [in—range] - _N“Ro ak/ro

- (D-5)

2
-NmR” a, /T
100%-i Pe ©° K O

=-10

where k is the summation index which, for convenience, 1s
selected as equal to the antenna gain product expressed in dB;
. 1s lok/lO
pressed in dB; the nominal gain product, expressed in dB, 1is

4 3B and is attained at ay; and Pk is the probability (in per-
cent, as shown in Table D-1) of attaining a gailn product of

k dB +0.5 dB. The results are summarized in Table D-2.

the galn product o , where k 1s the galn product ex-

The table also includes the mean distance to the closest
donor which 1s computed as follows: The probablility that the
closest donor is located between the ranges x and x + dx 1is
the product of (a) the probability that there are no donors
within x and (b) the probability that there is at least one
donor between x and x + dx. Using the formulation given above,
Eq. D-1, we obtain

2
e~ NTX" | Nowdx o

which leads to the mean distances to the closest nelghbor as

A * 2
X = 21er x2 e-NTTX dx = 1 . (D-6)
0 2/N
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TABLE D-1. HISTOGRAM DATA FOR ANTENNA GAIN
PRODUCTS IN THE HORIZONTAL PLANE!

Antenna Gain Product Pk’ Probability of Obtaining
10 logy ak (dB) the Indicated Gain Product?

11 .01
10 .01
9 .02
8 . .035
7 .054
6 .061
5 .072
4 .088
3 .088
2 .088
1 .093
0 v .082
-1 ' .074
-2 .062
-3 .050
-4 .040
-5 .028
-6 .018
-7 .012

. -8 .005
-9 .005
-10 or less . 005

!Based on the patterns shown in Figs. 5 and 6 of the
main text. The two antenna orientations are inde-
pendent and uniformly distributed in azimuth.

2Within +0.5 dB.
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TABLE D-2. AIR-TO-AIR SYNCHRONIZATION RELAY PARAMETERS

(A) Average number of synchronization

donors, NnRg | 3 6
(B) Mean distance to closest donor!
- for above conditions 0.512 R, 0.362 R

(C) Probability? that one or more
donors are within communication
range for above conditions 0.76 0.88

(D) Average number of synchronization
donors needed to achieve above
probabilities for ideal antennas? 1.43 2.19

(E) Mean distance to closest donor
for above (row D) conditions? 0.742 R, 0.599 R

1
2Computed from Eq. D-6.
3Computed from Eq. D-5.

Computed from Eq. D-4 with T = ro (4 dB), and
with above probabilities.
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To simplify calculations in Appendik E, we note that for
omnidirectional antennas, i.e., T = 1, Eq. D-4 yields

2
pp |in-range fr _ 1| - 1 _ e-NnRo/ro
donor(s) (D-7)
-0.40NTR?
=1 -e ©
because (see Eq. D-3)
r = 1004 = 2,51 . (D-8)
Thus,
91% for NmR° = 6 -
in-range _ _ o)
70% for-NTrRO = 3

which 1s in reasonable agreement with the actual values shown

in Table D-2, row (C). In other words, Eq. D-7 provides a use-
ful approximation in regions where the density N is high enough
to insure a useful probability of an in-range donor. The effect
of Eq. D-8 1is to reduce the nominal synchronization range of

126 nmi to an effective range, RS, of

R
R, = —© = 126 _ go pmt . (D-10)

S ST /25T
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APPENDIX E

BACK-UP MODE PERFORMANCE AS A FUNCTION OF CAS EQUIPMENT MIX

This appendix describes a model for relating the BUM air-
craft denslity to the available synchronlizatlion donor density.
For this purpose let

L = density per nmi2 of 1imited CAS equipments

m = ratio of full CAS to limited CAS equipments

mL = density of full CAS equipments

N = density of synchronized full CAS equipments,
and hence, the density of qualified synchroniza-
tlon donors; N <mL,.

Thus, the average number of synchronized FCAS (full CAS) within
the synchronization area A (see Fig. 13 of the main text) is
NA; the probability of obtaining synchronization (usihg the
model introduced at the outset of Appendix D) is |

which, when multiplied by the FCAS density, mL, ylelds the density
of synchronized FCAS, N, i.e.,

N = mL (1-e‘NA). (E-1)
Here, the synchronization area A (see Fig. 13) is

, .
A = wR_ + 2R.D, (E-1a)

where RS = 80 nmi and D 1s the distance covered in the run-down

mode.




The probability that a limited CAS can obtain synchroniza-
tion is of the form of Eq. D-4 (Appendix D) where the antenna
gain product T 1s replaced by its nominal value PO, and where
the nominal communiqation range, Ro, is replaced by

r, = 50 nmi, ' (E~2)

which is the nominal full-CAS-to-limited-CAS communication range
(see Table 3 of the main body of this report).

Thus, the expected density of limited CAS equipments which
cannot obtain synchronization, and which will be compelled into
BUM 1s given by

—N1Tr2
o}

e ) (E-3)

o
]
=

where N is related to L through Eq. E-1. The BUM alarm rate
and_interference probabilities due to limited CAS in BUM is
obtained by using Eq. E-3 in place of the density n appearing
in row F of Table 8 (main body) and in Eq. 7 (main body). The
results are plotted in Fig. 12 of the main body.

The relations used in the computation of Figs. 15, 16, and
17 of the main body of this report are Eqs. E-3, E-2, E-1 and
E-la (with D = 0, see discussion of the fun—down mode in Section
V of the main body ) as well as Eq. 7 (main body) and row F of
Table 8 (main body).

Another relation which provides some useful insights (see
discussion in connection with Fig. 14 of the main text) is ob-
tained by multiplying both sides of Eq. E-1 by area A and noting
that: '

1. mLA 1is the total expected number, Q, of full CAS alr-
craft, synchronized plus unsynchronized, within syn-
chronization area A, and that
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2. NA is the expected number, S, of synchronized FCAS
aircraft within synchronization area A.

Thus, we obtain

S = Q[l—e-s] s (E-5)

which 1is plotted in Fig. 14 of the main body.

The results in this Appendix are also used in the computa-
tion of Table 9.  The specific steps are as follows:
(1) The LCAS density (maximum of curve B in Fig. 12) is
-4 2
7 x 10 per nmi~.

(2) The FCAS density (for a 1:8 mix) is

57 x 107 = 0.875 x 107" per nmt?

(3) The BUM LCAS density at the interference maximum of
Fig. 12 (main body) is computed from Eq. 7 of the
main text: '

_ 0.005 _ -4 2
b-—Tg—U.3lxlO per nml

(4) The density, N, of synchronous FCAS follows from
Eq. E-3 where L is given in item (1) above, b is
given in item (3) above, and where r, = 50 nmi as
shown by Eq. E-2:

1 b
N = - &n —
ap 2 L
(o]
-4
- _ 1 in 4.31 x 10
2 -k
m(50) 7 x 10
= 0.618 x 10'"

(5) The dehsity of BUM FCAS is the difference between

(2) and (4), namely, 0.257 x 10'”.
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