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I. INTRODUCTION

A. BACKGROUND

Since the late 1950's, industry has proposed several devices
for airborne Collision Avoldance Systems (CASs). The earliest
proposals were based on radar, but these proved to be technically
and economically infeasible for general use. Consequently, most
subsequent proposals embodied cooperative techniques. In 1966,
under the aegls of the Alr Navigation Traffic Cohtrol Division
of the Alr Transportation Association of America (ATA), a CAS
Technical Working Group published a report ANTC-117, which des-
cribed "a standard" cooperative airborne CAS. While ANTC-117
i1s not a government report, the FAA has encouraged its use by
industry developing CASs and has used it in several experimental
evaluations of CAS designs as well as in simulations of CAS
operations. (See Appendix B for ANTC-117 1logilc.)

"ANTC-117 describes a specific CAS implementation employing
alrborne clocks, all synchronized to a common time reference.
Thus, each CAS can measure one-way range to all others by com- °
paring its local clock time with the arrival time of transmis-
sions from the others. Each CAS can measure the range rate of
all others by using the doppler frequency shift of the trans-
missions. Each CAS encodes 1ts barometric altitude on 1ts own
transmissions, which others can decode and compare with their
altitude to obtain relative altitude separation. ANTC-117 pro-
vides a collision avoidance logic which uses the measured range,
range rate, altitude separation, and the altitude rate of the
evaluating CAS to define a volume in space within which intruders
are possible collision threats.
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The size of the ANTC-117 threat volume changes, depending
on the conditions of any encounter, to provide sufficient warn-
ing time, before a possible collision, for an avoldance maneuver.
This maneuver is a climb or dive depending on the relative alti-
tude of the alrcraft. Approximately 15 sec 1is required for the
maneuver to achieve safe vertical separgtion in éll cases. How-
ever, the time allowance 1s 1lncreased primarily to allow for L
pilot/aircraft reaction and measurement tolerances but also
for horizontgl accelerations and vertical rates that may be
"present at the alarm. ANTC-117 provides for two such alarm
volumes: a warning alarm occurs first in the larger volume to
effectively reduce aircraft horizontal accelerations and vertical -
rates, and if the intruder penetrates the second, smaller volume
the alarm changes to command the vertical maneuver,

Because the measured parameters used in the ANTC-11l7 CAS
logic are limited to those given above, the volume 1is unnecessar-
ily large and some alarms are given during perfectly safe
encounters. Nevertheless, such alarms are "valid" in terms of
the loglc used. Other alarms that may be caused by equipment
deficiencies are called "false" alarms.

Several manufacturers have bullt CASs using the implementa-
tion and logic of ANTC-117. Other manufacturers, including
Honeywell, have used the ANTC-117 logic, but have employed'an
implementation based on interrogator/transponder tedhniques. In
the latter techniques, the time of arrival of a transponder reply
stimulated by an interrogation is used to measure range, and
range rate 1s derived from the change in successive range measure-
ments. The Honeywell CAS determines the altitude of an intruder
by altitude coding the interrogation. Transponders reply only
to interrogations that have coded altitudes approximately that of.
the transponder. In addition to permitting the interrogator to
determine altitude of the transponder, the latter technique also
serves to suppress unwanted replies from transponders at other
altitudes. Such repllies are a principle source of interference
in the interrogator/transponder techniques.
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B. HONEYWELL COLLISION AVOIDANCE SYSTEMS - “ ‘ ‘

‘The Honeywell CAS 1s an asynchronous system, using interro-
gator/transponder.techniques and operates on a single frequéncy
{1600 MHz). Short 65-nanosec pulses with a low-duty cycle are
used to reduce mutual interference. Range between aircraft is
determined by measuring the two-way propagation delay, and range |
rate 1s derived by processing the range measurements. The inter-
rogation waveform is encoded with a reference altitude, biased
from the barometric altitude of the interrogator. Only aircraft
reply whose altitudes are within *650 ft of the encoded refer-
ence altitude of a received interrogation. By processing the
replies from a series of interrogations.at different reference
altitudes, an interrogator can determine the altitude band of
intruders. During a measurement and evaluation perilod of 3.7
sec, range measurements are processed and the altitude of reply-
ing transponders determined for use in the threat logic. An
alarm is displayed 1f evaluations in two successive periods show
a threat.

Each Honeywell CAS operates elther as an interrogator or a
transponder on a time-shared basis. It would be desirable for
a single interrogator at a time to probe all other transponders
without interference. However, since more than one- CAS may be
interrogating at the same time, replies elicited by one may
interfere with those generated by another. Thils interference,
called fruit, has several effects. For exampie, it interferes
with desired responses and can generate false interrogations.
It is a function of the CAS tracker to eliminate the effects of
such interference. Once a transponder recelives elther a valid
or a false 1nterrogation, it is blocked to other valid interro-
gations for a period of time. A CAS is also blocked when it is
transmitting its own interrogations and awaiting replies. To
overcome blockage and other sources of unreliable communica-
tions, redundant interrogations are made to assure sufficient

data is collected for an evaluation.
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Honeywell has developed two CAS versions: AVOIDS-I for
600 knot alrcraft at all altitudes, and AVOIDS-II for aircraft
with speeds below 250 knots and operating below 10,000 ft.
AVOIDS-I uses the complete ANTC-117 logic. Both CASs measure
the same parameters described above. In addition, AVOIDS-I
uses the Interrogator's altitude rate as required by ANTC-117.

In the AVOIDS-I logic, depending on altitude separation, an
alarm is glven 1f the relative range between alrcraft in an en-
counter goes below a threshold value. The range threshold 1s a
variable equal to the relative closing range rate times a con-
stant (1 with dimensions of time)‘plus a constaﬁt (RO, which has
the dimensions of range). Two paired values of 1 and Rn are
used: for altitude separations up to *3250 ft, a Ty alarm (with
T = U0 sec and Ro = 1.8 nmi) requires the pilot to limit air-
craft maneuvers and the rate of climb/dive; for altitude separa-
tions up to 600 ft, a 7

1
which will occur at a shorter relative range, requires the pilot

alarm (1t = 25 sec and R, = 0.25 nmi),

to climb or dive, depending on whether the aircraft 1s higher or
lower than the intruder.

The AVOIDS-II differs from the AVOIDS-I in that it has less
power, poorer sensitivity, and provides a smaller protection
volume. The protection volume of the AVOIDS-I is patterned after
ANTC-117 specifications and covers *3250 ft relative altitude and
102,000 ft in range. The AVOIDS-II protection volume covers
only #1250 ft relative altitude and 25,600 ft in range.

C. IDA'S TASK

IDA previously conducted an analysis of an earlier version
of the Honeywell air-derived CAS. The latter work, referred to
as Phase I, was presented in Ref. 2. Since the publication of
that report, Honeywell has redesigned the CAS.

IDA was requested under Task B of the DOT/FAA contract
DOT FA7UWA-3498 (see Appendix A) to analyze the revised Honey-
well CAS. The new work is referred to as Phase II. Like the
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first report (Ref. 1), this report is limited to exploring
critical problems and performance of the Honeywell CAS in the
most dense alrcraft traffic environment projected by the FAA's
Los Angeles (LAX) 1982 model--that below 8000 ft and within
about 10 miles of the Los Angeles aifport.

Where possible, we attempted to build on the Phase I analy-
sis of the Honeywell CAS, but because of extensive and signifi-
cant design changes (particularly in the target trackers and
threat evaluation logic), the portion treating performance of
the CAS with regard to detection probability, false track initi-
ation, and false alarm probability in a dense environment, had to
be revised.

D. ASSUMPTIONS

The FAA 1982 LAX traffic model used in our analyses provides
the density of aircraft as a function of altitude and range from
Los Angeles airport. The traffic is most dense at the center and
falls off with increasing range from LAX and with increasing
altitude. Since the model gives only the static distribution,
it 1s necessary to make assumptions about dynamic parameters,
such as speed. Generally, the aircraft were assumed to have
random heading and a velocity distribution similar to thosr
described in Ref. 1, even though traffic is more structured in
the real world. With such an assumption, the range rates can be
shown to have a zero mean Gaussian distribution and standard
deviation of about 300 ft/sec.

The proposed logic and equipment parameters (power, sensi- .
tivity, etc.) for AVOIDS-II are not compatible with ANTC-117 re-
quirements for protection, Therefore, IDA assumed that AVOIDS-II
would be modified, i.e., that the power and sensitivity would be
improved to pérmit detection ranges compatible with ANTC-117
threat volumes below 10,000 ft and that its logic would be modi-
fied to that of ANTC-117. Determining the cost of such changes
to AVOIDS-II is outside the scope of IDA's task assignment and

was not addressed. 5



All aircraft were assumed to be instrumented with the
Honeywell CAS, and the equipment was assumed toAbe rellable and
to operate in accordance with Honeywell's present design goals.
In addition, a clean electromagnetic environment was assumed in
that the effect of electromagnetic interference, other than that
induced by other CAS-equipped alrcraft, was not considered.

- Deviation from these assumptions could adversely affect the per-
formance capabllity predicted for the equipment.

In this report, the evaluation of the CAS has been based on
the criteria and specifications, insofar as they are applicable,
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 forth in that document.
In another, concurrent, study by IDA (Ref. 2), an evaluation of
ANTC-117 1itself was made. The results of that study indicate
that ANTC-117 requirements do not guarantee the safe avoldance
of collision between encountering alrcraft in all circumstances,
i.e., the desired time allowance for maneuver of about 15 sec
may not be realized in all encounters. Moreover, fhey predict
excessive alarm rates (of the order of a few per minute) for
an aircraft in high density traffic such as forecast by the FAA
for the Los Angeles Basin in 1982.

E. REPORT ORGANIZATION

The summary and conclusions of our analysis are presented
next. Chapter III describes the operation of the CAS and in-
cludes a list of the design changes that have been incorporated
since IDA conducted the Phase I analysis (Section III-E).
Chapter IV presénts the results of an analysis of the false
alarm rate. An analysis of the AVOIDS detection probability
is provided in Chapter V.



II. SUMMARY AND CONCLUSIONS

A. SUMMARY

This report presents the results of an analysis of the per-
formance of the Honeywell Collision Avoidance System (CAS) under
the high-density conditions forecast for peak air traffic in the
Los Angeles (LAX) Basin in 1982.% Our analysis indicates that
the Honeywell AVOIDS-I deviates in minor respects from the re-
quirements set forth in ANTC-117. However, the AVOIDS-II equip-
ment, designed for use on slower aircraft with speeds less than
250 knots and at altitudes below 10,000 ft, has a much smaller
protection volume than that specified by ANTC-117 for operation
below 10,000 ft. For the purposes of estimating detection and
false alarm probabilities, the protection volume of AVOIDS-II
was increased to make it compatible with ANTC-117. (The pro-
tection volume of AVOIDS-I is already designed to be approxi-
mately that specified by ANTC-117 for aircraft operating below
10,000 ft and for aircraft speeds up to 600 knots above 10,000 ft.)

The results of our analysis of detection and false warning
probabilities indicate that the AVOIDS-I and the assumed modi-
fied AVOIDS-II will function satisfactorily in the peak density
projected by the FAA air traffic density forecast for the Los
Angeles Basin in 1982;

Many factors, such as terrain shielding, ignition noise,
multipath, and fine structure in antenna patterns, were not con-
sidered. Further, the ANTC-117 specifications require engineer-

ing and technical tolerances applicable to a oné-way CAS but not

*
The forecast was prepared by the Aviation Forecast
Division of the FAA, 27 April 1971.
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to a two-way system. If the ANTC-117 specifications had cited
performance tolerances, such as permissible probabilities of
late alarms and false alarms, we might have been able to deter-
mine the level of traffic density at which the CAS i1s adequate.
Lacking these specifications, the adequacy must be a judgmental
factor. .

B. CONCLUSIONS

Conglusion 1: The Avoids-II, as pregsently designed,

has a much smaller threat volume than that required by
the ANTC-117 specifications and may not provide adequate
protection to gemneral aviation aircraft. The threat
volume of the AVOIDS-II is #1250 ft 1in relative altitude
and 25,000 ft in range, whereas ANTC-117 logic has a
threat volume of %3350 ft in relative altitude and about
47,000 ft in range for an aircraft below 10,000 ft. To
meet ANTC-117 specifications, the AVOIDS-II threat logic
would have to be changed and the power budget would have
to be increased by at least 6 dB to support reliable
communications.

Conclusion 2: The AVOIDS-I altitude threat logic
has minor discrepancies as compared to ANTC-117. The
ANTC-117 logic covers *3350 ft in relatlve altitude
versus *3250 for AVOIDS-I. The boundary between the
commands to limit altitude rate (h) to 2000 and 1000
ft/min is specified as 1850 ft in ANTC-117 but as 2050
ft relative altitude for the AVOIDS-I, The boundary of
the 1limit command between 1000 ft/min and 500 ft/min is
specified as 1350 ft in ANTC-117 but 1250 ft for the
AVOIDS-TI. '

In addition, the description provided IDA regarding
the manner in which the predicted co-altitude bands work



is not in accordance with ANTC-117.* Under some con-
ditions of high vertical rates and target altitude
"separation, the AVOIDS logic could generate a "Limit
Vertical Rate" command whereas the ANTC-117 logilc
would generate a "Level-Off, Do Not Turn" command.

Conclusion 3: For noncollision threats, the AVOIDS

tracking filter may prematurely drop a command as the

atreraft nears the point of closeat approach. This re-
sults from the high indicated acceleration due to
changes in geometry. The CAS will not meet ANTC-117
specifications in this regard; however, this effect

will not occur ih collision encounters, and in noncol-
lision encounters the alarm is dropped no more than

5.5 sec early. This time 1s too little for the alrcraft
to maneuver into a collision trajectory.

Conclusion 4: The results of our analysis indi-
cate that the false alarm rate of the AVOIDS CAS, if
operated in the peak density forecast by the FAA for the

1982 Los Angeles Basin, will not be excessive. About
eight false alarms per hour are expected for all air-
craft in the 1982 Los Angeles Traffic Model, and the
average false alarm rate per aircraft 1s therefore less
than one per 100 hr. Most of these false alarms are due
to alrcraft with near-threatening values of range rate
and are allowed according to ANTC-117 specifications of

T alarm accuracy.

Conclusion 5: AVOIDS transponder blockage can result

in a delay in displaying an alarm, but its effect is rela-
tively small. The probability of detecting a target in a
single 3.7 sec evaluation epoch 1s about 0.99. Since the

¥ﬁoneywell states that the description of the predicted
co-altitude bands provided IDA was in error and that the
current equipment design will work in accordance with
ANTC-117 threat logic.

9



AVOIDS CAS requires that a threat be detected in two
successive epochs to display an alarm the probability of
displaying an alarm at the t, boundary, or of changing
an alarm from that for T, to T at the T, boundary, 1s
0.98. Delays of one-epoch or two-epochs are equally
likely, each with probability 0.0l1, and a tﬁree-epoch
delay has probability 0.0002. The expected delay 1is a
small fraction (0.03) of an epoch, or 0.11 sec. Once an
alarm 1s displayed, the probability of falsely dropping
the alarm is 0.001 and can be ignhored.

When a one G positive acceleration, i.e., one that
is reducing the rate of closure, 1s present the target
may not be detected properly with probability 0.02, but
there do not appear to be any encounter circumstances
in which thils deviation from ANTC-117 has importance.

10



ITI. SYSTEM DESCRIPTION

A. INTRODUCTION

The Honeywell CAS 1s described here in some detail for
the reader who may not be famililar with 1t. Changes since the
“previous IDA analysis (Phase I) are described in Section E.
Analysis of the system performance is presented in Chapters IV
and V.

The system employs a transponder ranging technique. It
requires no time synchronization between participating aircraft,
since the system has both an interrogation and a response mode
of operation. During the interrogation mode, a fourépulse
'altitude—éoded waveform is transmitted. This waveform requests
other aircraft within communication range and within a speci-
fied altitude band (typically *650 ft of an encoded reference
altitude) to respond. An aircraft responds by trahsmitting
a single 65-nsec pulse, which is delayed a fixed amount with
respect to the received interrogation waveform.

The interrogation and reply waveforms are transmitted
on the same frequency (1.6 GHz). They are distinguished by
using two palrs of pulses transmitted during the interrogation
mode, and a single pulse transmitted during the reply mode.
The pulses of the first interrogation pair, each of 65-nsec
duration, are separated in time by 500 nsec. A second pair
of 65-nsec pulses in the interrogation waveform have'a_relative
separation of 600 nsec. Altitude is encoded on the interro-
gate waveform by varying the time separation between the first

11



and second pulse pairs.; A minimum time separation of 32.5 usec
occurs when the lowest reference altitude (-1200 ff& 18 encoded.
For higher altitudes, the time separation 1s increased by 200
nsec for each 100 ft of altitude. The maximum altitude that

can be encoded is 60,000 ft. The minimum separation of 32.5
usec 1s 1Intended to prevent ground reflections from interfer-
iIng with the direct path transmission between aircraft.

Small aircraft willl probably be equlipped with a single
antenna, but larger alrcraft will be equipped with two antennas.
To avold producing radiation pattern nulls when two antennas
are used, a relative time delay greater than 65 nsec is intro-
duced between the excitation of the two antennas. Also, the
pulse separation of the first pair is made different from that
of the second pair so that the first pair can be recognized by
a decoder as the beginning of an 1nterrogation and the second
pair as the end. Multipath, even with a 32.5 usec guard delay,
.can lead to ambiguous altitude decoding.

B. AVOIDS INTERROGATION/RESPONSE SEQUENCE

The tasic interrogation/response sequence for making a
range measurement is shown in Fig. 1. The sequence starts
when an interrogation waveform 1s transmitted by an aircraft
(Aircraft 1 in Fig. 1). For purposes of this discussion, we
assume that the reference altitude encoded in the transmission
is such that a second aircraft (Aircraft 2) responds. This
does not ensure that the two aircraft are within *650 ft of
each other, because several altitude bands must be searched
during threat evaluation. The altlitude search is accomplished
by transmitting a series of interrogation sequences in which
the reference altitude is changed (this is described in more

detaiil in Section C).

Aircraft within communication range of Aircraft 1 receive

the first pulse pair of the interrogation waveform and check

12



AIRCRAFT 1 AIRCRAFT 2

AIRCRAFT 2 RECEIVES INTERROGATION FROM
AIRCRAFT 1

AIRCRAFT 2 COMPARES ENCODED ALTITUDE TO
OWN ALTITUDE. AIRCRAFT 2 RESPONDS IF IT
IS WITHIN THE INTERROGATED ALTITUDE BAND

AIRCRAFT 1's INTERROGATION CONVEYS AIRCRAFT 1's INTERROGATION,
AIRCRAFT 1's REFERENCE ALTITUDE RECEIVED BY AIRCRAFT 2
N —
AIRCRAFT 1's |«AIRCRAFT 2'9»1:
REFERENCE > ALTITUDE PLUS:|
ALTITUDE FIXED DELAY ”

PLUS FIXED DELAY
: - AIRCRAFT 2's ALTITUDE GATE-
FeF [ X ED™

AIRCRAFT 1 RECEIVES RESPONSE FROM AIRCRAFT 2 FIXED
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FIGURE 1. Interrogation/Response Sequence of Events
' (Source: Ref. 3)
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for the correct time separation between the pulses for the
interrogation first pulse pair; each CAS receiver 1s equipped
with a digital correlation network, matched to the interroga-
tion first pulse palr. An output of the correlation network
occurs only if the time between the two received pulses 1is
approximately correct (i.e., 500 nsec for the first pulse
pair). When Aircraft 2 receives the first pulse pair of the
interrogation waveform, 1t generates an altitude acceptance
window for checking the transmitted reference altitude. If
the second pulse palr of the interrogation waveform passes a
second correlation network, which checks for a time separation
of 600 nsec, and 1s received within the acceptance window,
Alrcraft 2 responds. The acceptance window 1is positioned so
that a reference altitude, equal to the receiving alrcraft's
altitude, appears in the middle of the gate. By making the
window 2.6 usec wide, a pulse pailr that 1s encoded within
2650 ft of the receiving ailrcraft's altitude can be received.
An output from the altitude window causes the transponder

to reply with a single 65-nsec pulse. However, the actual
time of transmission is delayed by 32 usec. ‘

After Alrcraft 1 transmits 1its interrdgation waveform,
its receliver 1s programmed to accept replies that are returned
within a maximum range of interest. According to the ANTC-117
specification, a L alarm can appear at a maximum range of

R

max 10,940 + R (T2)

10,940 + (916)(40)

47,580 ft

for an aircraft below 10,000 ft. Above 10,000 ft, the legal

speed 1s greater and Rmax must be 1lncreased.
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Honeywell has designed two versions of its CAS: AVOIDS-I
for high-performance aircraft and AVOIDS-II for low-performance
aircraft. The Honeywell AVOIDS-I design provides a maximum
instrumented range of 102,400 ft above altitudes of 10,000 ft
80 that an encounter between two aircraft, each flying at a
speed of 2000 ft/sec, can be detected at the maximum T, warning
range of ANTC-117. The AVOIDS-I is patterned after ANTC-117
threat logic specifications. The AVOIDS-II, however, is not.
The AVOIDS-II has been designed to provide a smaller threat
volume and has a maximum instrumented range of 25,600 ft.

There is no accepted specification similar to ANTC-117 for a
CAS with the characteristics of the AVOIDS-II. Honeywell be-
lieves the AVOIDS-II will be useful for smaller aircraft which
cannot afford the full performance of the AVOIDS-I. However,
because the FAA task under which IDA conducted this study (see
Appendix A) specifies that the CAS should be analyzed within
the context of ANTC-117, IDA has chosen to assume thét AVOIDS-II
'would be modified to incorporate the ANTC-117 loglc rather

than dismiss the AVOIDS-II as inappropiate for analysis. It
should be noted that the AVOIDS-II operating in the transponder
mode 1s compatible with AVOIDS-I.

Replies received within the maximum range of interest
are detected and assigned to range bins. The data are then
stored in binary shift registers for comparison with other
successlive data sets obtained at a different time. Each range
bin 1is assigned to a specific bit of the shift register and
the width of a range bin 1s 50 ft in range.

Timing for the range measurement sequence 1s summarized
in Fig. 2. The interrogate waveform from Alrcraft 1 1s trans-
mitted at zero time (t = 0) and is received by Alrcraft 2 at’
t =5 usec,'assuming a 5000-ft separation between the two
alrcraft (all altitudes are barometric, referenced to sea level).
The output of the two-pulse correlation network of Alrcraft 2
occurs at t = 5.5 usec. Then, the ramp generator 1s started
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to position the altitude acceptance window for receiving the

second pulse palr of the interrogate waveform. For the case

shown in Fig. 2, the ramp produces a 13.4 pusec delay which is
added to the encoding delay of 31.3 usec; therefore, the ac-

ceptance window starts at 50.2 usec (i.e., 5.5 + 13.4 + 31.3)
and contlnues until t = 52.8 pusec so that reference altitudes
within *650 ft can be received.

The second pulse pair of the interrogation waveform from
Aircraft 1 is transmitted at t = U45.5 usec. This assumes that
a reference altitude of approximately 5300 ft has been encoded.
Alrcraft 2 receives the second pulse pair at t = 50.5 psec and -
produces an output of the two-pulse correlator about 0.6 usec
later. The signal 1s then compared with the acceptance window.

After the signal passes the acceptance window, it is de-
layed 32.6 usec, and a single 65-nsec reply pulse is transmitted.
This occurs at t = 83.7 usec. The response is received by
"Adrcraft 1 at t = 88.7 usec. Since the reply occurs within
the transponder's range gate, it 1s recorded. '

Note that in the Honeywell CAS the altitude filtering
is performed in the transponder and is set by the 2.6 usec
altitude gate. The interrogator bilases its transmissions to
probe a particular altitude band; in the case shown in Fig. 2,
the bias is zero. Only transponders whose altitude gate
passes the second pulse palr respond; however, all other trans?
ponders replying to other interrogators and whose transmissions
are receiVed by Aircraft 1 while its range gate 1s open are
put into range bin mémories. These latter signals are not
correct in range or altitude, because they are not synchronized
in any way with Aircraft 1's original transmission. - Such
signals,-referred to as transponder or reply frult, are the
most significant cause of interference in the Honeywell CAS,
just as they are in any unsynchronized interrogator/transponder

system.
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While Aircraft 1 is transmitting its interrogation and
waiting for replies, it does not respond to any other aircraft's
interrogations. This effectvis referred to as interrogator
blockage. In fact, during the interrogation mode, any other
recelved interrogations are treated as replies; these are a
second, but less important, source of fruit. Transponders
can also be blocked 1f they are already completely occupied
in the processes of replying to interrogations when an addi-
tional interrogation is received.

C. TAU THREAT EVALUATION LOGIC

The threat evaluation loglc equipment detects the pres-
ence of threatening aircraft and determines if they meet the
Tau criteria. The AVOIDS-I is patterned after the ANTC-117
logic so the equipment determines if an intruder meets either
Tau 1 or Tau 2 criteria. The AVOIDS-II design, which is not
patterned after the ANTC-11l7 threat loglc, uses three Tau zones
to evaluate potential threats. (The latter logic has not been
analyzed, as previously explained; however, this loglc 1is ex-
plained in this section for the benefit of readers who may be
interested.) The threat evaluation logic equipment should
also prevent fruit and/or a combination of nonthreatening
tracks from being reported as a false threat. For those un-
familiar with the ANTC-117, a short description of the logic
is included in Appendix B. '

The deflning equations for the different Tau zone threats

which are incorporated into the AVOIDS designs are presented '
in Table 1. The boundaries of the Tau zones are a function
of range and range rate so that an intruder with a given value
of range rate may represent a Tau 1 threat at short ranges,
a Tau 2 at 1htermediate ranges, or no threat at longer ranges.
In the remainder of this subsection, the description is mostly
devoted to the AVOIDS-I design. The manner in which the data
are processed in the AVOIDS-II is similar; however, the param-
eters used for threat evaluations are different.
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TABLE 1. TAU ZONES FOR AVOIDS-I AND -II

Tau Zone AVOIDS-I AVOIDS-II
1 R < -25R + 1500 ft or R <25 R or
R < 3000 ft R < 2500 ft
2 R <-40R + 10,800 ft R <40 R or
R < 6000 ft ,
3 (NOT USED AND NOT PART 2500 ft < R < 6000 ft and

-8

Notes: R = Range to Intruder (ft); R = Relative Range
Rate (ft/sec).

The range and range rate of an alrcraft are the param-
eters used to determine whether a threat exists. The short
pulse-width waveforms used by the Honeywell CAS are ideally
sulted for measuring range; however, range-rate information
cannot be obtained from a single transmission. This requlres
the use of a long pulse. Instead of using the dbppler'prin-
ciple, the AVOIDS-I and -II determine an aircraft's range rate
by observing the change in range occurring during a fixed
time interval. The observation time for measuring range rate
is called an epoch. Since a nominal 3.7-sec epoch is planned
for the CAS, the range rate of an aircraft could be calculated
by dividing 3.7 into the observed change in range. It 1is not
necessary to actually perform this calculation, as will be
seen later. By using range measurements separated in time to
ascertain range rate, accurate results may be obtained, but
this technique 1s susceptible to "ghosting" whenever multiple
aircraft are within communication range. (Ghosting occurs
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when the equipment cannot associate the returns received dur-
ing an epoch with each aircraft. When this happens, it is
impossible to uniquely determine the range rate of the intrud-
ing aircraft.)

To reduce the ghosting problem and help prevent the
generation of false tracks, the Honeywell CAS obtains a maxi-
mum of elght sets of range data withiln an epoch. The data
sets are distributed throughout an epoch and have a time sep-
aration of approximately 1/2 sec. The time interval between
data sets 1s called a sub-epoch. For ease of reference, the
sub-epochs will be designated A through H, where A is the
first sub-epoch within an epoch and H 1s the 1last.

The use of multiple data sets within an epoch helps to
reduce ghosting. In addition, the threat evaluation logic re-
quires that data be acquired during all eight sub-epochs if
a threatening track 1is to be declared. This helps to prevent
the generation of a false track due to fruit and/or a combi-
nation of nonthreatening tracks, since a potentiai false
track 1s eliminated when any one set of the sub-epoch data is
missing. The use of this feature requires the system to have
a high probabllity of acquiring an entire data set on a threat-
ening track. Because of the interrogator bléckage (described
in Chapter IV), it is not feasible to attain an adequate de-
tection probability on a single interrogate/response sequence.
As a result, a number of interrogations are made during each
sub-epoch. The data acqulred from the multiple interrogations
are combined in a logical "or," so that a separate memory is
not needed to store the data received from each interrogation.

Either two or three interrogations are made during each
sub-epoch. During sub-epochs D through H, three interrogations
are made. In sub-epochs A through C, three interrogations are
made unless no threat has occurred during the previous two

sub-epochs.
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The threat evaluation logic examines the range data as
they are acquired and discards data not contributing to the
generatlon of a threatening track. The techniques for sorting
the data are described later; however, the sorting process
does not affect the equipment's data storage requirements.

In fact, 1t 1s possible to store all data obtained during the
sub-epochs in raw form and to perform the entire threat eval-
uation at the end of the epoch. Thié procedure does not change
the end result, and it is much easier to describe. The remain-
der of this section describes the threat evaluation logic sys-
tem as if this procedure were followed; note, however, that
after the first sub-epoch a new data set in the second sub-epoch
1s acquired only 1f a target has been detected in the first:
sub-epoch. In subsequent sub-epochs (third, fourth, etc.) a new
~data set 1s acquired only if a potentially threatening track
exlists. For example, if the data from the first and second
sub-epochs cannot be combined 1n such a way as to indicate at
fleast one potential threat, the entire threat evaluation proc-
ess 1s stopped. Then, interrogations are not made within the
altitude band in question until the start of a new evaluation
sequence (i.e., the next epoch). This procedure reduces the
number of transmissions and, therefore, the amount of generated
fruit. However, in a dense traffic environment, the procedure
loses most of 1ts usefulness because the probability of having
at least one potential threat during most of the sub-epochs

is high. This is discussed in more detall in Chapter V.

s

In general, then, the AVOIDS CAS accumulates range-ordered
replies from all other CASs that reply in the eight sub-epochs
of an epoch. The data are used to form tracks using various
criteria corresponding to the ANTC-117 logic and others to
suppress false tracks formed by interactions of fruit and valid
track data. Data corresponding to nonthreatening tracks are
discarded, and potential alarms corresponding to threatening

targets are generated.
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The range tracking filter or Tau filter is best described
in terms of Filg. 3. We assume the depilcted track to be threat-
ening, and it should be detected by the filter. The threaten-
ing aircraft is first observed in range bin 2; however, during
the epoch, the ailrcraft range decreases and the H data show the
aircraft in range bin £2-21. The range of the aircraft is not
important in this discussion.
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FIGURE 3. Range Track for a Threatening Aircraft with a Range
Bin Skip of 21
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The tracking filter works as follows. Assume all of the
sub-epoch range data have beén accumulated and stored in the
equipment's memories. The data from sub-epoch H are searched
until a return is located. Next, the data from sub-epoch A
are checked to see if any returns can be combined with the
return which was found in sub-epoch H data to produce a threat-
ening track. Only a limited number of range bins in sub-epoch
A can be occuplied if the alrcraft is threatening. The most
distant (i.e., longest range) range bin in sub-epoch A is fixed
by the maximum range rate that can be encountered. The clos-
est range in sub-epoch A 1s determined by the minimum value
of range rate that produces a Tau threat. The maximum range
rate that can be encountered is 914 ft/sec, if the interrogat-
ing aircraft is at an altitude below 10,000 ft and a valid
threatening track can move, at most, 64 range bins during an
epoch. Above 10,000 ft, the filter for the AVOIDS-I design
can detect a maximum range rate of 2029 ft/sec and a valid
track is allowed to move inbound 142 range bins.

For the AVOIDS-I, the minimum number of range bins that
can be skipped by a threatening aircraft is set by.the cri-
terion for the T, zone. The equation defining the boundary

-of the =

2-zone is

= _ range - lO&UO (l)
2 range rate ’ .

In this equation, range 1s expressed in feet, range rate in
ft/sec, and T in seconds. An aircraft with a Ty of 40 must

be detected with high probability; however, there may be con-
siderable delay before detection. The equipment 1s designed

so that a threat must be detected in two consecutive epochs
before a command or warning is displayed to the pilot. As a
result, T, in Eq. 1 is assumed to be set to 46 sec to establish
the relationship between a threatening alircraft's range and

k°  its highest acceptable range rate.
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The maximum value of range rate depends strongly on the
aircraft's range. In fact, an aircraft with a range of less
than 10,940 ft i1s allowed to have an opening range rate, and
the search range of sub-epoch A 1s less than the range bin
location of the aircraft in sub-epoch H. For the AVOIDS-I
design, a threatening intruder at short range may move out-
bound by 28 range bins so that the sub-epoch H data can be
28 range bins more distant than the A data.

If a return in the sub-epoch A data 1s found within a
range bin separated from the H datum corresponding to a poten-
tial track which is threatening, a series of range gates (con-
taining a variable number of range bins determined by the
threat logic) 1s established to check whether the data accumu-
lated during the inner sub-epochs can form a threatening track.
Actually, two range bin patterns are used to search the inner
sub-epoch data. However, they work ihdependently and can be
. discussed separately. The range gate pattern which would be
used to detect the threatening aircraft range track of Fig. 3
is shown in Fig. 4. The range gate pattern has three range
bins in each of the inner sub-epoch range gates. .This partic-
ular pattern is referred to as the low-acceleration pattern.

A valld track requires a return within each range gate, so

that the track depicted in Fig. U4 would be classified as threat-
ening for the epoch shown. Note that the location of the range
track in the inner sub-epochs could move one range bin to the
right or left and still be classified as a threatening track.
However, if the range datum for any of the sub-epochs 1s miss--
ing 1.e., no return was received in the range gate for any of
the two or three interrogations of a sub-epoch, or if the range
track for one of the inner sub-epochs 1is displaced by more than
one range bin from the locations shown in Fig. 4, the intruder
will be classified as nonthreatening and rejected. Figure U
shows the position of the range gates that correspond to a tar-
get with a nominal range rate of 314 ft/sec and that corresponds
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FIGURE 4. Range Gate Placement for a Target Skip of 21

vto the range bin skip of 21 from sub-epochs A to H. If the
number of bins skipped between A and H changes, the position

of the range gates for the intermediate sub-epochs would change.
To understand the positioning of the intermediate gates, which
corresponds to forming the tracking filter, first consider a
threatened ailrcraft which produces a stationary range track.

The range track would appear in the same range bin number in ‘
the sub-epoch A and H data and the intermedlate sub-epoch range
gates for detecting such a threatening aircraft would be cen-
tered about the same numbered range bin positions. This posi-
tion of the range gates will be referred to as the zero ref-

erence position.

To track a moving aircraft requires a repositioning of
the range gates so that they follow the average value of ob-
served range rate. For example, in Fig. 4, the center range
bin of the range gates of sub-epochs B through H have been
incremented by a 31 bin relative to the position of the

25



sub-epoch A range bin, with 1 =1, 2 ... 7 corresponding to
sub-epochs B, C ... H. The observed average range rate is
found by measuring the number of range bins skipped between

the A and H data. When making this measurement, the equipment -
uses a referencé clock that counts in a number system to the
base seven. For each clock cycle, the range gates move ohe
range bin between successive sub-epochs from the zero refer-
ence position. For exampie, an aircfaft skipping 21 range

bins between A and H is measured as a clock cycle of three.
(This is the case depicted in Figs. 3 and 4.) The range gate
for sub-epoch B i1s then placed three range bins (31 with 1 = 1)
from its zero reference position, the range gate for sub-epoch
C is moved six range bins (31 with 1 = 2), and so on.

However, the above process does not test for all possible
range rafes, since the range rates tested jump in steps of
one range bin per sub-epoch or 50 ft pér half second (100 ft/sec).
_Of course, the finite width of the range bin allows one to de-
tect a spread of range rates at each clock cycle. The spread
corresponds to + one range bin per epoch, i.e., *14 ft/sec.
One must then provide for testing for the other range rates
which would correspond to the intermediate steps of the range
gété in sub-epoch H, 1.e., gate steps of only one rarige bin in
sub-epoch H rather than steps of seven. 1In testing for the
other range rates, one 1is faced with the problem of moving the
intermediate gates, which, of course, likewise can move only
in inérements quantized to one bin. Therefore, when the sub-
epoch H gate is moved by one bin, the intermediate (B through
G) bins may or may not move one bin. These intermediate gate
movements must be programmed to move so as to approximate the

average range rate being tested.

Another point to be made is that the track of a real
target need not correspond to constant range rate because the
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target may have acceleration or apparent acceleration if it
1s not on a collision course. The effects of acceleration
plus the quantizing require that the intermediate sub-epoch
gates be three bins rather than one bin wide.

To accommodate all range rates that must be tested, the
measured phase or portion of a clock cycle also produces a
movement of the range gates. Clock phase (8) is the number
of range bins an aircraft moves in excess of an integer mul-
tiple of seven: 4
L, - LH | -1

: A
- 7 x INT 7 lA - RH #0

0= ]2, -t |

In this equation, %, and Ly are the aircraft's position in
sub-epochs A and H, respectively, and INT ( ) indicates the
.integer value of the enclosed Quantity. If for example,

LA - QH = 17, then 6 = 3. The range gate movement for each
sub—epoch that results from each of the seven possible clock

phases is given 1n Fig. 5. Actually, however, the data are
moved relative to the range gates, but the effect 1is identical.
In the matrix shown, a "1" indicates that during that clock
phase the data stored in the particular sub-epoch range bin are
moved one range bin position with respect to the stationary

H data. A zero indicates the data are not moved during a par-
ticular clock phase. The shift 1s always from left to right

in the direction in which range increases. The incremental
movement repeats after seven values of range rate are checked,
so that only seven shifts, or clock phases, of the data are
shown. After seven clock phases, the data are displaced one
range bin between sub-epochs. On the eighth shift of the data
(that 1s, one clock phase cycle plus el) the data are shifted
one range bin between sub-epochs plus the shift indicated in
Fig. 5 for 61.
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FIGURE 5. Data Shift as a Function of Clock Phase

Effectively, a new value of range rate 1s checked during
each clock phase. During clock phase 61, the A and B sub-
epoch data are moved one range bin and the C through H data
are held fixed. During clock phase 92, the A data are moved
an additional range bin and the data in the shift register
for sub-epoch C, D, and E are moved one bin and those for B
and F through H are not moved. The data in H remain fixed
and those in sub-epoch A are moved one bin so that each clock
phase checks for a new value of range rate which is 50/3.5
ft/sec different than the previous value.
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The range tracker requires a separate memory location
for each range bin (i.e., 50 ft of range) in each sub-epoch
for each altitude band in which a Tau determination is made.
The memory for the AVOIDS-I CAS consists of a number of 2048-
bit shift registers (each bit represents a range bin). Forty-
eight shift registers are needed just for Tau evaluation. The
shorter range AVOIDS-II require twenty-four 512-bit shift re-
gisters for Tau evaluation. To increase the instrumented
range of the AVOIDS-II to allow the detection of a threat at
maximum Tau 2 warning range would require doubling the bit
length of the shift register.

The range or Tau tracker uses a set of fixed range gates
to determine if a threatening range track is present. The
stored data collected during an epoch are moved within the
shift register memory to check for an occurrence of a thréat-
ening pattern. A single pattern, used in an older design,
consisted of one range bin in the first and last sub-epoch and
elther two or three range bins in the inner sub-eboch. The
new design has two patterns which are depicted in Fig. 6;
Range gates are shown in thelr zero reference positions. The
symmetrical pattern shown in Fig. 6(a) is the same one as was
displayed in Fig. 4 for a clock cycle of three. The pattern
consists of a single range bin in the first and last sub-epochs
and three range bins iIn the inner six sub-epochs. This pat-
tern cannot always detect aircraft which are accelerating or
decelerating at 1 G. Target acceleration causes the range
track of an alrcraft to deviate from linearity, and, as a re-
sult, the inner sub-epoch range data to bulge with respect to
a line drawn to connect the sub-epoch A and H data. When added
to measurement noise, the bulge in the range data can cause
the inner sub—epoch data to appear outside the tracker range
gate pattern, in which case, a threatening alrcraft is not de-
tected. To partially overcome this problem, the asymmetrical
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pattern shown in-Fig. 6 (b) 1s used to insure that a threat-
ening intruder with a 1-G acceleration can always be detected,
assuming all sub-epoch range measurements are obtained. This
pattern 1s referred to as the high-acceleration pattern.

The range data which are stored in the shift registeré
are passed by the fixed range bin acceptance patterns and the
occurrence of a return (i.e., an interrogation reply) in all
elght sub-epoch range gates for either pattern cons%itutes a
potential threatening track for that epoch. One bést way of
implementing this procedure 15 described below. The manner
in which the AVOIDS equipment performs this task is described
in the next paragraph.

Initially, the data within the eight shift registers are
arranged so that, for a given shift register position, the A
data are 28 bins or 1400 ft closer in range than the H data.
In other words, an intruder outbound at 400 ft/sec would oc-
cupy the same shift register location in the A and H memories.
This value of range rate 1is the host outbound rate of inter-
est and represents a threat only at short ranges. If the
eight sub-epoch memories are shifted in parallel-past the
fixed acceptance gates, the entire data set would be checked
for intruders at all ranges of interest with +400 ft/sec range
rate. To check for other values of range rate, the relative
position of the data can be changed and the eight shift reg-
isters can agaln be recirculated in parallel. Such a process
can be continued until all values of range rate of interest
are checked. For the AVOIDS-I, the data are checked for a
relative range bin shift from +28 bins to -84 bins between
sub-epochs A and H if the interrogator 1s below an altitude
of 9600 ft and between +28 and -142 bins at altitudes above
9600 ft. The AVOIDS-II design checks a relative shift between
+7 and -64 range bins.
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To reduce the number of operations and the time required
to check the possible combihations, the actual equipment oper-
ates in a manner slightly different than that described above.
All of the shift registers are moved in parallel until a return
is located in the H data. All range-rate values of interest
for possible tracks terminating in the H datum are then checked
by changing the position of the A through G data while hold-
ing the H datum fixed. At the conclusion of this process, the
A through G data are returned to thelr orlginal positions and
all eight sub-epoch data sets are again shifted in parallel
until the next H datum is found. The process of changing the
relative position of the sub-epoch data 1s then repeated.

It is sometimes easier to visuallze the operation of the
tracking flilter by considering the stored data to be fixed
and the acceptance range bin patterns to move. This 1s dis-
played in Fig. 7 for the seven possiblé clock phases. The
.top diagrams are for the low-acceleration pattern and the bot-
tom shows the high-acceleration pattern. Phase 7 i1s shown
first, since 1t corresponds to the case in which the acceptance
gates are in line and a check is made for an intruder with a

6
7> 71
66 clock phases, only two range bins are included in sub-epochs

zero value of range rate. Note that during the 6 and

B and G for the high-acceleration pattern.

D. ALTITUDE COMMAND LOGIC

In additlon to detecting Tau zone threats, the CAS deter-
mines the relative altitude of the intruder alrcraft so that '
proper commands are displayed to each pllot. The altitude
threat logic recommended in the ANTC-117 specification for a two-?
aircraft encounter is shown in Fig. 8. The altitude of in-
terest 1s within +3400 ft of the interrogating aircraft. With-
in these limits, which require different instructions to be
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FIGURE 8. Altitude Threat Logic Output--Two-Aircraft Encounter
(Source: ANTC-117)
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displayed to the pillot, there are 10 altitude bands. For ease .
of explanation, the five bands above the interrogating alrcraft
are labeled Al through A5 and the five below the aircraft are
labeled Bl through BS5.

Accord;ng to the altitude threat loglc, a command "Dive
Do Not Turn" 1s displayed to the pllot when a CAS transponder
detects an ailrcraft in Al (indicddated altitude difference of 0
to 800 ft above the interrogating aircraft), which represents
a Tl zone threat; however, when‘the intruder 1s a 1 .threat

the pllot 1s told "Don't Climb Do Not Turn."

2

An important feature of the logic 1s that the boundaries
between Al and A2 and between Bl and B2 change by 200 ft 1if
the interrogating aircraft descends below 10,000 ft. Also,
the boundary between A2 and A3 and B2 and B3 depends on the
rate of climb or descent of the interrogating aircraft. For
example, the A2/A3 boundary 1s set at 1050 ft when the inter-
rogating aircraft 1s climbing at a rate of 500 ft/min, but 1t
1s set at 1300 ft when the rate of climb increases to 1000
ft/min.

While the ANTC-117 altitude logic was developed with the
~assumption that each aircraft would always transmit 1ts own
quantized barometric altitude, this 1s not the case for the
AVOIDS equipments. Rather, an AVOIDS interrogator transmits
a coded altitude interrogation. The coded altlitude consists
of the interrogator's altitude plus a bias. Other aircraft.
reply only if the coded altitude is within %650 ft of their
own altitude. Thus, to cover the necessary total altitude
band of +3400 ft specified in ANTC-117, an interrogator must
transmit several interrogations, each with a different blas.
A minimum of five such blases are needed to cover +3250 ft,

with each interrogation covering 1300 ft.
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In addition to covering the total altitude spread, it 1s
necessary in accordance with~ANTC—ll7 to determine in which of
the altitude bands shown in Fig. 8 a target lies. Therefore,
given the limitation that each altitude layer probed by an
AVOIDS equipment covers 1300 ft, more (overlapping) layers must
be probed to determine in which of the ANTC-117 bands the tar-
get is. Thus, the general approach taken by Honeywell is to
probe a number of partialiy overlapping 1300-ft layers and by
a logical process determine approximately in which ANTC-117
altitude band the target lies. Actually, the AVOIDS-I equip-
ment does not duplicate exactly the boundariles of the ANTC-117
altitude bands in order that the number of biased altitude
layers probed can be kept to a minimum. This discrepancy is
discussed later.

The AVOIDS altitude command loglc works as follows. The
commands displayed to the pilot of the'1nterrogatinglaircraft
are based on the determination by the equipment of the threat-
ening aircraft's Tau zone and 1ts relative altitude. The rel-
ative altitude between the interrogator and the intruder is
quantized into a number of altitude threat zones (nine for the
AVOIDS-I and five for the AVOIDS-II). The position, in rela-
tive altitude, of the altitude threat zones 1s presented in
Table 2 for each of the AVOIDS designs. The equipment must
also determine when a threatening aircraft is within £M50 ft
of 1ts altitude so that an altitude bilas in fhe direction of
an intended maneuver can be added to a threatened aircraft's
interrogation waveform to prevent both alrcraft from perform-
ing the same maneuver. In addition, the AVOIDS-I has two pre-
dicted co-altitude threat zones, designated PCA and PCB, which
are used if the interrogating aircraft's rate of climb or dive
is 500 ft/m1n>or greater. The PCA band is used by a climbing
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aircraft and PCB 1is used by a diving aircraft. The locations
of the PCA and the PCB altitude bands are centered in relative
altitude at one-half the climb rate in ft/min and extend 650
ft above and below this point.

TABLE 2. ALTITUDE THREAT ZONES

Altitude Altitude Range

Threat

Zone ° AVOIDS-I AVOIDS-1II
P(20) +2150 to +3250 Not Used
P(10) - +1250 to +2150 Not Used

P(5) +650 to +1250 +650 to +1250
TA* +50 to +650 +50 to +650
TE -50 to +50 -50 to +50
TB* -650 to -50 , -650 to -50
M(5) -1250 to -650 -1250 to -650
M(10) . -2150 to -1250 Not Used
M(20) -3250 to -2150 Not Used

*At an altitude of 9600 ft or higher, the TA and
TB zones are changed from 2650 ft to +850 ft.

The altitude threat zones of the AVOIDS~I are patterned
after the altitude threat logic recommended in ANTC-117, al-
though some differences exist. A comparison of the ANTC-117
and the AVOIDS-I altitude threat logic 1s presented in Fig. 9.
Only the ubper half'of-the threat region 1s shown. For the
ANTC-117 logic, the altitude of interest is within #3400 ft
of the interrogating aircraft and 1s slightly larger than the
$3250 ft of AVOIDS-I design. Within the *3400-ft limit, the
ANTC-117 1ogie defines ten altitude zones. The AVOIDS loglc
has nine altitude threat zones and two predicted co-altitude
bands for a total of eleven. However, a separate command 1is
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not provided for the TE zone of Table 2, so that both the
ANTC-117 and the AVOIDS-I 1ogic have the same number of threat
zZones, élthough their boundaries differ somewhat in relative
altitude.

In Fig. 9, the movable altitude threat zone, A2 for the
ANTC~-117 logic and PCA for the AVOIDS logic, is shown for an
interrogating aircraft which is climbing at 500 ft/min. The
difference in the upper boundary for the two logics is 200 ft
for this value of h (altitude rate). The lower boundary of
the 'AVOIDS logic is correct for this h. However, for higher
values of h, the lower boundary of the PCA band can rise above
the upper boundary of the TA threat zone. It is then possible
for a threat to appear between the TA and PCA bands and to pro-
duce a limit h command rather than the level-off command sug-
gested by ANTC-117.¥

The AVOIDS equipment determines the altitude threat zone
of a threatening aircraft by transmitting in several altitude
bands during an epoch. An altitudé band covers 1650 ft and
can be positioned at any desired altitude by properly ehcoding
the time separation between the pulse pairs of the interroga-
tion waveform. An AVOIDS-I uses 11 discrete altitude bands,
each placed at a different relative altitude with respect to the
interrogating alrcraft's altitude, for determining é threaten-
ing aircraft's altitude threat zone. However, not all the
altitude bands are interrogated during any epoch. The bands
which are interrogated depend on the altitude rate and the
threat conditions which exist within the interrogating air-
craft's protected volume. This will be discussed in more de-
tail later in this subsection. The total altitude searched

T
Honeywell has Iinformed IDA that the system description they
provided was in error and that this condition can no longer
occur. Also, the upper boundary of the predicted co-altitude
bands 1is now positioned in accordance with ANTC-117.
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by an AVOIDS-I is #3250 ft. An AVOIDS-II provides a smaller
protected volume and uses oniy five altitude bands to search
1250 ft in altitude. More than the minimum number of alti-
tude bands are provided for searching the altitude of interest,'
so that the desired spacing and width of the altitude threat
zones can be establlshed. The placement of the interrogated
altitude bands 1is shown in Fig. 10 for the AVOIDS-I, and

those for the AVOIDS-II are presented in Fig. 11. On the right
side of these figures are displayed the altitude threat zones
discussed earlier. The altitude bands for the AVOIDS-I are
labeled I(+6), I(+15), I(+26), I(-6), I(-15), I(-26), I(0),
I(+4), 1(-4), PCA, and PCB. Those for the AVOIDS-II are labeled
1(+6), I(-6), I(0), I(+4), and I(-4). Note that at least one
boundary of the altitude bands which are interrogated coincides
with a boundary of an altitude threat zone. By checking for

the preseénce or absencelof a detected threat in the interrogated
altitude band, it 1is possible to uniquely determine an intruder's
altitude threat zone.

The Tau zone of threatening alrcraft within the relative
altitude covered by the protected volume must be checked and
'may require a full set of eight sub-epoch range measurements.
There 1s considerable overlap in the altitude bands so a Tau
measurement in each band is not necessary. For the AVOIDS-I,
a Tau measurement is made in each of the six altitude bands
of the left side of Fig. 10 [i.e., those marked I(+6), I(-6),
I(+15), I(~15), I(+26), and I(-26)] and an AVOIDS-II measures
Tau in only two of the altitude bands marked I(+6); I(-6) in
Fig. 11. In the remaining bands altitude correlation data are
acquired and a full set of range measurements is not needed,
i.e., in each of the eight sub-epochs.

The alfitude bands in which altitude correlation data
are obtained are only interrogated if a potential threatening
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track exlsts 1n an altitude band in which a Tau measurement

is 1n progress. Even then, a potential threat must be observed
for three sub-epochs before an attempt 1s made to refine its
location 1in altitude by interrogating the appropriate altitude
bands for correlation. The manner in which the .equilpment uses
the range data obtained from the different altitude bands can
best be explained with an example. Suppose a potential threat
exlists 500 ft above an aircraft with an AVOIDS-I CAS which is
flying below 9600 ft and that this 1s the only alrcraft within
communication range. Of the six altitude bands interrogated

in sub-epoch A, a reply would only be received in I(+6). Dur-
ing sub-epochs B and C, only the I(+6) altitude band would be
interrogated and a potential threatenling response would be
observed. At this point 1in the threat evaluation process, the
altitude of the threat could be anywhere between -50 ft and
+1250 ft and could, thefefore, appear in altitude threat zone
TE, TA, or P(+5). To resolve this ambiguilty, altitude bands
‘I(O), I(-6), and I(+6) would be interrogated in sub-epoch D.
The Tau evaluation would continue in I(+6). For example, sup-
pose that in sub-epoch D the threat occurred in range bin 2.
Then, data from I(0) and I(-6) would be checked for a return

in range bins %2-1, 2, and %+1. This process is referred to as
altitude correlation. For the example being considered, the data
received in the designated bins 2-1 to 2+1 from I(0) would cor-
relate with the potential threatening track in I(+6), but those
from I(-6) would not, unless, of course, a fruit pulse appeared
in I(-6) in the appropriate bins. As a result, the equipment
would decide the threat was in altitude threat zone TA, and
during sub-epoch E, only altitude bands I(+6) and I(0) would

be interrogated. I(+6) would continue to be interrogated as
long as the range track fell within the Tau filter range gate
pattern and I(0) would be interrogated during the remaining
sub-epoch as long as received response correlated with the
threatening track in I(+6).
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Table 3 shows the relatibnship between a threatening air-
craft's altitude threat zone and the altitude bands in which

it will respond. Both the AVOIDS-I and AVOIDS-II deslgns are
shown.

TABLE 3. AVOIDS ALTITUDE CORRELATION LOGIC

Alt{tude Altitude Correlation Logic

Threat .
Zone : AVOIDS-1I ' _ AVOIDS-11
P(20) I(+26)'and Not I(+15) Not Used
P(10) 1(+15) and Not I(+6) Not Used
P(5) I1(+6) and Not}I(O) I1(+6) and Not I(0)
TA 1(+6) and 1§0) 1(+6) and Not I(-6)
and Not I(+4)
TA(BIAS) ~ I(+6) and I(0) I1(+6) and I(+4)
' and I(+4) : and Not I(-6)
. TE _ I1(+6) and I(-6) I1(+6) and I(-6)
and I1(0) . and I1(0)
TB(BIAS) I(-6) and 1(0) I1(-6) and I(-4)
and I(-4) and Not I(+6)
TB I1(-6) and I(0) 1(-6) and 1(0)
- and Not I(-4) and Not I(+6)
M(5) ~ I(-6) and Not I(0) I(-6) and Not I(0)
M(10) ' I(-15) and Not I(-6) Not Used
M(20) I(-26) and Not I(-15) ~Not Used

Note: At an altitude of 9600 ft or higher, the co-altitude
zone (TA and TB) is changed from *650 to +850 ft
for AVOIDS-I. This is accomplished by replacing
the I(0) altitude band with the I(+4) and I(-4)
bands.
The loglc for deciding which altitude bands will be ip-
terrogated 1s presented in Table 4 for the AVOIDS-I and Table
5 for the AVOIDS-II. In the tables, T(X) indicates a poten-

tlal threatening range track exists in altitude band X; H(X)
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TABLE 4.

AVOIDS-I ALTITUDE BAND DECISION LOGIC

l

Sub-Epoch Time Periods

Altitude
~ Band A B c D £ F G H
PCA! 0 0 0 T(+6) | H(+6) | H(+6) H(+6) H(+6)
T(+15) | H(+15) | H(+15) | H(+15) | H(+15)
T(+26) | H(+26) | H(+26) | H(+26) | H(+26)
U(+26) |h > 1000 ft/min | T(+26) | T(+26) | T(+26) | T(+26) | T(+26) | T(+26) | T(+26)
1(+15) |h > 500 ft/min | T(+15) | T(+15) | T(+15) | T(+15) | T(+15) | T(+15) | T(+15)
T(+26) | H{+26) | H{+26) | H{+26) | H(+26)
1(+6) 1 T(+6) T(+6) T(+6) T(+6) T(+6) T(+6) T{+6)
T(-6) | H(-6) | H(-6) | H(-6) | H(-6)
L, T(+15) | H(+15) | H(+15) | H(+15) | H(+15)
1(+4) 0 0 0 T(+6) | H(+6) | H(+6) | H(+6) [ H(+6)
| T(-6)2 | H(-6)2 | H(-6)2 | H(-6)2 | H(-6)2
1{0)3 0 0 0 | T(+6) | T(+6) | T(+6) | T(+6) | T(+6)
T(-6) T(-6) T{-6) T(-6) T(-6)
1(-4) 0 0 0 T(-6) ! H(-6) | H(-6) | H(-6) | H(-6)
T(+6)2 | H(+6)2 | H(+6)2 | H(+6)2 [ H(+6)2
1(-6) 1 T(-6) | T(-6) | T(-6) | T(-6) | T(-6) |} T(-6) | T(-6)
T(+6) | H(+6) | H(+6) | H(+6) | H(+6)
T(-15) | H(-15) | H(-15) | H(-15) | H(-15)
1(-15) [h < -500 ft/min | T(-15) | T(-15) | T(-15) | T(-15) | T(-15) | T(-15) | T(-15)
T(-26) | H(-26) | H(-26) | H(-26) | H({-26)
1(-26) [h < -1000 ft/min| T(-26) | T(-26) | T(-26) | T(-26) | T(-26) | T(-26) | T(-26)
PCBY 0 0 T(-6) ' H(-6) | H(-6) | H(-6) | H(-6)
T(-15) | H{-15) [ H(-15) | H(-15) | H{-15)
T(-26) | H(-26) [ H(-26) | H(-26) | H(-26)
Notes: T(X) indicates a va]ga_Zfack through previous sub-epoch in band X and H(X)

indicates a valid track through previous sub-epoch in altitude correlation
band X. 0 indicates that no interrogations are made during the sub-epoch,
and 1 that they have been made.

lysed only when altitude rate > 500 ft/min.
20nly above 9600 ft.

3Not used above 9600 ft.
“ysed only when altitude rate is < -500 ft/min
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indicates that valid (i.e., within *1 range bin of the poten-
- tial threatening Tau track) altitude correlation data have been
obtained in altitude band X. Multiple symbols at a row and
column Juncture indicate the particular altitude band is in-
terrogated 1f any of the conditions are true. For example,
I(+6) is interrogated in sub-epoch E, if, in the previous sub-
‘epoch, a potential threat was being tracked in I(+6) or if the
previous range data responses in I(+6) correlated with a po-

~ tentlal threatening track in altitude bands I(-6) or I(+15).
It should be remembered that the interrogation of an altitude
band 1s stopped for the remainder of the epodh time 1f none

of the conditions specified at a row and column juncture are

correct.

TABLE 5. AVOQOIDS-II INTERROGATION DECISION LOGIC

Sub-Epoch Time Periods

Altitude -
Band A B C - D E F G H

1(+6) 1 | t(+6) | ©(+6) | T(+6) | T(+6) | T(+6) [ ©(+6) | <t(+6)
or or or or - or
©(-6) | H(-6) | H(-6) | H(-6) | H(-6)

1+4) |0 | o 0 | t(+6) | H(+6) | H(+6) | H(+6) | H(+6)
1(0). 0 0 0 v(+6) | H(+6) | H(+6) | H(+6) | H(+6)
or or or or or

t(-6) | H(-6) | H(-6) | H(-6) | H(-6)

1(-4) |0 0 0 7(-6) | H(-6) | H(-6) | H(-6)| H(-6)

1-6) | 1 |v(-6) | ©(-6) | ©(-6) | (~6) | v(-6) | ©(-6)| t(-6)
or or or or or
w(+6) | H(+6) | H(+6) | H(+6) | H(+6)

Notes: T(X) indicates a valid track through previous set in
"band X and H(X) indicates a valid. track through pre-
vious set in band X which correlated in altitude.

Source: AVOIDS-I Collision Avoidance System, System Descrip-

tion, Honeywell Inc., Government and Aeronautical
Products Division, unpublished document.
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Table 4 also shows the dependence on the altitude rate
of interrogating ailrcraft. Altitude bands I(+15) and PCA are
only interrogated 1f h 1s greater than 500 ft/min and I(+26)
only if h 1s greater than 1000 ft/min. Altitude bands I(-15),‘
PCB, and I(-26) are used only'if an alrcraft 1s diving at the
indicated rate. The placement of PCA and PCB was prevliously
discussed.

The previous dlscusslions described the manner in which
the Tau threat zone and the altitude threat zone of a potentlal
threat intruder are determined. 1In order to dlsplay a detected
P(5), M(5), or co-altitude threat, the threat must occur in
two consecutive epochs and be correlated 1n range between epochs.
The range correlation requirement is satisfied if, upon start-
ing a new epoch, the A data of a range track are one bin out-
bound to nine bins inbound of H data of the threatening track
in the previous epoch. For P(10), P(éO), M(10), and M(20)
. threats, the threat must occur in two consecutlve epochs but

range correlatlon is not required.

E. SYSTEM DESIGN CHANGES

A number of deslgn changes have been made to the Honey-
well CAS since IDA's Phase I review. The more significant
changes,'which affect the operation of the equipment and pre-
vent the false alarm rate from becoming excessive in a dense
environment, are listed below.

1. The inhibit/suppression logic has been eliminated.
This very‘complicated logic was used to reduce the
likelihood that multiple nonthreatening range tracks
could combine to produce a false threatening track.
The logic also reduced detection probability. The
elimination of this circuitry will improve detec-
tion probability and increase the single-epoch
false track probability.
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The epoch time has been increased from 3.5 sec to
about 3.7 sec. 1In addition, the number of sub-epochs
has been increased from seven to eight. These changes
wlll reduce the false alarm rate but will also reduce
the system's data rate.

All range bins are now 50 ft wide; iﬁ the previous
design they were 50 ft wide out to 30,000-ft range
and then increased as a function of rahge. Fruit
and nonthreatening aircraft reply densities are
proportional to range bin width and will be reduced
beyond 30,000-ft range in the new design. This
should have a favorable impact on false alarm rate.

The new design requires a threat to appear in two
consecutive epochs before a command is issued. The
likelihood of a false alarm in two consecutive epochs
is much less than in one epoch. 1In addition, range
correlation, described in Section D, 1s required for
the inner altitude threat zones. These features
should greatly reduce false alarms and were needed
after the inhibit/suppression logic was'eliminated.

A second pulse palr decoder has been added to the
CAS receiver, thus increasing the time the trans-

" ponder is available to receive and process inter-

rogations from other aircraft. 1In the previous
design, an interrogation waveform to which the
transponder was not to respond would tie up the
circuiltry for a considerable length of time and
could prevent the transponder from receiving an
interrogation to which it should reply.

The time ceparation between the pulses in the in-
terrogatioh waveform's two-pulse pair has been
made different to reduce the chances of an errone-

ous response.
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IV. ANALYSIS OF FALSE WARNING PROBABILITY IN THE CAS

A. INTRODUCTION

In IDAfs Phase I analysis of the Honeywell CAS, consider-
able effort was devoted to evaluating the probability of detec-
tlon and probability of false warning. The results of the
analysis 1lndicated that both parameters were marginal. The
elimination of the inhibit/suppression logic in the new design
should 1mprove the probability of detection so that this param-
eter is essentially limited by the system's ability to obtain
the sub-epoch range measurements needed for the Tau tracking
filter. However, elimination of this logic will also increase
‘the probability of false warning. To compensate, other design
changes have been made, These 1lnclude the following:

1. The range bin size beyond 30,000 ft has been re-
duced to 50 ft. '

2. The number of data sets within an epoch has been
‘increased by one.

3. Most importantly, a Tau threat must be present for
two consecutive epochs before a command or warning
1s 1ssued.

In this sectioﬁ, the false warning probabllity of the new
design 1s estimated. A false range track must persist for two
consecutive epochs to produce a false warning. In the outer
altitude threat zone [P(20), P(10), M(20), M(10)], the false
tracks can appear anywhere 1n range so the probability of false
warning 1s equal to the probability of a single-epoch false
track squared. For the other altitude threat zones, range
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correlation between the successlve single-epoch range tracks

is :equired and a second single-epoch false track must start
within one bin outbound to nine bins inbound of the last range
bin position of the single-epoch false track in the first epoch.

A false warning requires two consecutive single-epoch
false tracks, so the first step to estimating the false warning
probability is to understand the pheriomena which produces false
tracks. The Tau tracker uses a serles of range gates to search
the sub—epoch range data for threatening range tracks and each
of the eight sub-epoch range gates must be occupled to produce
a false track. One way for this to happen 1s for fruit or a
group of randomly distributed responses from nonthreatening
alrcraft to accidentally fall into the eight range gates of
the Tau filter. If the sub-epoch range data are randomly dis-
tributed, the probability that any particular set of eight
sub-epoch range gates will be occupied can easily be calculated.
"However, the Tau fillter checks a large number of range gate
patterns that overlap each other and are therefore correlated.
Thils complicates the analysis so that a simplified model of
the AVOIDS tracking filter was devised for estimating false
warning due to randomly received responses. This work 1s pre-

sented in Section B.

Another, more serious, kind of false warning results
when the sub-epoch range responses are not randomly distributed.
These false warnings are caused by nonthreatening aircraft
having a range rate close to that considered threatening. A
nonthreatening aircraft will contribute to only one sub-epoch
of a Tau filter pattern if there is a large mismatch between
the ailrcraft's range rate and the average slope of the pattern.
As the range rate of the nonthreatening intruder approaches
the value sought after by the filter pattern, the responses
from the aircraft contribute to a greater number of the sub-
epoch range gates, and if the intruder has an indicated

50



range rate skip of one range bin less than that considered
threatening, it 1s possible”fbp seven of the eight sub-epoch
range gates of the lowest velocity fhreatening pattern to be
occupied. A frult pulse or a response from another nonthreat-
ening alrcraft could land in the remalning range gate and
create a single-epoch false track. The analysis of this type
of false track 1s presented in Section C.

~ As a check on the analysis presented in Sections B and C,
a small-scale computer simulation of the AVOIDS tracking filter
was prepared; the results are presented in Section D. Alrcraft
density in the simulations was twice that of the 1982 Los
Angeles .traffic model. However, the analysls of Sections B and
C was extrapolated to the higher density and good agreement
between the analytic results and the computer simulation Wére
obtained.

Section E summarizes the work and results and-estimates
‘the overall false warning rate for all aircraft in the 1982
Los Angeles traffic modei. In deriving this estiﬁate,_all air-
craft were assumed to be equipped with an AVOIDS transponder
and the protected volume of the AVOIDS-II eQuipment was 1in-
creased to that of the AVOIDS-I.

B. PROBABILITY OF A FALSE TRACK DUE TO RANDOMLY DISTRIBUTED
REPLIES

This section 1s concerned with the possible random distri-
bution of responses satisfying the Tau filter requirement. The
operétion of the Tau filter 1s explained in Chapter III. Basic—‘
ally; a serles of range gates 1s set up to check for the occur-
rence of a return in each of the eight sub-epochs. Two range
gate patterns are used for each value of range rate tested. The
lowsacceleration pattern has a single range bin in the first and
last sub-epochs and three range bins in each of the inner epochs.
The high<acceleration pattern has a single range bin in sub-
epochs A and H, elther two or three range bins in sub-epochs
B and G, and three range bins in the C, D, E, and F.
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In estimating the system false alarm rate, first consider
the probability, P(T), that a group of random replies will
produce a single-epoch false track in any one of the low-accel-
eration range gate patterns. Thils probabllity, as a function
of reply density, u, 1s

P(T) = u? (3u)S, ‘ (3)

since only a single range bin must be occupled in two of the
sub-epochs while any one of three range bins may be occupied
in the other six sub-epochs. In the equation, the density
(u) is the expected number of replies in a 50-ft range bin,
which 1s equivalent to the probability of one or more replies
in a 50-ft range bin if pu << 1.

The density of aircraft below 10,000 ft and within 10 miles
of Los Angeles, as projected by the FAA 1982 model, can be fit-
ted with the following function:

, ~ (3a)

in which p_ = 0.84, R, = 9 miles and R is the range in question.
The density at the most densely populated altitude band is
about one-fifth of this value. Assuming a B-737 antenna pat-
tern, an AVOIDS-I in the densest region of the Los Angeles
traffic would observe a peak density of about’ 0.03 aircraft per
50~ft range bin at a range of approximately 30,000 ft. Based
on IDA's Phase I analysis (Ref. 1), the fruit density observed
by such an ailrcraft would be about 0.02 returns per range bin,
so that the overall density would be about 0.05 replies per
range bin. The density of replies 1s a function of range but
remains fairly constant between 20,000 ft and 35,000 ft. The
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expected density observed by an AVOiDS-II is about 0.025 non-
threatening aircraft and 0.01 frult replies per range bin. The
density 1s fairly flat over the same region as that of AVOIDS-I.

If the individual range gate patterns were independent,
the per-epoch false alarm rate could be obtained by summing
the probability for each pattern tested by the Tau filter, and
for a constant-density environment, Eq. 3 could simply;be mul-
tiplied by the total number of patterns searched. However,
the patterns are not indebéndenﬁ, so the per-epoch false track
probability will be analyzed by first estimating the equivalent
number of independent range gate patterns searched by the AVOIDS
tracking filter. A simplified model of the AVOIDS'tracking
filter, shown in Fig. 12, will be used for this purpose. Re-
member that the random distribution of repliesvis,being con-
sidered so that the specific location of the range géte patterns
within the sub-epochs 1s not of prime importance.

Figure 12a shows the range gate locations of the simpli-
filed model that would be used to check for a'threatening track
with a zero value of range rate. This is the same pattern as
that of the AVOIDS tracking filter's low-acceleraﬁion pattern.
For other values of range rate, the AVOIDS tracking filter
changes the relative positions of the sub-epoch range gates so
that they will follow the average slope of the range track
being sought. However, the simplified model simulates this
action by changing only the position of the range gate in
sub-epoch A, as depicted in‘Fig 12b. This difference actually
results in a higher correlation between range rate patterns
of the simplified model than between the AVOIDS tracking filter
patterns. For the simplified model, the conditional.probability
that a false‘traék with a skip of n range bins occurs is equal
to u if a false track with some other skip has occurred. This
is simply the probability of receiving a reply in a single
range bin. "Because of this, it is relatively easy to compute
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the probability;of at least‘one false track from a number of
overlapping, and therefore correlated, range gate patterns.
The general form for the probability of the sum of N nonexclu-
sive sets 1s (frpm Ref. 5)

, N .
P(T, or T, or ... or T,) = P(T,) - 3 P(T,, T,)
1 2 N £§i i T 1° 7y
1<J
D) P(Ty Tys Ty) = wvv # P(Ty, Ty, oo Ty).
1’j,k
1<J<k
For the simplified model of the tracking filter
P(Ty, TJ) = u P(T), P(T,, TJ, T,)
= u? P(T) etc., and P(T,, T2’ Ty)
= WN-1 P(T).
Substitution gives Eq. 4.
P(T, or T, or v ) = 8p(T) - (N) wper) + (M) wzp(r) -
1 °F 2 " N 2) ™ 3) ¥ -

(4)
+ (%) (-wN1 p(m)

_In Eq. 4, P(T) is the probability that all range gates
in any particular pattern will be occupied, u 1is the reply
density per range bin and (g):hstﬁm number of combinations of N
things taken x at a time. In this equation, the first term.
is the probability for N independent patterns, the second term
takes into account the correlation between the patterns taken
two at a time, the third term takes into account correlation
between the patterns taken three at a time, etc. Equation 4
can be rewritten as ‘
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o N
P(T; or T, or ... or Ty) = P(T)Agl (g)-(_u)n—l . (5)

The equivalent number of uncorrelated patterns, K, can
be obtained by dividing each side of Eq. 5 by P(T). That is,

N n-1
K = —_ - . .
bl (3) -» (6)
This equation has been evaluated and the results presented in
Table 6 for three values of u and for several values of N. K
approaches 1/u since the probability of a false track for any
particular pattern can be written as

P(T) = uP”(T), (7)
where P“(T) is the probability of a return in all but sub-epbch
“A. The probability of a track in at least one of a large num-

ber of correlated patterns approaches 1/u P(T), which equals
P“(T), as it should.

TABLE 6. RELATIONSHIP BETWEEN CORRELATED AND UNCORRELATED PATTERNS

Uncorrelated
Correlated
Reply Density (Repiies per 50-ft Range Bin)

N , u = 0.1 u=0.05 u = 0.01
15 7.9 13.6 14.0
30 .8 15.7 26.0
50 9.9 18.5 39.5
75 10.0 19.6 52.9
100 10.0 - 19.9 63.0
150 ‘ 10.0 20.0 77.9
200 10.0 20.0 86.6
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For each sub-epoch H range bin position, a large number
of threatenlng values of range rate are checked by the AVOIDS
tracking fllter; based on the simplified model, these will be
considered correlated. The correlation between the range gate
pattern used to test for threatening tracks at different ranges
and for the high and low target acceleration will also be based
on the simplifiled model.

Flgure 13 shows the range gate patterns of the simplified
model for checking adjacent range bins. The worst-case overlap
1s shown 1n that the range rates of the two patterns differ so
that they both require a reply 1in the same range bin of sub-
epoch A. The .number of reply combinations in the inner sub-
epochs that will sétisfy both patterns is small (i.e., 64)
compared to the number of combinations for one of the patterns
(1.e., 729), and therefore the correlation between them should
be small. As a result, the patterns uéed to check each range
cell in the dense region wilill be considered 1independent in the
analysls. | '

The AVOIDS equlpment uses two acceleratlon patterns for
each range bin tested. However, there is cdnsiderable overlap
1f the high acceleration pattern for range bin 2 1is compared
with the low acceleration pattern for range bin 2+1. This
condition, shown in Fig. 14, indicates that either the acceler-
ation or the adjacent range patterns should be considered
Independent, but not both.

To estimate the equipment's behavior based on the simpli-.
fled model, the différent range-rate patterns should be con-
sidered correlated and the patterns used to test for a threat-
ening intruder in adjacent range bins should be considered
independent if the acceleration patterns are not. To take into
account the acceleration patterns the number of correlated pat-
terns will be assumed to be equal to twice the number of range

rate patterns.
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Only the range bins within the high density region (20,000~
ft to 35,000-ft range) need be considered, since the probability
of a false track is a function of u’ (see Eq. 3). Within this
region, there are 300 range bins which should be considered
independent as far as the generation of false tracks 1is concerned.
Below an altitude of 10,000 ft, the equipment must test for a
maximum range rate of 914 ft/sec, which is a range bin skip be-
tween sub-epoch A and H of 64 bins. The minimum skip of inter-
est for the AVOIDS-I threat logic 1is 15 range bins at 20,000-ft
range, 23 range bins at 25,000-ft range, 30 rénge bins at 30,000~
ft range and 38 range bins at 35,000-ft range. The number of
different values of range rate which are tested at the different
ranges are therefore 50, 42, 35, and 27, respectively. Taking
the acceleration patterns into account, the AVQOIDS 1s estimated
to have 100 correlated patterns at 20,000-ft and 54 at 35,000~
ft range. The equivalent number of independent patterns is,
‘respectively, 18.5 and 19.9 (see Table 6), giving an average of
19.2 for each 50 ft of range investigated. The total number of
equivalent independent patterns tested is therefore about 6 x 108
(1.e., 19.2 x 300) during an epoch.

For random replies, the single-epoch false warning proba-
"bility in an altitude band interrogated for Tau evaluation can
be obtained by substituting the appropriate density into Eq. 3
and multiplying 6 x 10®. In the peak density projected for

Los Angeles in 1982, the single-epoch probability of a false
track per .altitude band would be about 1.7 x 10™* for an AVOIDS-I
and about 9.5 x 10 ® for the AVOIDS-II if the AVOIDS-II were
designed to search the same protected volume as the AVOIDS-I.
The AVOIDS-II false track probability is much lower than that
of the AVOIDS—I because of the lower expected reply density,
due to its power, sensitivity, and shorter range performance.
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The probability of a false warning in an altitude band
in which range correlation is not required is the square of the
single-epoch probability of a false track. For the AVOIDS-I,
the false warning 1n such an altitude band due to random re-
plies is about 2.9 x 10° ® and for the AVOIDS-II 1s about
9 x 107!!, For the altitude bands in which range correlation
is performed, the false warning probability should be reduced
by a factor of 11/300 or 0.037. This reduction results from
the fact that there are 300 high-density range bins 1n an epoch,
yet, with range correlation, the second false track needed to
produce a false warning must start withlin the 11 range bin
range correlation windows. With range correlation between
epochs, the AVOIDS-I density gives an expected false warning
probability of about 1.2 x 10°° and the AVOIDS-II density yields
a probability of about 3.8 x 10 !2.

C. FALSE TRACKS DUE TO NONTHREATENING AIRCRAFT WITH AN R CLOSE
TO THREATENING

‘This section deals with false warnings which result when
a single nonthreatening aircraft occupies most, but not all,
of the sub-epoch range gate patterns of the Tau filter. For
this to happen, the range track of the alrcraft must have a
slope which is about the same as the threatening range gate
pattern in which the false track is to occur. As a result,
these false tracks only occur 1in the range rate patterns which
have relatively low values of range bin skip and involve non-

threatening aircraft with a range rate close to threatening.

The range rate which 1s conslidered threatening varies
with range. However, the critical parameter which determines
the likelihood that a nonthreatening aircraft will cause a
false track is the difference in range bin skip between the
intruder's range track and the Tau filter range gate pattern.
The analysis, therefore, need take into consideration only one
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range which has arbitrarily been set at 20,000 ft. At this
range, a range bin skip of 15 range bins is considered threat-
ening, while a skip of 14 is not.

To analyze the false track/warning probability, nohthreat-
ening aircraft with a range rate of -175 ft/sec -and -150 ft/sec
will be considered. The range rate of -175 ft/sec 1s very close
to threatening, in that an'aircraft at'20,060-ft range with a
range rate of -230 ft/sec represents a Tau 2 threat according
to ANTC-117 specifications;

a warning 1s displayed, the equipment should actually detect

Since two epochs may lapse before

as threatening an alrcraft at 20,000-ft range having a range
rate of 211 ft/sec.
range rate of -175 ft/sec does not become a Tau 2 threat until

Stated another way, an alrcraft with a

it reaches a range of 17,800 ft.

detections should occur at this
epoch detection should occur at
first detection is early by 8.9

The second of two successive
range, so the first single- |
a range of 18,450 ft. The
sec or 2.4 epochs if it occurs

at 20,000 ft. At'20,000 ft, an alrcraft with an R of -175 has
"time to go" (i.e., R/R) of 114 The "time to
nonthreatening alrcraft at 20,000-ft range with an_ﬁ of -150
ft/sec is 133 sec.* Based on ANTC-117 logic,
"does not represent a Tau 2 threat untll it reaches the range
of 16,800 ft, but for the AVOIDS design, the first Tau filter
alarm should be generated one epoch earlier, at about 17,300
ft. A Tau 2 alarm on this target at 20,000 ft is about 4.8
epochs or 17.6 sec early. It will be shown later that the
probability of a false track decreases rapidly as the range rate.
so that a range rate

sec. go" for a

such an alrcraft

of the nonthreatening aircraft 1increases,
of less than -150 ft/sec was not consldered 1n the analysis.

t 2R ‘ .
The much larger values of R/R of 114 and 133 sec as compared
to t, = 40 sec or Ty = 47 sec arise because of the offset
rangg of R, = 1.8 nmi.
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To further understand how a nonthreatening aircraft with
a range rate of -175 ft/sec can produce a high false alarm rate,
consider the low acceleration range gate pattern with a skip
of 15 which 1is plotted in Fig. 15. The sloping lines represent
a range rate of -175 ft/sec and the area between any two lines
separated by one range bin will be referred to as a range rate
corridor. Since a target with a range rate of -175 ft/sec 1is
confined to one of these corridors, it cannot simultaneously
pass through the gate pattern shown in Fig. 15 and cause an
alarm by itself. An 1dealized rénge track from an intruder
with this range rate would be confined to one of the corridors.
The AVOIDS tracking filter checks all range bins in the vicinity
of 20,000~-ft range for a threatening range track with a range
bin skip of 15, so the relative geometry between the range
gate pattern and the intruder's range track changes during the
threat evaluation sequence and an idealized range track would,
in relationship to the range gate pattern, alternately appear

in range corridors a, then b, and so on.

The conditional probability that an aircraft with a range
rate of -175 ft/sec will result in a Tau filter alarm with a skip
of 15 can be found from Fig. 15 by noting which range gates afe
not occupied. For example, an intruder with a range rate of
-175 ft/sec in range bin H2 will be in range rate cdrridor b of
Fig. 15. At this range, the filter range gates in sub-epochs C
through H will be occupied, and the conditional probability of
a Tau filter alarm for this alignment between the target and range
gate pattern is equal to the probability of a reply in sub—epochél
A and B due to other aircraft or fruit. There are three range
bins in sub-epoch B and only one in sub-epoch A, so the condi-
tional probability is

P(T) | = 3u? . (8)

-175, 15
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FIGURE 15. Single-Epoch Low-Acceleration Pattern

- The overall conditional probability that the target will
cause a Tau filter alarm 1s obtained by'summing the conditional
probabilities obtained by considéring the target in the differ-
ent range rate corridors. This assumes that an independent trial, .
in the probability sense, is created when the data are shifted in
parallel by one range bin. For the conditions of Fig. 15, the
overall conditional probability 1s approximately

= 2 3 4
P(T)pal _175, 15 = 3w + 3u% + 9u* . (9)

The conditional probability for the high acceleration pat-
tern and a range rate of -175 ft/sec and for the high- and low-
acceleration patterns and a range rate of -150 ft/séc were com-
puted in a similar way. The dlagrams for these cases are
presented in Appendix‘C and the results are summarized in Table
7. The equations from this table have been evaluated for a
reply density of 0.035, 0.05, and 0.08 and the results are shown
in Table 8. A reply density of 0.035 1s expected for an AVOIDS-II
in the Los Angeles Traffic Model, a density of 0.05 1s expected
for an AVOIDS-I, and the higher-than-expected density of 0.08
will be used in the next section to compare the predicted re-
sults of Table 8 with a computer simulation of the AVOIDS track-
ing filter.
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TABLE 7. SINGLE-EPOCH CONDITIONAL FALSE TRACK PROBABILITY
AS A FUNCTION OF REPLY DENSITY

Acceleration Pattern Conditional Probability

Near-Threatening Intruders With R = -175 ft/sec

Low - 3u? + 3 + 9t

High 0.18y + 1.64p% + 5.6,°

Near-Threatening Intruders With R = -150 ft/sec

Low 3ud o+ 27t

High 1.7u% + 18.7p"% + 35u8

TABLE 8. SINGLE-EPOCH CONDITIONAL FALSE TRACK PROBABILITY
- FOR NEAR-THREATENING AIRCRAFT

Reply Density

0.035 0.05 . 0.08

Range Rate of -175 ft/sec and a Filter Skip of 15 Range Bins

Low-Acceleration Pattern 3.8 x 10°®* 7.9 x 10-* 2.1 x 102

High-Acceleration Pattern 7.2 x 107® 1.2 x 1072 2.5 x 10~2

1

Estimated Overall 1.0 x 1002 2.0x 1072 4.6 x 1072

Range Rate of -150 ft/sec and a Filter Skip of 15 Range Bins

Low-Acceleration Pattern 1.7 x 10-* 5.4 x 10-* 2.6 x 10~°
High-Acceleration Pattern 1.0 x 10-* 3.4 x 10-* 1.8 x 10-?

1

Estimated Overall 2.7 x10°* 8.8x 10* 4.4 x 10-3

ISum of the Tow- and high-acceleration patterns.
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There 1s correlation between the high- and the low-accel-
eration patterns. The conditional probabilities from adjacent
range bins were summed to obtaln the equations presented in
Table 7. However, these equations do not include the contri—
bution from range gate patterns used to check for threatening
aircraft with range bin skip greater than 15. As a result,
the overall conditional probability should be greater than that
for either of the acceleration patterns but less than the sum
of both. To be conservative, the sum of the conditional prob-
ablilities for the high- and the low-acceleration patterns will
be used in the remainder of our analysis. Later, these esti-
mates are compared with a computer simulation of the tracker
with the same density of traffic (Section D).

The data presented in Table 8 give the conditional prob-
ability of a false track in a single epoch. The conditional
false warning probability in an altitude band in which range
correlation is not performed is equal to the square of the
single-epoch probability. A lower probability of false warning
should occur in the altitude bands in which rangé correlation
is required.

A graphical method similar to that described for the single-
epoch case was used to calculate the conditional probability of
false warning when range correlation is checked. The graphs
used to perform the analysis are presented in Appendix C. The
range gate patterns for two epochs had to be considered in the
analysis and the time separation between the epochs was set at
0.25 sec.*® The range gate patterns‘were aligned so that the
first range gate of the pattern for the second epoch was one
bin outbound of the last range gate of the pattern in the first
epoch. This'alignment was used since it provides the highest
conditional probability of false warning. The high- and the

—
The separation between epochs is a random variable, varying
between 0 sec to 0.4 sec.
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low-acceleration patterns were considered so that four combi-
nations of range gate patterns are analyzed for both values of
nonthreatening range rate. A summary of the results 1is pre-
sented in Table 9 for each combination of the high- and low-
acceleration patterns.

TABLE 9. FALSE WARNING ESTIMATES AS A FUNCTION OF REPLY.DENSITY FOR
DIFFERENT COMBINATIONS OF ACCELERATION RANGE GATE PATTERNS

Acce]eratioh
Pattern
Combination Conditional Probability
Near-Threatening Intruder With R = -175 ft/sec
- 4 5
Low-Low FLL(T) | 175, 15 = 0.75u* + 3.75u
-H3 = 6 7
Low-High FLH(T) | 175, 15 7.7u° + 15,4y
iqh- = 3 4 5
High-Low Pe () | -175, 15 0.14y° + 0.57u* + 3,0u
e L e - 4 5 6
High-High FHH(T) | _175, 15 2.17u* + 1,7u° + 20.6u

Near-Threatening Intruder With R = -150 ft/sec

Low-Low PEL(T) | 150, 15 = 1040° + 1145,7°
Low-High PeLn(T) | 150, 15 = 38-6u7 + 162u°
. = 8 9
High-Low PFHL(T) | -150, 15 69.7u° + 347u
High-High Peun(T) | _q50. 15 = 122u° + 608y°

The equations presented in Table 9 have been evaluated for
the three reply densities discussed earlier and the results are’
presented in Table 10. The correlation between the different
combinations of acceleration patterns should be less than for
the single-epoch case because of the increased length of the
sequence. In addition, different combinations of range rate
skip have not been considered, and false warnings which occur

in the high-acceleration pattern have only been included when
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the sub-epoch B and G range gates are three range bins wide.
To compensate for some of these omissions, the overall prob-
ability of false warning has been estimated as the sum of the
different acceleration pattern combinations and is presented
in the last row for each R of Table 10.

TABLE 10. CONDITIONAL FALSE WARNING PROBABILITY

-175 ft/sec Intruder -150 ft/sec Intruder

Acceleration Density Density
Pattern , '

Combination 0.035 0.05 0.08 0.035 0.05 0.08
Low-Low 1.3x107° | 5.9x107° [ 4.3x1075 [ 1.5x107!°[2.6x107° |1.2x1077

Low-High 1.5x107° | 1.3x1077 | 2.3x107¢ | 1.1x107%?|3.1x107%°| 4.6x107®
High-Low  [6.8x107¢ | 2.2x107% | 1.0x107* | 2.6x107° [3.7x107® |1.1x107¢
High-High [ 3.4x107¢ | 1.4x1075 | 9.7x107% | 1.8x1071°[3.4x107° |1.7x1077
) 1.2x107% | 4.2x1075 | 2.4x10™% | 2.9x107° |4.3x107° 1.4x107°

D. COMPUTER SIMULATIONS OF FALSE ALARM RATE

A computer program was prepared which simulates the opera-
tion of the AVOIDS Tau filter. The primary -purpose was to check
the false alarm rate so that only the equipment's operation in
the expected high-density region was modeled. A constant den-
sity of nonthreatening aircraft was randomly distributed among
3000 simulated range bins for sub-epoch A data. Each aircraft
was assigned a value of range rate which was selected from a
truncated Gaussian distribution. The standard deviation of the
distribution was 325 ft/sec, but values below -180 ft/sec and
above 900 ft/sec were rejected. Noise was not included in range

67



bin positions of the aircraft returns nor were bin splitting#
effects included. Random replies were added to the sub-epoch
data to simulate fruit. Range tracks with an indicated range
rate skip of between 15 and 64 range bins were reported as
false tracks. Basilcally, these conditions simulate the opera-
tion of an AVOIDS-I below an altitude of 9600 ft and at a fixed
range of 20,000 ft. Each run simulated 3000 range bins at this
range; however, the threat filter did not check the first or
last 100 bins in order to avoid edge effects.

1. Single-Epoch Simulations at Twice Expected Reply Density

A set of 170 runs was made with the computer program in
which the density was 0.06 nonthreatening aircraft per range
bin and the fruit density was 0.02 replies per range bin. This
is the fruit density for an AVOIDS-I predicted by the 1982 Los
Angeles traffic model but the density of nonthreatening air-
craft 1s about twice that expected. The 170 runs simulated
476,000 range bins, which is equivalent to about 1600 epochs,
since there are about 300 high-density range bins per epoch
for the AVOIDS-I design. There were 63 false tracks reported
at double the expected AVOIDS-I density of nonthreatening air-
craft. Table 11 shows how the occurrence of a false report

depended on the range rate of the nonthreatening aircraft which

—
Bin splitting occurs when the sub-epoch range data from
an aircraft occupy two adjacent range bins. The combina-
tion of range data from multiple interrogations produces
this effect. Bin splitting will contribute to the gen-
eration of false tracks. Previous calculations (Appendix
E of Ref. 1) show that the bin splitting of real target
data (not fruit) occurs with probability 0.08. This
gives an average probability of 0.15 that two bins are
filled if blockage is 0.14. Without transponder blockage,
the probability is about 0.18.
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occupled the greatest number of sub-epoch range gates. The
maximum number of sub-epoch range gates which were occupied

by a single target 1s also given in the,K table. There were 14
false tracks involving nonthreatening aircraft with values of
range rate substantially different (i.e., a range rate greater
than -100 ft/sec) than that of a threatening aircraft. This
indicatés an occurrence rate of 2.9 x 10 % per range bin. (A
range rate of -100 ft/sec at 20,000 £t range 1s a Tau of 92
sec as compared with the ANTC-117 Tau 2 zone of 40 sec.)

TABLE 11. FALSE REPORTS AS A FUNCTION OF NONTHREATENING AIRCRAFT VELOCITY

. Maximum No. of Range Gates Occupied

Ai§22:22e32$21?%y No. of False by a Sjng]g Aircraft i
(ft/sec) Reports 1 2 3 4 5 | 6
+900 to -100 14 13 1 - - - -
-100 to -120 6 - 1 4 1 - -
-120 to -140 : 5 - - 4 0 | 1 -
-140 to -160 6 - 1 1 2 1 | 1
-160 to -170 12 - - 1 3 5 3
-170 to -180 20 - - 2 5 4 9

For a density of 0.08 nonthreatening aircraft and fruilt
replies per range bin, Section B predicts 1.2 x 10”% false alarms
per range bln per independent range gate pattern in an epoch.
The Simplified tau filter model discussed in that section sug-
gests that there are 19.2 independent range gate patterns per
range bin so the overall false alarm occurrence rate should be
about 2.3 x 10-° per range bin. This 1is very close to the false
alarm rate (2.9 x 10 °) observed in the computer simulation
which enhances the creditability of the formulation presented
in Section B. It would be difficult to observe false tracks
with the computer simulations if the lower (i.e., expected 1982
Los Angeles Basin) density were used, since the analysis
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presented in Section B indicates the number of false tracks
will drop by a factor of 40 in going from a reply density of
0.08 to 0.05.

Most of the false reports observed in the computer sim-
ulations were due to nonthreatening aircraft with a range rate
close to threatening. At the higher-than-~expected density,

78 percent of the false tracks were due to nonthreatening air-
craft having a range rate of less than -100 ft/sec. This per-
centage should increase (although the number of false tracks
will decrease) as the density approaches that of the 1982 Los
Angeles traffic model, since false tracks for aircraft not

close to a threatening value of range rate should be propor-
tional to ue, whereas, based on the analysis presented 1n
Section C, the conditional probabllity for an alrcraft having

a range rate near threatening is proportional to something

like p?. There were 20 false tracks due to ailrcraft with a
.range rate between 170 to 180 ft/sec. About 412 such aircraft
were generated within the operating range of the Tau filter,

so that the conditional prdbability of a false track due to
aircraft with this value of range rate is 4.8 x 107 %. This
compares favorably with the probability of 4.5 x 10”2 which is
predicted by the analysis presented in Section C. The condi-
tional probability for aircraft with a range rate of -150 ft/sec
is predicted to be about 4.4 x 107 % in Section C, as compared
to 8 x 10” ? observed in the computer simulations. These prob-
abilities are for a higher-than-expected density of nonthreat-
ening aircraft. A lower, but still relative, high conditional
probability will occur at the lower peak reply densitlies sug-
gested by the 1982 Los Angeles traffic model. Section C pre-
dicts for an AVOIDS-I a conditional probability of 2.0 x 10~ ?
for an alrcraft with a range rate of -175 ft/sec and 8.8 x 107"
for an aircraft with a range rate of -150 ft/sec. The corre-
sponding values for an AVOIDS-IT are 1.0 x 107% and 2.7 x 107"%,

respectively.
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‘To verify the AVOIDS-I estimates, the computer model of
the AVOIDS tracking filter was rerun with the density 6f non-
threatening aircraft at 0.03 and the density of fruit at 0.02.
The range rate of the nonthreatening aircraft was again obtained
from a Gaussian distribution with a standard deviation of 325
ft/sec, but the lowest value allowed was -100 ft/sec (as com-
pared with the previous discussed runs which used a lower limit
of -150 ft/sec.) In addition, every fenth alrcraft was assigned
a range rate of either -150 ft/sec or -175 ft/sec, depending on
the objJective of the particular run. This seeding of nonthreat-
ening aircraft did not affect the overall density, but increased
the population of near~threatening aircraft so that an estimate
of conditional probability could be made without requiring an
excessive amount of computer time. Computer run time was fur-
ther decreased by restricting the simulations so that only
range gate patterns for a range rate skip of between 15 and 25
range bins were tested. A near-threatening aircraft has little
‘effect on the likelihood of a false track in a range gate pat-
tern with a higher range bin skip.

About 2680 seeded aircraft were used to estimate the con-
ditional probability of a false track for alrcraft with a range
rate of -175 ft/sec. Thirty-five false tracks were reported,
so the estimated conditional probability is 1.4 x 10”2 as com-
pared with 2.0 x 10~ 2 which was estimated in Section C. Only
two false reports occurred when every tenth aircraft was as-
signed a range rate of -150 ft/sec, even though the number of
seeded alircraft was increased to 3860. These statistics indi-
cate a conditional probability of 5.2 x 10  * as compared with
the estimate in Section C of 8.8 x 10 “.

2. Two-Epoch Simulations of Twice Expected Reply Density

The computer simulations were also run for two epochs at
a density of 0.06 nonthreatening aircraft per range bin and
0.02 fruit replies per range bin to check the false warning
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estimates in Section C in those altitude bands in which range
correlation is performed. To do this, the program was run as
described earlier to simulate the operation of the equipment
during the first of the two epochs. The position and velocity
of the nonthreatening aircraft were stored in memory. The
simulated range bin registers were cleared, and the program

was rerun with the location of the nonthreatening aircraft
advanced 3.7 sec in time. The range bin locations for the non-
threatening aircraft in each sub-epoch were determined and

the simulated range bin registers were reconstructed. Random
fruit pulses were again added and the range tracker again tested
the data for false tracks. The results from the two epochs
were compared to see if a false warning occurred which satisfied
the range correlation requirement. The predicted occurrence

of a false warning 1s small so the simulations were only run
with seeded aircraft with a range rate of -175 ft/sec (every
tenth aircraft) and a density of 0.06 nonthreatening aircraft
and 0.02 fruit pulses per range bin. Only two false warnings
were observed, although approximately 37,000 nonthreatening
aircraft were simulated (about 3680 had a range rate of -175
ft/sec). This indicates a conditional probability'of false
warning of 5.4 x 10" *. -The conditional false warning prob-
ability predicted in Table 10 for a density of 0.08 replies per
range bin is 2.4 x 10 *.

E. SUMMARY OF AVOIDS FALSE ALARM ANALYSIS

Excluding the effect of near-threatening aircraft, the
analysis presented in Section B predicté a false track prob-
ability of 1.7 x 10 * per epoch per altitude band for an
AVOIDS-I in the peak density of the 1982 Los Angeles traffic
model. An AVOIDS-II in this environment and with ANTC-117
Tau threat loglc would have a false track probability of
9.5 x 10" ®. It was not practical to check these probabilities

with the computer simulation. However, at a density of 0.08
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replies per range bin, which is higher than that of the 1982
Los Angeles Traffic Model, the computer simulation indicated

an AVOIDS-I false track probability of 2.9 x 10”° per range
bin. The false track probébility predicted for this high reply
density by the analysis in Section B is 2.3 x 107 ° per range
bin.

For the expected AVOIDS-I density in the 1982 Los Angeles
Traffic Model, the conditional probability of a false track
given a nonthreatening aircraft with a range rate of -175 ft/sec
is predicted to be 2.0 x 10 2, whereas the simulations indi-
cated 1.4 x 10" %. For a nonthreatening aircraft with a -150
ft/sec range rate, the difference between the predicted and
observed conditional probability was 8.8 x 10" and 5.2 x 10 %,
respectively. In addition, it was observed that the occurrence
of false tracks in the simulations remained flat for a range
rate between ~100 ft/sec and -160 ft/séc, but increased rapidly
as the range rate approached -180 ft/sec.

The number of near-threatening alrcraft is difficult to
estimate, but must be known to determine the false track rate.
If aircraft have random headings and their speeds are between
150 ft/sec and 400 ft/sec (assuming they are below 10,000-ft
altitude), the range rate can be estimated with a normal dis-
tribution With zero mean and a standard deviation of 325 ft/sec,
but the distribution is truncated at 800 ft/sec (see Appendix
K of Ref 1). However, the use of this distribution of range
rate 1s not entirely satisfactory, since it leads to threat-
ening intruders within the vicinity of an interrogating air-
craft. Ground control of the aircraft is instrumental in pre-
venting collisions and may distort the range rate distribution

so as to reduce or eliminate 1., (and possibly the longer range

1
12) threats. Even so, the occurrence of near-threatening air-
craft may not be reduced or eliminated. To overcome this quan-
dary, the number of near-threatening alrcraft will be parameter-

ized in the analysis presented below.
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If the range rate of reply aircraft follows the truncated
normal distribution, about 1.1 percent of the aircraft would
fall within a 10 ft/sec band centered around a range rate of
-125 ft/sec and about 6.6 percent of the aircraft would have
a range rate between -100 and -160 ft/sec. Between 20,000-ft
and 35,000-ft range, the peak 1982 Los Angeles density would
include, on the average, 0.59 such aircraft for an AVOIDS-I
and 0.4 such aircraft for an AVOIDS-II if operated over the
same range. About one third as many aircraft wduld have a
range rate between -160 ft/sec and -180 ft/sec.

The false warning probability in an altitude band in
which range correlation between epochs 1is not used is esti-
mated in Table 12 for the 1982 Los Angeles traffic model den-
sities. The results are strongly affected by the range raté
of the nonthreatening aircraft. To show‘this, several condi-
ticns are presented. Item A of Table 12 estimates the false
warnings if near-threatening aircraft are excluded. These
estimates were obtained by squaring the single-epoch false
track probabilities derived in Section B for random replies.
Item B of Table 12 estimates the false warning i1f the nonthreat-
ening aircraft have a truncated Gaussian range rate distribu-
tion as discussed above. Two cases are presented in which the
aircraft with a range rate of less than either -160 ft/sec or
~-180 ft/sec are excluded. These are values of.range rate at
20,000-ft range where a skip of 15 range bins or more 1is con-
sidered threatening (i.e., a Tau 2 threat). Excluding the
effects of noise, the minimum range rate whilich should produce
this skip is 200 ft/sec and the average value is 214 ft/sec.
An aircraft with a range rate of -180 ft/sec would travel 630
ft during an epoch, and its range track should change by no
more than 13 range bins. An aircraft with a range rate of -160
ft/sec should have a skip of no more than 12 range bins during
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TABLE 12. SINGLE-AIRCRAFT AVOIDS FALSE WARNING PROBABILITY IN AN
WITHOUT RANGE CORRELATION

ALTITUDE BAND

Conditional Probability
Expected False
AVOIDS-I AVOIDS-II* Number of v Warnings Probability
Near-Threatening
P2(T) P2(T) Aircraft AVOIDS-I | AVOIDS-II*
A. No near-threatening
aircraft -- -- -- 2.9x1078 | 9x10-1!
B. Gaussian distribu-
tion of R
1. No R below
-160 ft/sec** 7.7x10-7 7.3x10-°8 0.59 4.8x10-7{ 4.3x10-8
2. No R below
-180 ft/sec** 2.3x10-" 5.6x10-° 0.2 4.6x10-%| 1.1x10"°
C. Half of near-
threatening air-
craft in "B"
above
1. No R below
-160 ft/sec** 7.7x10-7 7.3x10"8 0.3 2.6x10-7 | 2.2x10-8
2. No R below | | '
-180 ft/sec** 2.3x10-" 5.6x10-° 0.1 2.3x10-%| 5.6x10-°®

*With ANTC-117 threat logic.

* K .
At 20,000-ft range.




an epoch. A skip of 15 1s considered threatening at a range
of 20,000 ft, so the mismatch between the threatening filter
pattern and the near-threatening aircraft is at least two
range bins for R = -180 ft/sec and three range bins for ﬁ =
-160 ft/sec.

The false warnings listed under Item B in Table 12 are
cumulative, in that Item B(l) includes the estimated false
warning from Item A and Item B(2) includes those for Item A
and B(1l). 1Item C follows the same format as Item B, but the
number of near-threatening aircraft i1s halved.

The false warning probabilities for Items B(1l) and C(1)
were obtained by multiplying the expected number of ailrcraft
with a range rate between -100 ft/sec and -160 ft/sec by the
square of the estimated conditional probability derived in
Section C for an aircraft with a range rate of -150 ft/sec.

To calculate Items B(2) and C(2), an aircraft with a
.range rate between -160 ft/sec and -180 ft/sec was assumed to
have a single-epoch conditional probabllity of a false track
equal to 0.75 of that for an aircraft with a range rate of
-175 ft/sec. Computer simulations of densities of'0.0S and
0.08 substantiate this approximation.

Table 13 shows the estimated false warning in an altitude
band in which range correlation 1s performed. The same format
and assumptions were used as 1in Table 12.

In the 1982 Los Angeles Traffic Model, there are about
650 aircraft below 10,000-ft altitude. Table 14 estimates the
false warning rate if 100 of these alrcraft are equipped with
AVOIDS-I and 550 with an AVOIDS-II. Ten percent of the air-
craft are assumed to be climbing or diving at 1000 ft/sec so
that they woﬁld interrogate four altitude bands for Tau fllter
measurement and another 10 percent of the aircraft are assumed
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TABLE 13. SINGLE-AIRCRAFT AVOIDS FALSE WARNING RATE IN AN ALTITUDE BAND

WITH RANGE CORRELATION

Number of Expected False
Near- Warnings Probability
Threatening
Aircraft AVOIDS-I AVOIDS-II*
No near-threatening aircraft -- 1.2x107° 3.8x10712
Gaussian distribution of R
1. No R below _
-160 ft/sec** 0.59 2.6x1078 1.7x10°°
2. No R below
-180 ft/sec** 0.2 7.6x10°¢ 2.4x10° ¢
Half of near-threatening aircraft
in "B" above
1. No R below
-160 ft/sec** 0.3 L=1.4x10"% |z = 8.6x10 !¢
2. No R below |
-180 ft/sec** 0.1 3.8x10°°¢ 1.2x107°

*With ANTC-117 threat logic.
**At 20,000-ft range




NUMBER OF ALTITUDE BANDS INTERROGATED
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23| =% zg 2z| zg& | 28 |2z =218 =8 o2& | e=zg | 2552
AVOIDS-1
A. No near- ('7-]—
threatening . ! . . - - B
aircraft. 80 2.4x107° 1.9x107* 10 i 3.1x10°¢ 3.1x10°* 10 | 6.0x107° 6x107* H1.1x107? - -
B. Gaussian I
Distribution
of &
1. No R below . R . _ . -
-160 ft/sec*| 80 5.2x107° 4.22107° 10 | 5.3x1077 5.3x107° 10 | 1.0x107¢ 1.0x107% ||2.0x1072 - -
2. No R below
! -180 ft/sec*i 80 1.5x10-* 1.2 10 [6.1x10°° 0.61 10 | t.1x107* 1.1 2.9 - -
]
. C. Half of near-
threatening
in “B" above ‘
1. No R below _ - _ _ _ R
-160 ft/sec*| 80 | 2.8x107° 2.2x107? 10 [2.9x1077 2.9107? 10 | 5.5x1077 5.5x107%[1.1x1072 - -
2. No R below ) ; )
-180 ft/sec*| 80 | 7.6x10°* 0.6 d 10 [3.1x107° 0.31 10 L5.4x10 s 0.54 1.5 - -
AVOIDS-I1#*
TN() near-_ T I T o ;~«~I T ° T T (7 T
threatening . 6 | 1 -6 e s s -
‘ aircraft I 440 7.6x10 3.3x10 | 55 |9.7x10 5.3x10 55 | 1.9x10 . 1.1x10 - 0.2x10 1.1x10
! 8. Gaussian | ' 1
' Distribution | |
of R | |
1. No R below [ . . - ~ - X R - -2
-160 ft/sec* | 440 3.4x107° 1.5x107° 55 {4.6x107° 2.5:1073 55 | 8.9x107° . 4.9x107? - 8.9x107* [ 2.9x10
) 2. No R below | . ; _ | . I
| -180 ft/sec* 440 4.8x107° 2. 55 [1.6x107¢ 0.88 55 | 2.7x107° 1.5 - 4.5 7.4
! | : !
C. Half of near- l ) i
threatening ! ; : '
in "B" above l
1. No R below | - _ - - - - -
-160 ft/sec* |44O 1.7x107°? 7.5x107* 55 [2.4x107" 1.3x107? 55 | 4.6x107° | 2.5x107°? - 4.6x107 % |[1.6x1072
2. No R below | _ ) . !
-180 ft/sec* |440 2.4x107° 1.1 55 |8.0x107¢ 1 0.44 55 | 1.3.107° 1 0.72 - 2.3 3.8

“At 20,000-ft range.
i
Assuming ANTC-117 threat logic.
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to 1nterrogate three altitude bands for this purpose (i.e.,
they are climbing or diving at a rate between 500 ft/min and
1000 ft/min). The remaining 80 percent of the aircraft inter-
rogate only two altitude bands [I(+6) and I(-6)].

The data presented in Table 14 again showAthat the occur-
rence of false alarms will be mainly due to near-threatening
aircraft 1f the range rate distribution of nonthreatening alr-
craft follows the truncated Gaussian distribution discussed
above. Reducling the number of near-threatening aircraft by
half results in approximately a 50 percent decrease in expected
false warnings. While this is significant, it appears that
the shape of the range rate distribution is much more important
than its amplitude. For example, if nonthreatening aircraft
with a range rate between -160 ft/sec and -180 ft/sec (at
20,000-ft range) are excluded, the false alarm rate drops by
more than two orders of magnitude. '

The phenomenon which causes false Tau 2 warnings will also
lead to Tau 1 false warnings by aircraft which represent a true
Tau 2 threat. The range rate difference between the Tau zones
is about U450 ft/sec at 20,000-ft range. Aircraft within 50
ft/sec te 100 ft/sec of the Tau 1 boundary should have about the
same conditional probability of creating a Tau 1 warning as a
nonthreatening aircraft with a range rate between -100 ft/sec and
-160 ft/sec has of creating a false Tau 2 warning. The Tau 1
false warning rate due to aircraft with a true Tau 2 warning, of
course, depends on the number of such aircraft which are present
and may result in a substantially lower number of false warningé'
than the data presented in Table 14 imply.

The results of our analysis indicate that essentially all
of the AVOIDS false warnings are due to near-threatening air-
craft. The estimate of the false warnings due to these aircraft
was based on a reference range of 20,000 ft, where a range rate
of -230 ft/sec or -136 knots represents a Tau 2 threat. The
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AVOIDS CAS requires an intruder to be detected as threatening
in two consecutive epochs before being declared a threat.
Ideally, then, an aircraft with a range rate of -211 ft/sec or
-125 knots should be detected ét 20,000-ft range, since during
the following epoch 1its range will decrease sufficiently (i.e.,
by 780 ft) so that the aircraft becomes a Tau 2 threat. Based
on the data presented in Table 8, an AVOIDS-I has a 2 percent
chance of detecting as a Tau threat an alrcraft at 20,000-ft
range with a range rate of -175 ft/sec, or =104 knots. The
range rate difference between this aircraft and what should be
detected is 36 ft/sec, or 21 knots. This difference in range
rate represents an error in the measurement of Tau boundary
and will be compared with the ANTC-117 for Tau alarm accuracy.

The ANTC-117 states in the section entitled "Tau Alarm
Accuracy" that readings (used to estimate Tau) shall not ex-
ceed the greater of (a) 28 knots or (b) 7 percent of the dif-
ference between the nominal threat line ébvalue and éo' The
standard deviation of the set of alarm points shall not exceed
the greater of 11 knots or 1.5 percent of the nominal range
rate. For a Tau 2 intruder at 20,000 ft, the appropriate values
for the parameters specified are 28 knots for the mean and 11

knots for the standard deviation.

The detection of a -175 ft/sec intruder at 20,000 ft re-
presents an error of 21 knots. However, 1t is not clear if
this error should be compared with the standard deviation or
some comblination of the standard deviatlion and mean specified
in ANTC-117. Also, the specification uses the phrase '"shall
not exceed" rather than specifying the characteristics of the
distribution. We will compare the measurement error for the
near-threatening false warning against the standard deviation
of the specification and assume a Gaussian distribution.
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The detection of the -175 ft/sec (-104 knots) intruder at
20,000-ft range 1s an error of 21 knots and compared with ANTC-
117 1is a 1.90 error. Based on the cumulative normal distribution
function, the probabllity of an error in excess of 1.90 is about
3 percent. The equipment satisfies the specification since the
calculated probability of detecting the -175 ft/éec range rate
at 20,000 ft 1s only 2 percent.

The detection of a range rate of -150 ft/sec or 89 knots
represents an.error of 49 knots or 4c. The probability of de-
tecting this value of rangé rate is 8.8 x 10™* (see Table 8)
as compared to a 4o error for a Gaussian distribution which
gives a probability of 3 x 10°%., The tail of the error distri-
bution for the AVOIDS design may be somewhat higher than that
of Gausslan distribution. However, it should be remembered
that the probability of detecting a near-threatening aircraft
has been compared to the standard deviation of the specifica—
tion and the mean error allowed by the specification has not
been taken into account. Furthermore, the data presented in
Table 14 indicate that the false alarm rate for all aircraft
in the Los Angeles Basin is only 2.9 x 10" 2 per hr (an average
per aircraft of less than 4 x 107 ° per hr) if the false warn-
ings due to range rates which are more negative than -160 ft/sec
are excluded. These false warnings should not be included
since they are allowed by the ANTC-117 specification.
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V. DETECTION PROBABILITY OF TRUE THREATENING AIRCRAFT

A. INTRODUCTION

The detection of an alrcraft that is a true threat will be
less than unity because (1) the threatening aircraft's trans-
ponder 1s busy or blocked and cannot reply to provide a full
set of range data for the Tau measurements, (2) the acceleration
of the threatening ailrcraft places 1its range bin data outside
the Tau filter range gate patterns, and (3) the communication
range between the alrcraft is inadequate and a full set of range
measurements cannot be obtained. These three subjects will be
discussed in Sections B through D. A summary is provided in
Section E.

B. TRANSPONDER BLOCKAGE

In IDA's earlier report (Ref. 1), transponder blockage was
shown to be the main cause of missed detections. The equipment
design has been changed by adding a second decoder channel in
the receliver which greatly reduces the blockage time. The re-
ception of an interrogation waveform which does not require a
response blocks the second response channel for a maximum of
16 usec in the absence of multipath. If the received interro-
gation waveform does not require a response but multipath blocks
the second channel, the transponder is blocked for a time, de-
pending on the altitude, e.g., 46.3 usec if the aircraft is at
an altitude of 5000 ft. 1If a response to a received interroga-
tion waveform is required, the second channel blockage without
multipath is increased to 19 usec and with multipath the trans-
ponder may be tied up until 3 usec after the response is
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transmitted, e.g., 70.6 usec at an altitude of 5000 ft. A trans-
mitted interrogation blocks the response circults from transmis-
sion of the first pulse until 112 microseconds after the last
pulse 1s transmitted, so that an aircraft at an altitude of

5000 ft is blocked for 157 usec.

The fraction of time a transponder is blockéd from accept-
ing an interrogation wlll be denoted by B. Considering only
response-mode blockage, the transponder is unblockéd as long as
it has not entered the response mode in the last TR seconds,
where TR is the time spent in the response mode. If events
that cause the transponder to enter the response mode occur at
an average rate of fR’ and if the times of occurrence are as-
sumed to be governed by the Poisson distribution, then the prob-
ability that the transponder 1is unblocked at the time an event
occurs is the probabllity that no such event has occurred in
the previous 1, seconds. The probability that the receiver is

R
unblocked at the time an interrogation 1is received is therefore

PuB = exp'(—fR TR) . (10)

The fraction of time that the transponder is blocked is

B =1 - exp (—fR TR) . (11)

In these equations, the occurrence rate fR depends on the
number of alrcraft within communication range and the average
interrogation rate. The average interrogation rate will be dis-
cussed first. The range rate difference between a nonthreaten- |
ing alrcraft and the range rate slope of the Tau fillter pattern
affects the number of sub-epochs which must be interrogated be-
fore the aircraft 1is dismissed as not being a threat. The com-
puter simulation discussed in Chapter IV was run with a trun-
cated Gaussian range rate distribution for nonthreatening air-
craft which was cut off at -150 ft/sec and the number of
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sub-epochs that had to be processed to dismiss an intruder was
noted. For a nonthreatening alrcraft density of 0.015 énd a
fruit density of 0.0l repllies per range bln, it was found that
almost 70 percent of the detections in sub-epoch A remailned as
potentlal threatening tracks after evaluation of the data from
~ the second sub-epoch and 22 percent remalned after the third
sub-epoch. The percent remaining after the fourth through the
seventh sub-epochs were, respectively,AS.M percent, 2.1 percent,
0.3 percent, and 0.1 percent. If a threatening aircraft is
present in one or more altitude bands, transmissions are needed
throughout the epoch.

The most dense portion of the Los Angeles 1982 Traffic
Model occurs below 5000 ft. Between 0 and 5 miles of the .
center of the model there are 47 aircraft below 5000 ft and
between 5 miles and 10 miles from the center there are 61 air-
craft below 5000 ft. The range of interest for an aircraft in
the center of the model would be about 8 miles, so such an air-
craft would observe about 86 alrcraft at altitudes ‘below 5000
ft. If the aircraft are distributed uniformly in altitude,
there will be about 20 alrcraft within the interrogation alti-
tude band. Between altitudes of 5000 ft and 10,000 ft, there
are about 33 aircraft between 0 and 10 miles range, so an in-
terrogation altitude band would contain about 6 aircraft within
a range of 8 miles.

The probability that an altitude band will be interrogated
during a sub-epoch with no valid threatening alrcraft is shown
in Table 15. The first row of data gives the probability that
a particular nonthreatening aircraft will requlire that a group
of interrogations be made in the indicated sub-epoch. Interro-
gations are always transmitted in the first sub-epoch which is
not shown. These data, obtained from the computer simulations
discussed earlier, are based on a range of 20,000 ft and a
Gausslan distribution of range rate which was truncated at -150

ft/sec. The next three rows of data are for an interrogation
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altitude band below 5000 ft; the last three rows are for an al-
titude band between 5000 ft‘and 10,000 ft. 1If P is the proba-
bility that an aircraft will appear as a threat during a sub-
epoch, then the term (1—P)20 is the probability that 20 aircraft
do not require a group of interrogations to be made 1in a given
sub-epoch, P1(20) is equal to 1-(1—P)20, which 1s the probabil-
ity that at least one of the aircraft will require an interro-
gation to be made in the sub-epoch, and the term P2(2O) is the
probability that one out of two altitude bands requires an in-
terrogation to be made. The need for the latter term will be
explained later. The data for an altitude band between 5000 and
10,000 ft follow the same format and differ only in the number
of aircraft expected to reply.

TABLE 15. EXPECTED NUMBER OF SUB-EPOCHS INTERROGATED
BELOW AN ALTITUDE OF 10,000 FT

Number of Sub-Epochs Interrogated

Interrogation 3 ] 3 P 5 6 7 8
Probability -
(A1l Aircraft) | Where P = 0.696 | Where P = (0.225| Where P = 0.054 | Where P = 0.02) | Where P = 0.003 [ Where P = (0.001 | Where P = 0.000

0 to 5000 ft Altitude
{1-p)20 ax10”1! 0.006 0.329 0.654 0.942 0.980 1

F'](ZO) 1 0.994 0.671 0.346 0.058 " 0.020 0
5’2(20) 1 0.988 0.450 0.120 0.003 0 0
5000 to 10,000 ft Altitude

(1-P)6 I)(IO-‘3 0.217 0.717 0.880 0.982 0.994 1
P](G) 0.999 0.783 0.283 0.120 0.018 0.006 0

3’2(6) 0.998 0.613 0.080 0.014 0 0 0

Table 4 in Chapter III shows the conditions under which in-
terrogations within an altitude band are made. Below 9600 ft,
an AVOIDS-I aircraft in level flight will interrogaté two alti-
tude bands for Tau measurements and possibly three altitude
bands for altitude correlation data. The AVOIDS-II is not de=-
signed to meet the ANTC-117 threat logic and does not probe as
many altitude bands as the AVOIDS-I. However, we will assume
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that the ANTC-117 logic will be followed and that, as a result,
the AVOIDS-IT will be analyzed as if it used the same altitude
band probing as the AVQOIDS-I.

Table 16 gives the expected number of interrogations within
a sub-epoch for the altitude bands which would be probed by an
alrcraft in level flight below 10,000 ft. Only nonthreatening
aircraft replies are assumed. P1 and,P2 are the appropriate
probabilities from Table 15 where P1 is either P1(2O) or P1(6)
and P2 is either P2(2O) or P2(6). Sub-epoch A would always be
interrogated in altitude bands I(+6) and I(-6). Only two in-
terrogations are indicated as would be the case if a threat were
not indicated in the previous two sub-epochs. In sub-epoch B,
two replies are transmitted in I(+6) and I(-6) if a potential
threatening aircraft is indicated by the data collected 1n sub-
epoch A. The average number of replies in sub-epoch B is there-
fore 2P1. The same 1s true for sub-epoch C. In sub-epoch D,
three interrogations are transmitted in I(+6) and I(-6) if the
data from either of the altitude bands indicate a potential
threatening track at the end of sub-epoch C. The data collected
in these two altitude bands should be independent, since for
all practical purposes, they do not overlap in altitude. As a
result, the probabllity of transmitting a group of interroga-

tions in I(+6) or I(-6) in sub-epoch D is

P [I(6)]|D =2P -P, (12)

Where P2 is the probability of a potential threat in either

I(+6) or I(-6). The average number of interrogations in I(+6)
and I(-6) for sub-epoch D i1s three times the value given in

Eq. 12, as indicated in the table. The average number of inter-
rogations for other sub-epochs and altitude bands can be obtained

with the aid of Table 4 in Chapter III.

The terms presented in Table 16 have been evaluated with
the data presented in Table 15 to give the expected number of
Interrogations in a sub-epoch and the results are presented in
Table 17. An AVOIDS-equipped aircraft in the densest portion
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TABLE 16. AVOIDS-I INTERROGATIONS EXPECTED FOR LEVEL
FLIGHT BELOW 9600 FT :

Sub-Epoch
Altitude
Band A B C D E F . G H
1(+6) 2 l 2P] 2P] 6P]-3P2 3P] 3P] 3P] 3P]
1(+4) 0 0 0 3P1 P] P p] p]
1(0) 0.0 0 | 6P-3P, | 6P-3P, | 6P,-3P, | 6P,-3P, | 6P;-3P,
1(-4) 010 0 3P, Py P P, Py
1(-6) 2 2P] ZP] 6P1-3P2 3P] 3P] 3P] 3P]

Note: Overlap between I(+6) and I(-6) is ignored and no threatening "
aircraft are assumed.

TABLE 17. AVERAGE INTERROGATION RATE FOR AVOIDS CAS
IN LEVEL FLIGHT (NO THREAT)

Sub-Epoch
‘ :
A| B c D E \ F G H 3
Altitudes Between 0 and 5000 ft ‘
1(+6) | 2 | 2 | 1.99 2.68 | 1.04 | 0.17 | 0.06 | O 9.94
I(+4) [ 0 [ 0] O 2.01 | 0.35 | 0.06 | 0.02{ 0 | 2.44
1(0) o0l o0 2.68 { 1.72 | 0.3 | 0.12 ] © 4.86
I(-4) ] o | 0| O 2.01 [ 0.35 | 0.06 | 0.02 | © 2.44
I(-6) 1 21 21 1.99 2.68 | 1.04 { 0.17 | 0.06 | O 9.94
2 4 | 4| 3.98 [12.06 | 4.50 | 0.80 | 0.28 | 0 |[29.62*
Altitudes Between 5000 ft and 10,000 ft

1(+6) | 2] 2| 1.56 1.46 | 0.36 | 0.05 [ 0.02 | O 7.45
1(+4) | 0| 0| O 0.85 | 0.12 | 0.02 | 0.01 | © 1.00
1(0) 0| 0({o0 1.46 | 0.68 | 0.11 | 0.04 | © 2.29
I(-4) | 0] o] 0O 0.85 [ 0.12 | 0.02 | 0.01 ] 0 1.00
I(-6) | 2 | 2| 1.56 1.46 | 0.36 | 0.05 | 0.02 | O 7.45
) 4 | 4| 3.12 6.08 | 1.64 | 0.25 LO‘]O 0 [19.19*%*

*
8.01 per sec.

* &
5.18 per sec.
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of the 1982 Los Angeles Traffic Model would be expected to have
an average interrogation”rate of 8.01 interrogations per second
if it were flying below 5000 ft. This result assumes level
flight (an altitude rate of less than 500 ft/min) and only
nonthreatening aircraft within the range of interest. For these
. same conditions, an alilrcraft between 5000 and 10,000 ft is ex-
pected to have an interrogation rate of 5.19 per sec.

The average interrogation rate will increase if the air-
craft 1s climbing or diving at a rate of 500 ft/min or more.
For |h| (i.e., altitude rate) between 500 and 1000 ft/min, a
Tau measurement is made in altitude band I(+15) or I(-15) and
interrogations are made in either the PCA or PCB altitude bands
for altitude correlation data. A potentlial threatening track
in I(+15) or I(-15) will also cause the transponder to probe
either I(+6) or I(-6) if interrogations in these bands are not
scheduled for other reasons. The number of Interrogations in
either I(+15) or I(—15) will be two in sub-epoch A, 2Pl in B
and C, and 3Pl in other sub-epochs. Except for sub-epoch D,
the average number of interrogations will be the same as elther
I(+6) or I(-6) in Table 17. During sub-epoch D, the average
number of interrogations in I(+15) or I(-15) will be less than
in I(+6) or I(-6) in Table 17 so that below 5000 ft, I(+15) or
I(-15) will average about 9.25 interrogations per epoch and
between altitudes of 5000 and 10,000 ft will average 6.85 in-
terrogations per epoch. Probing I(+15) or I(—lS) will increase
its average rate by 2.5 interrogations per second and 1.85 in-
terrogations per second, respectively.

The PCA or PCB altitude bands (predicted co-altitude above
or below) will also be probed if |h| is greater than 500. The
location of the predicted co-altitude will mostly overlap the
combination of I(+6) and I(+15) for PCA and I(-6) or I(-15) for
PCB. To interrogate the co-altitude band during sub-epoch D
requires a potential threat in I(+6) or I(+15) for PCA and I(-6)
or I(-15) for PCB. There is about a 300-ft, or 25 percent,
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overlap between I(+6) and I(+15) [and also I(-6) and I(-15)], so
the average number of interrogations in the predicted co-altitude
band will be about

Tpe = 3(1.75 P, - 0.75 P2) : (13)

since the probability of a potential track in I(+15) which is
not in I(+6) is about 0.75 Pl'

In sub-epochs F through H, the average number of interroga-
tions in the predicted co-altitude band will be about 3P1*.
Table 18 gives the average number of interrogations per sub-epoch
for a predicted co-altitude band. The increase in interrogation
rate 1s about one interrogation per second at altitudes below
5000 ft and about 0.5 interrogations per second at altitudes be-
tween 5000 ft and 10,000 ft.

-

TABLE 18. PREDICTED CO-ALTITUDE AVERAGE INTERROGATIONS

Altitude Sub-Epoch
of
Interrogator D E F 6 |H| X | 2=+ 3.7
0 to 5000 ft 2.5111.03(0.17|0.06|03.77 1.01

5000 to 10,000 ft| 1.3 0.36 1] 0.06 | 0.03} 0} 1.75 0.47

For a climblng aircraft, the number of interrogations in
I(+6) will increase in the presence of a potential threat in
I(+15). There is about 25 percent overlap in these altitude
bands, so in sub-epoch D the number of interrogations in I(+6)

would be about

¥
This assumes. overlap between the PCA band and either
I(+6) or I(+15) for a climbing aircraft and between PCB
and I(-6) or I(-15) for a diving aircraft. If not, the
average number of interrogatlions will be less by a factor
equal to the percent overlap.
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Ti |+15'~8.25 P, - 7.5 P] +2.25P . (14)

1

The number of interrogations expected in sub-epoch D for
I(+6) due to interrogation in I(+15) is 2.84 for an aircraft
below 5000 ft and 1.79 for an aircraft at altitudes between
5000 ft and 10,000 ft. This is an increase of 0.17 and 0.34
interrogations, respectively, over the level flight case. 1In
sub-epochs E through H, the number of interrogations in I(46)
should not increase, since altitude correlation with a track in
I(+15) only occurs if the track is already a potential Tau
threat in I(+6). A summary of the increase in interrogations
due to |ﬁ| between 500 ft/min and 1000 ft/sec 1s presented
in Table 19.

TABLE 19. INCREASE IN INTERROGATIONS DUE TO AIRCRAFT |ﬁ|
BETWEEN 500 FT/MIN AND 1000 FT/MIN

Aircraft Altitude (ft)

Altitude Band 0 to 5000 5000 to 10,000
1(+15) or I(-15) 9.25 © 6.85
PCA or PCB 3.77 1.75
[(+6) 0.17 0.34
2 | 13.19 | 8.94
>+ 3.7 3.56 2.4

An aircraft with |h| > 1000 ft/min will probe I(+26) or
I(-26) in addition to the altitude bands that are interrogated
when |h| is between 500 ft/min and 1000 ft/min. The expected
number of interrogations in I(+426) or I(-26) 1s the same as in
I(+15), so if the interrogated band 1is at an altitude below
5000 ft, the average number of interrogations within the band
would be 9.25 and if the altitude were between 5000 ft and
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10,000 ft, the average number of intefrogations would be 6.85.
This represents an increase in average interrogation rate of

2.5 and 1.85 interrogations per sec, respectively. In addition,
the average number of interrogations in I(+15) or I(-15) would
increase from 3P, to 6P1 - 3P,. If the altitude bands in ques-
tion were below 5000 ft, the increase in the number of interro-
gations per epoch in I(+15) or I(-15) would be 0.66, and the
average interrogation rate would increase by 0.18. If the al-
titude bands were between 5000 ft and 10,000 ft, the correspond-
ing increase.would be 0.61 interrogations per epoch or 0.17
interrogations per sec. An aircraft flying below 5000 ft and
with |ﬁ| greater than 1000 ft/min will transmit 9.91 interroga-
tions per epoch more than if |h| were between 500 ft/min and
1000 ft/min. For altitgdes between 5000 ft and 10,000 ft, the

increase is 7.46 interrogations per epoch.

A summary of the average interrogations 1s presented in
‘Table 20. These data assume that a threat is not present. If
a threat is present, the interrogation rate will increase. For
example, a threat in I(+6) below altitudes of 5000 ft will in-
crease the interrogations within this altitude band to 24; those
in I(+4) to 7.27 (i.e., 7 plus 2/3 of the expected interrogations
in sub-epochs E through H when no threat is present); those in
I(0) to 10.08 (i.e., 9 plus half the interrogations in E through
H when no threat is present); and those in I(-6) to 10.24. Be-
tween altitudes of 5000 and 10,000 ft, the interrogations in
the respective bands are increased to 24, 7.1, 9.41, and 9.01,
respectivély. A summary of the expected interrogations with a .

threat present is given in Table 21.

The average interrogation rate expected for the Los Angeles
Basin in 1982 1s calculated in Table 22. Eighty percent of the
alrcraft are assumed to have |ﬁ| of less than 500 ft/min, 10
percent to have |h| between 500 ft/min and 1000 ft/min, and 10
percent to have |h| greater than 1000 ft/min. The number of
aircraft with a single threat present is varied in the table.
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TABLE 20. SUMMARY OF AVERAGE INTERROGATION RATE,

NO THREAT PRESENT

Interrogations Interrogations
at Altitudes Between at Altitudes Between
0 and 5000 ft 5000 ft and 10,000 ft
Altitude Rate Per Epoch | Per Second Per Epoch | Per Second
|h| < 500 ft/min 29.62 8.01 19.19 5.19
500 < |ﬁ| < 1000 ft/min 42.81 11.57 28.13 7.61
1000 ft/min < |h| 52.72 14.25 '~ 35.59 9.63
TABLE 21. SUMMARY OF AVERAGE INTERROGATION RATE,
WITH A THREAT PRESENT
Interrogations Interrogations

at Altitudes Between
0 and 5000 ft

at Altitudes Between
5000 ft and 10,000 ft

Altitude Rate Per Epoch | Per Second Per Epochv Per Second
Ih| < 500 ft/min 54.03 14.62 50.51 13.65
500 < |h| < 1000 ft/min 67.22 18.16 59.45 10.06
1000 ft/min < |h| 77.13 20.84 66.91 18.08

TABLE 22.

EXPECTED AVERAGE INTERROGAT

FOR LOS ANGELES BASIN, 1982

ION RATE

Expected Interroga

tions per Second

Between 5000 ft Average
Threat Condition Below 5000 ft and 10,000 ft Below 10,000 ft’

No threatening aircraft 8.99 5.86 8.27
12.5 percent of aircraft

with single threat 9.82 6.93 9.15
25 percent of aircraft

with single threat 10.64 7.98 10.03
50 percent of aircraft

with single threat 12.29 10.11 11.79
A11 aircraft with

single threat 15.62 14.34 15.33
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A computer simulation of the Los Angeles Basin in 1982% prepared
by Honeywell (Ref. 3) indicates that 53 percent of the aircraft
flying under instrument flight rules (IFR), if equipped with the -
AVOIDS-I, and 44 percent of the aircraft flying under visual
flight rules (VFR), if equipped with the AVOIDS-II, would be in
the presence of at least one threat. These simulations assume
that the AVOIDS-II had a much smaller threat volume than required
by the ANTC-11l7 specifications so that if all aircraft were
equipped with the ANTC-117 logic, an even higher percentage of
the aircraft would be expected to be in the presence of a threat.

In the analysis presented in this report, both the AVOIDS-I
and AVOIDS-II are assumed to use the same threat logic. The
average interrogation rate will therefore be the same for both
equlipments but will vary with altitude. For aircraft below
10,000 ft near the center of the 1982 Los Angeles traffic model,
77 percent are below 5000 ft, and 23 pércent are between 5000
-and 10,000 ft. (Less than 5 percent are above 10,000 ft.) The
last column of data in Table 22 estimates the average interro-
gation rate for aircraft below 10,000-ft altitude. The data
were obtained by multiplying the interrogation rate for air-
craft below 5000 ft by 0.77, the rate between 5000 ft and 10,000
ft by 0.23, and summing the results.

In Ref. 3 the average communication range between two
AVOIDS-I aircraft is stated as 17 miles, that between an
AVOIDS-I and an AVOIDS-II is stated as 12 miles, and that be-
tween two AVOIDS-II aircraft is stated as 8.4 miles. These
values are assumed to apply at altitudes below 10,000 ft. The
same reference estimates the average communication range for an
increase in a transmitter's power of 2 dB as 21.4 miles, 15.1
miles, and 10.6 miles, respectively, for the above combinations

¥
This report used the MITRE Traffic Model of the 1982 Los
Angeles Basin.
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of equipment. In Ref. 3, the average communication range be-
tween two AVOIDS-ITI alrcraft 1s deemed adequate, even wilithout
the 2 dB increase in power, since the instrumented range 1is
only 25,600 ft, or 4.8 miles. (The gain margin at this range
is estimated at 8 dB.) The maximum legal speed for'aircraft

at altitudes below 10,000 ft is 250 knots, so the maximum en-
counter speed between two such aircraft would be 500 knots.

The maximum range at which a Tau 2 warning could occur, based
on ANTC-117 specifications, is 7.36 miles or 44,700 ft. To
insure that the alarm i1s issued at this range, the first de-
tection may have to occur two to three epochs early or at a
range of about 10 miles. Due to antenna gain, the loop sensi-
tivity in the forward direction should be 3 dB greater than the
average. However, even this seems inadequate for an encounter
between two AVOIDS-II aircraft. A 6 dB gain margin in the for-
ward direction 1is more appropriate, so that an average communi-
cation range of at least 14.5 miles should be considered if the
-maximum range of the ANTC-117 Tau 2 threat logic 1s to be met.
This 1s the value that will be assumed in estimating fruit rates
and transponder blockage for an encounter involving AVOIDS-IT
aircraft. The stated average communication range of 17 miles
for two AVOIDS-I alrcraft will be accepted for this analysis.

Reference 3 also reports the results of a computer simu-
lation of AVOIDS-equipped aircraft operating in the projected
1982 Los Angeles Basin Traffic Model. The densest traffic
occurred 15 miles east and 10 miles south of the center and
only these results will be used in our analysis. Figure 16%
shows the communication paths between an AVOIDS-I and sur-
rounding IFR and VFR aircraft in the most dense region. 1In the
Honeywell analysis, all aircraft flying under IFR were assumed
to be equipped with AVOIDS-I transponders and all alrcraft
flying under VFR were assumed to be equipped with AVOIDS-II
transponders. Our analysis will use the same assumptions.

¥ Obtained from Ref. 3.
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The top portion of the dlagram assumes an average communication
range between two AVOIDS-I ailrcraft of 17 miles and between an
AVOIDS-I and an AVOIDS~II of 12 miles. The bottom portion of
the diagram assumes the average communication range 1s increased
2 dB to 21.4 miles and 15.1 miles, respectively. To aid in un-
derstanding the diagrams, the paths 1n the top diagram are
labeled "A" and those in the bottom diagram are labeled "B."
The subscripts on the paths indicaté'nodal points of the pafh.
The path between the AVOIDS-I 1in question and alrcraft flying
by IFR 1is marked AII or BII and the path between an AVOIDS-I
and an aircraft flying by VFR with an AVOIDS-II transponder 1is

marked AIV and BIV'
AVOIDS - | ot 15 mi EAST, 10 mi SOUTH
A
17 mij el 24 (1FR))
An
17 mi 25 (IFR) A
. Y
12 mi 91 (VFR)
CENTER
BASELINE A -
GAIN MARGIN 1213 (1FR)
Av
12 mi s 120 (VFR) N
8.4mi—lv-v—55 (VFR)
B
5 21. 4mi—dll_33 (JFR)
21.4 i e e 42 (IFR)
By .
CENTER 15.1 mi 125 ( VFR)
+ 2dB

INCREASE IN Bvi
20 (IFR)

GAIN MARGIN . 15.1mi
15. 1 mi e | 64 (vrk)—<: .
: 10.6mimm—_78 (VFR)

9-12-75-28

FIGURE 16. Communication Paths to an AVOIDS-I in the Los
Angeles Traffic Projected for 1982
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Three subscripts are needed to describe the paths involved
in fruit generation. Working backward, the AVOIDS-I in question
receives replies from IFR alrcraft that have been interrogated
by other IFR and VFR alrcraft. The reply path from the IFR
alrcraft to the alrcraft in question 1is AII’ Based on the data
presented in Fig. 16, there are 25 IFR alrcraft ‘that would have
a path to the central TFR aircraft. The reply rate of these 25
aircraft 1s dependent on the number of interrogations they re-
ceive and the effectiveness of altitude coding in preventing
replies to alrcraft outside the intended interrogation altitude
zone. We will assume that altitude encoding reduces the number
of replies to one-fifth the number of received interrogations.
The fruilt replies received by the AVOIDS-I in the densest part
of the Los Angeles Basin projected for 1982 along path A is
then

I1

F = 0.2 A (AIII fI'+ AIIV f.,) | (15)

.where AII’ AIII’ and AIIV are thelnumber of aircraft in each

path and ?I and ?v represent the average interrogation rate for
IFR and VFR aircraft, respectively. Equation 15 gives the frult
generated by the top half of the diagrams of'Fig.,l6. An AVOIDS-T
would also receive fruit along path AIV’ so the total fruit re-
plies received would be

111 1 ¥ Arr Arav v *

v Arvr T1 * Ay Arwy Ty | (16)

F. = O.2(AII A

A

If the first subscript in the communication path terms 1is changéd
to a V, Eq. 16 gives the frult rate for an AVOIDS-II.

The communication paths between an AVOIDS-II located in the
densest region of the Los Angeles Basin projected for 1982 1is
shown in Fig. 17%, and equations similar to 15 and 16 can be de-

rived for these diagrams.

——
Obtained from Ref. 3.
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AVOIDS = H gt 15 mi EAST, 10 mi SOUTH

A
Y
7m 25 (IFR
Y % "
12 mi y 12 (IFR)
\ Aviv
12mi 102 (VFR)
CENTER
BASELINE A
GAIN MARGIN / 12 mi et 12 (IFR)
8.4mi v 55 (VFR) :
\_a,4m;l59 (VFR)
36 (IFR
T e Y
15.1mi 20 (IFR)

15, 1 M em—1 44 ( VFR
CENTER N s ] 44 ( VFR )
+ 2dB
INCREASE IN

GAIN MARGIN 8 /-—15 1 i we—19 (IFR)

vV
\ \A'A'
10,6 M e 85 ( VFR )

10.6 mi 99 (VFR)

9-17-75-27

FIGURE 17. Communfication Paths to an AVOIDS-II in the Los
Angeles Traffic Projected for 1982

The results of the computer simulation preseﬁted in Figs.
16 and 17 are useful and informative, but cannot be used directly
in our analysis because of the difference in assumed average com-
munications ranges. To estimate the number of reply and inter-
rogation paths for different average communication ranges, the
data of Figs. 16 and 17 are plotted vs range in Fig. 18. These
data were used to construct Fig. 19, which gives the number of '
alrcraft within communication range for the assumed values of
average communication range (i.e., between an AVOIDS-I and an-
other AVOIDS-I of 17 miles and 14.5 miles for other equipment

combinations.)

The fruit rate for the Los Angeles Basin of 1982 is esti-
mated in Table 23. The estimates for number of reply pulses re-
ceived are based on the formulation presented in Eq. 16. The
communication paths and number of aircraft are shown in Fig. 19.
Equation 16 includes separate terms for the average communication
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FIGURE 18. Number of Aircraft Within Communication Range

AVOIDS ot 15 mi EAST, 10 mi SOUTH

A
V7 mi 24 (JFR
A mi (IFR)
17 mi u 25 (IFR) Ay
14,5 mi e 126 (VFR)
AVOIDS -1 AT
DENSEST POINT A
R 14.5 mim——=Yl 18 (1FR)
14.5mi v 155(VFR)—.<i A
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AV
17 mi 24 (1FR)
A
14,5 M| eo—— 18 ( |FR ) A
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AVO!DS = Il AT
A
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. 14.5mi 18 (IFR)
14,5 mi vy 155 (VFR)_<: R
14,5 mimmYY__ 126 (VFR)
9-17-75-2%

FIGURE 19. Communication Paths and Number of Aircraft
Projected for the Los Angeles Basin, 1982
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TABLE 23.

EXPECTED FRUIT RATE FOR LOS ANGELES BASIN,

1982

Interrogations
Received
Average Reply Pulses |Waveforms|Pulses |Fruit Pulses Received
Interrogation Received Per Per Per
Threat Condition Rate Per Second Second |Second Second
AVOIDS-I
No Threatening
Aircraft 8.27 43,120 1,488 5,952 49,072
12.5 Percent of
Afrcraft with
Single Threat 9.15 47,708 1,647 6,589 54,297
25 Percent of
Ajrcraft with
Single Threat 10.03 52,295 1,806 7,222 59,518
50 Percent of
Aircraft with
Single Threat 11.79 61,473 2,122 8,489 69,962
A1l Aircraft
with Single )
Threat 15,33 79,930 2,759 [11,038 90,969
AVO1DS-I1
No Threatening
Aircraft 8.27 41,383 1,430 5,721 47,105
12.5 Percent of
Aircraft with
Single Threat 9.15 45,786 1,583 6,330 52,116
25 Percent of
Aircraft with
Single Threat. 10.03 50,190 1,735 6,939 57,130
50 Percent of
Aircraft with
Single Threat 11.79 58,997 2,040 8,159 67,156
A1l Aircraft
with Single
Threat 15.33 78,037 2,698 10,791 88,828
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rate for an AVOIDS-I and an AVOIDS-II; however, our analysis
assumes that both sets of equipment use the same threat logic
and therefore experilence the same interrogation rate. The in-
terrogatlion rate used to generate the data presented in Table
23, column 1, is the average below 10,000-ft altitude which is
listed in the last column of Table 22. The fruit replies due
to recelved interrogations are four times the interrogation rate
(there are four pulses in an interrogation waveform) times the
number of aircraft within communication range (i.e., the number
of aircraft along the double subscript paths of Fig. 19). Both
the received interrogation waveforms and the number of interro-
gation waveform pulses are listed in Table 23.

FPruit affects transpdnder blockage by creating false inter-
rogations. To block a transponder requires two fruilt pulses
with approximately the time separation of an interrogation wave-
form's first pulse pair. The gate widfh of the transponder's
. two-pulse decoder 1is about 100 nsec, so the false interrogation
rate is approximately the fruit rate squared times 1077, a
false interrogation consisting of only the first pulse palr would
not require the receiving transponder to respond. . If four fruit
pulses were received with the correct time separation, a false
terrogation could be created which would require a response.

This 1is extremely unlikely and will not be considered.

Table 24 is used to estimate transponder blockage and the
probability, Pw’ that blockage will not interfere with the re-
ception of range data so as to prevent the detection of a threap.
Two epochs of range data are needed for detection of a threat so

14

P = (1 -7P (1—P133)

2)2
W B
if the interrogating aircraft transmits two interrogations in the
first two sub-epochs and three interrogations in the following
fourteen sub-epochs. The term PB i1s the probability that the
receiving transponder 1s blocked when an interrogation 1s re-
ceived.
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TABLE 24.

PROBABILITY OF BLOCKAGE AND PROBABILITY OF WARNING FOR AVOIDS EQUIPMENT

Interrogation

Rate
—_ o
p-2Y [~
> & = o= -~ o~
— a g g ~% | 25 | 25
:- 8 ° %_Q aa a o ac
a c o er g2 | g 2 3 2 2
’Q: g ~ O’; — ~—a | e <C m %) o
Percent of | — = . = 22 o5 | &3 S < Sc| 3$cl8
Aircraft @ o bt ~ et JE 3E © g T E|DE|®E
With Single| 2 2 - N i - o — o— o~ oe s o
Threat — | w <€ &': L") = |0I n.;S &18 n.lg n.;s n.: n.m ’ n.z
AVOIDS-I
0 298 1190 406 1117 479 209 89 .9823 | .9781 |.9960 9937 |.9509 |[.0451 |.9935
12.5 329 1318 498 1271 545 230 99 .9799 | .9751 |.9956 | .9930 |.9446 |.0554 |[.9915
25 361 1445 599 1431 613 253 108 .9774 | .9720 |.9952 | .9924 |.9383 |[.0617 |.9891
50 424 1698 827 1767 758 297 127 .9721 | .9655 9944 | .9911 |.9250 1.0750 |.9830
100 552 2207 | 1399 2524 1082 386 166 .9604 | .9511 9927 | .9883 |.8962 [.1038 .QGEﬁJ
AVOIDS-11
0 286 1144 375 1063 456 200 86 L9831 | .9791 |.9962( .9939 |.9530 |.0470 | .9941
12.5 317 1266 459 1207 518 222 95 .9809 ) .9763 |.9958 | .9933 |.9472 .0528 §.9924
25 347 1388 562 1358 582 243 104 .9785 | .9734 | .9954 | .9927 |.9412 |.0588 |.9903
50 408 1632 762 1676 718 4 286 122 .9735 ] .9673 | .9946 | .9914 .9285. .0715 | .9847
100 540 2158 1 1333 2444 1047 378 162 .9617 | .9527 | .9928 | .9886 | .8992 |.1008 | .9658
|

* Assuming fruit rate increased by 30 percent due to multipath.



The procedure for estimating PB 1n Table 24 1is as follows.
One-fifth of the received true interrogation waveforms 1listed in
Table 23 are assumed to require the receiving transponder to '
respond. The number of these interrogations which would be re-
celved 1n a second 1s given in the second column of Table 24.

The third column lists the true interrogation rate for interro-
gations which do not require a response, so the sum of columns

2 and 3 of Table 24 1s equal to column 4 of Table 23. The

fourth column of Table 24 is the expected number of false in-
terrogations; these are assumed not to require a reply. The
false interrogations are caused by frult, as explained earlier.
To account for multipath, the expected received ffuit rate listed
In Table 23 was 1ncreased by 30 percent in computing the false
interrogation rate of Table 24.

Columns 5 through 8 of Table 24 separate the received in-
terrogations (both true and false) into whether or not a reply
1s to be made and whether or not multipath is received. The data
presented assume multipath 1s present 30 percent of the time.
Columns 9 through 12 give the probability that the transponder
is not blocked (see Eq. 10) for each type of received interroga-
tion listed in columns 5 through 8. These data are based on the
blockage times discussed at the beginning of the section. The
last three columns of Table 24 give the overall probability that
the transponder is unblocked, the probability that it is blocked,
and finally, the probability that 16 sub-epochs of range data
can be collected in order to detect a threatening intruder. The
results of Table 24 are presented for both the AVOIDS-I and .
AVOIDS-IT and for the various threat conditions discussed earlier.

C. DETECTION PROBABILITY FOR ACCELERATING TARGETS

The AVOIDS Tau filter has two range gate patterns which
check for threatening values of range rate skip. These patterns
are referred to as the high- and low-acceleration patterns and
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are described in Chapter III. For zefo range rate skip, the low-
acceleration patterns are symmetrical about the A and H sub-epoch
end points and allow a bulge in the range track for the inner
sub-epochs of between 50 ft and 100 ft, depending on the position
of the target in sub-epochs A and H. A target track with a *1-G
acceleration will bulge +48 ft in sub-epochs C ahd D, so, exclud-
ing noise measurement effects, the low-acceleration patterns can
handle these targets for zero values of range rate skip. The
high-acceleration pattern is asymmetrical and allows the range
track to bulgé between 100 and 150 ft in the direction of increas-
ing range and only 0 to 50 ft in the other direction. As a
result, this pattern is capable of detecting targets with higher
negative values of acceleration than the low-acceleration pattern.

The movement of the range bin patterns between sub-epochs
is discussed in Chapter IITI and is quantized in 50-ft steps. As
the clock phase of the rénge gate movement changes, the amount
of bulge which can be tolerated in the range track is affected.
To show this, the low-acceleration range rate patterns have been
plotted in Fig. 20 with the average range rate removed so that
the A and H sub-epoch range gates are in line. All seven clock
phases are shown. (In the critical C and D sub—epdchs, where
most of the bulge occurs, the high-acceleration pattern extends
an additional 50 ft to the right so that targets with more than
1 G of deceleration can be detected.) As shown in the figure,
targets with a range acceleration of +1 G will not always be de-
tected, even without considering noise, since the range gates in
the C and D sub-epochs extend only 42.9 ft closer in range for

clock phases 2 and 5.

Geometric effects as well as target maneuvers can cause
apparent target acceleration and result in a bulge in the
range track. The acceleration due to target maneuvers 1is
expected to be limited to within 21 G and the detection of
a target which exhibits a deceleration in measured range is
of more concern than one in which the rate of change in range
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rate 1s positive. The apparent acceleration due to changes
in geometry can be much larger. For example, a famlily of
curves 1s plotted in Fig. 21 which shows the rahge-rate—vs—
range relationship for two alrcraft approaching each other at
2000 ft/sec. Also shown are the Tau 1 and Tau 2 boundaries.
Each curve represents a different miss distance at closest
approach and the tick marks on the curves give the time be-
fore closest approach in seconds and the rate of change in
range rate in ft/sec?. The highest acceleration occurs at
closest approach and is equal to

Amax - (VC)Z/Rmin (17)
where VC is the closing velocity between the two alrcraft and
Rmin is the miss distance at closest approcach. The accelera-
tion in the range data can be very high at closest approach.
For a miss distance of 40,000 ft, the méximum acceleration is
100 ft/secz. However, accordingbto ANTC-117 loglc, such an
alrcraft 1is outsidé the Tau 2 boundary and need not be tracked
since 1t does not represent a threat. Higher accelerations
will be experienced for encounters in which the miss distance
is less, and it will be impossible for the AVOIDS tracker to
follow the target's movements and continue an alarm in accord-
ance with ANTC-117 logic. The consequences of the equipment's
lnability to follow ANTC-117 logic do not appear to be serious,
since the time at which a range track is drobped due to a high
rate of change 1n the range rate occurs closer to the point

of minimum miss distance as the miss distance decreases. Also,

the equipment 1is built so that an alarm will only be dropped
after the target has been missed for two consecutive epochs.
The time separation between epochs 1s 3.7 seconds, on the
average, and if the track is maintained through half of the
second epoch, the alarm or warning will be displayed for about
5.5 seconds after the Tau filter 1s unable to follow the tar-
get. For encounters with . a near-zero miss distance, the high
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acceleration occurs close enough to the time of closest ap-
proach so that the alarm will be maintained long enough to
meet the ANTC-117 requirements. '

The capability of the equipment to track accelerating tar-
gets was determinedﬁ?rom the computer simulation program dis-
cussed 1n Chapter V. Only threatening values of range rate
were used to generate the range bin data and these were se-
lected randomly so that 1t was equally likely that the track
would be a threat in any one of the seven possible clock phases.
Gaussian noise with a standard deviation of 5 ft was added to
the sub-epoch range data for these simulation runs. Fruit
replies were not included, and the threatening aircraft were
spaced so that thelr range tracks would not interfere with
one another. The results are presented in Table 25. As shown,
the detectlion probabllity of a target with a rate of change
rate of -1 G was found to be 1.0 and that for +1 G was 0.98.

To estimate 1ts detection probability for each value of ac-

- celeration listed in the table, a total of 9,000 simulated
threatening aircraft were used. The locations of the threat-
ening track were randomly distributed in range. '

TABLE 25. PROBABILITY OF DETECTION FOR ACCELERATING TARGETS

- R Bulge in Range Track P
(ft/sec?) (ft) d
-32.2 48 1.00
0 0 1.00
32.2 48 0.98
40.0 60 0.90
46.7 70 0.75
53.3 80 0.54
-60.0 90 0.32
66.7 100 0.15
73.3 110 0.04

108



The acceleration vs time is plofted in Fig. 22 for the
2000 ft/sec encounter and the time at which a threat advisory
is dropped as a result of target acceleration 1s estimated as
follows. The single-epoch detection probability is presented
on the right side of Fig. 22. This probability'is based on
the detection probabllities from Table 25 and an assumed block~
age of 0.07. This blockage corresponds to the condition in
which 50 percent of the aircraft have a single threat within
coverage. Two time scales are provided at the bottom of Fig.
22. The upper scale shows the time to closest approach and
the lower scale the time at which an advisory is dropped, as-
suming a 5.5 sec delay. The cases of primary concern are for
small miss distances at closest approach. The acceleration
increases rapidly for these conditions, so that the probabillity
of detection 1s controlled by the probability of mlss on the
first epoch For example, the probabillity of single-epoch de-
tection for a miss dilstance of 12,000 ft is 0.87 at 10.5 sec
- before closest approach. This corresponds to an acceleration
of 40 ft/sec?. 1In the following epoch (1.e., 3.7 sec later),
the acceleration exceeds 100 ft/sec and the single-epoch de-
tection probability 1s close to zero. The overall probability
of dropping the alarm at 4.5 seconds (1.e., scale T2) 1s there-
fore about 0.87. This 1is about the time the target recrosses
the Tau 1 boundary (see Fig. 21) so only the Tau 2 advisory,
as dictated by ANTC-117 logic, will be milssing.

The estimated time at which a warning or advisory will be
dropped 15 shown in Fig. 23. As stated earlier, this effect
1s noted as a deviation from ANTC-117 threat logic and does
not appear to be a serious problem since 1t does not occur on

collision encounters.

The acceleration in range measurements caused by changes
in geometry 1is affected by the veloclity of the encounter. The
AVOIDS equipment is not designed to handle encounters between
supersonic aircraft, but if it were, the 1nability of the Tau
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flilter to track a target near the point of closest approach
would be more pronounced. As the veloclty of -the encounter
decreases, the capability of the equipment improves. This
is demonstrated in Figs. 24 through 26 which provide data for

an encounter of 900 ft/sec.
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D. POWER BUDGET CONSIDERATIONS

Five pulses must be transmitted and received during an in-
terrogation/reply sequence for a single range measurement to be
made. As a result, round reliability, PI’ is given by

= po
I>]: = I)(i ’ ( 1-8 )

where Pd is the detection probability of receiving a transmitted
pulse. In IDA's earlier analysis of the Honeywell system (Ref.
1), the round reliability was shown to change rapidly as a fung¢-
tion of range. This is due to the use of a high threshold (i.e.,
20 to 23 dB signal-to-noise ratio) and the functional form of

P; as expressed in Eq. 18. In fact, in Ref. 1 the round relia-
bility for the communication between two AVOIDS-II aircraft was
shown to change from PI = 0.9 to PI = 0.1, with a change of range

from 16.83 miles to 18.24 miles. (The latter is the range at
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which the signal-to-noise ratio is equal to the threshold-to-
noise ratio.) The change in range 1s only 1.41 miles and rep-
resents a change 1n received signal strength of less than 1 dB. -
Such a change 1n signal strength is less than the margins which
must be included for variations in threshold, antenna lobing,
transmitter power, receiver gain, etc.

Based on the data presented in Ref. 3, Honeywell has ad-
Justed the AVOIDS systems parameter to provide a minimum gain
margin of 6.5 dB at the stated required range and discusses the
possible increase 1n transmitter power of 2 4B, which would pro-
vide a gain margin of 8.5 dB. The data in Ref. 3 that lead to
these suppositions are summarized in Tables 26 and 27. For
comparison, Table 25 also includes the power budget parameters
included in Ref. 1 and some revised parameters provided by
Honeywell after Ref. 3. was 1issued.

These data suggest the following:

1. The loop sensitivity between two AVOIDS-1 aircraft
below 10,000 ft is currently given as 129 dB by
Honeywell. This is the same as the baseline case
given in Ref. 3, and is 3 4B less than fDA's estil-
mate presented in Ref. 1. Based on a Tau 2 require-
ment of 40 sec and a possible warning delay of 2 to 3
epochs, the required detection range at altitudes
lower than 10,000 ft 1s about 10 miles. This range
gives a path loss of -121 dB, so that the gain margin
1s 8 dB for an antenna with zero dB gain. The antennas
should proVide between 1.5 dB and 3 dB gain 1n the
forward direction so that the gain margin for a head-
on encounter is somewhere between 11 dB and 14 dB.

With reasonable equipment specification, these margins
should be adequate to provide a signal-to-nolse ratio
which 1s several dB above the threshold-to-nolse ratio.
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TABLE 26.

SUMMARY OF AVOIDS POWER BUDGET PARAMETERS

Reference 1 Reference 2 Revised Parameters
(Spring 1975)
Above Below Baseline Above Below
10,000 ft| 10,000 ft| Baseline +2 dB 10,000 ft | 10,000 ft
AVOIDS-I Transmitter Power +62 dBm +58 dBm 58 dBm 60 dBm 53 dBm 53 dBm
AVOIDS-T Rece':ﬁ{yse“s‘t" -74 dBm | -74 dBm | -71 dBm | -71 dBm -80 dBm | -76 dBm
AVOIDS-II Transmitter Power - 58 dBm 55 dBm 57 dBm - 48 dBm
AVOIDS-I1 Receiver Sensiti-
vity - -71 dBm | -68 dBm | -68 dBm - -73.5 dBm
LOOP SENSITIVITY
a. AVOIDS-1 to AVOIDS-II 134 dB 132 dB 129 dB 131 dB 133 dB 129 dB
AVOIDS-1 to AVOIDS-II - 129 dB 126 dB 128 dB - 126.5 dB
AVOIDS-I1 to AVQIDS-I - 132 dB 126 dB 128 dB - 124 dB
AVOIDS-1I to AVOIDS-II - 129 dB 123 dB 125 dB - 121.5 dB
TABLE 27. COMMUNICATION LINK PARAMETERS FOR AVOIDS EQUIPMENT
BASED ON REF. 2
Required Path Loop Gain Average
Range Loss Sensitivity Margin Communication
Transmitter Receiver (ft) (dB) (dB) (d8) Range (m)
Baseline Case
AVOIDS-I AVO1DS-1 52,800 121.0 129 8.0 17
AVOIDS-1 AVOIDS-11 43,500 119.5 126 6.5 12
AVOIDS-I1 AVOIDS-I 43,500 119.5 126 6.5 12
AVOIDS-11 AVOIDS-11 25,600 115.0 123 8.0 8.4
2 dB Increase in Transmitter Power
AVOIDS-1 AVOIDS-1 52,800 121.0 131 10.0 21.4
AVOIDS-I AVOIDS-1 43,500 119.5 128 8.5 15.1
AVOIDS-11 AVOIDS-1 43,500 119.5 128 8.5 15.1
AVOIDS-11 AVOIDS-11 25,600 115.0 125 10.0 10.6
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2. The loop sensitivity betweeh two AVOIDS-II aircraft
is not adequate to support the ANTC-117 threat logic.
The current loop sensitivity is estimated at 121.5
dB, which is only 0.5 dB above the path loss for a
Tau 2 detection. For a minimum gain margin of 6 dB,
a minimum loop sensitivity of 127 dB 1s required.
The current estimated loop sensitivity between an
AVOIDS~I transmitter and an AVOIDS-II rebeiver is
within 0.5 dB of this value. However, the reverse
combination is deficient by 3 dB.

3. The AVOIDS-I equipments are not designed to handle
supersonic aircraft. At altitudes above 9,700 ft,
the Tau filter can handle encounters with a 2000 ft/sec
closing velocity. The detection range needed to sup-
port such an encounter is 168,000 ft; however, the
memory of the‘tracking filter only has storage for
ranges out to 102,000 feet. At the maximum tracking

‘range provided by the memory, the path loss 1s 126.5
dB. Based on Honeywell's current loop sensitivity
estimate of 133 dB, the gain margin is 6.5 dB without
considering antenna gains. For a head—oh encounter,
the gain margin should exceed.lo dB.

E. SUMMARY OF DETECTION PROBABILITY ANALYSES

Based on current Honeywell estimates for loop sensitivity,
the AVOIDS-II does not have sufficient round reliability to
meet ANTC-117 Tau 2 threat specifications. If the system 1s
to meet these specifications, the loop sensitivity will have
to be 1ncreased and the threat logic and data storage must be
changed to provide essentially the same capability as an
AVOIDS-I operated below 10,000 ft. If this is done, the block-
age rate--the time fraction that the transpondér is blocked--
in the densest region of the 1982 Los Angeles Basin Traffic
Model would be about 0.075 for an AVOIDS-I and 0.072 for an
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AVOIDS-II. This small difference is due to an assumed average
communication range of 17 miles for an AVOIDS-I and 14.5 miles
for an AVOIDS-II. These blockage rates will limit round re-
liability to between 0.925 and 0.929, i.e., the probability

that a given interrogation results in a successfully received
reply. These values for round reliability lead to a probability
of warning, P in Table 24, of about 0.98.

In IDA's Phase I analysis of the Honeywell system, Ref. 1,
round reliability due to signal-to-nolse considerations was
shown to change rapidly near the range at which the signal-to-
noise ratio was equal to the threshold-to-noise ratio. A de-
crease in range of less than 8 percent results in an improve-
ment in signal-to-nolse ratio of only 0.7 dB, yet changes the
conditional round reliability from 0.1 to 0.9. This 1s due
to the high threshold-to-noise ratio and the need to success-
fully transmit and receive five pulses in an interrogation
reply sequence. The gain margin in loop sensitivity needed to
accommodate variations in threshold, antenna lobing, transmit
power, recelver gain, etc., was not estimated in this report
but should be greater than that required to insure godd de-
tectability by overcoming the interference effects of receiver
noise. Once the signal-to-noise ratio equals the threshold-
to-noise ratio, only a small increase in signal level (i.e.,

l to 2 dB) i1s needed to provide good detection. As a result,

a system designed to handle variations in equipment parameters
and antenna gain need only be provided with a few extra dB of
signal margins to insure that the probability of Tau 2 warn-
ing will be limited by transponder blockage rather than loop
gain. This assumes detection is not limited by target dynamics
or equipment reliability.

A detection probability less than unity may result in a
delay in warning. The probability, Pw, in Table 24 is for a
required Tau threat detection in two successive epochs. A
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probability of 0.98 for two epochs corresponds to a single-
epoch detection probability of 0.99. The single-epoch detec-
tion probability will be denoted as P&. The probability of _
a one-epoch delay in warning is (1 - PV’J)Pw which is about 0.01
and the -probability of a two-epoch delay is the same as a one-
epoch delay. The probability of a three-epoch delay in de-
tection is equal to P, = (1 - P&)(l - Pw)PW and for the

3
AVOIDS-I is about 0.0002 and can be ignored.

Once a warning is issued, it will not be dropped until
the threat is missed for two successive epochs, so the prob-
ability that round reliability will cause a warning to be
prematurely dropped is equal to (1 - P;J)2 and for the AVOIDS-I
is equal to 0.0001.

Target acceleration causes a bulge in the sub-epoch range
data. The range gate pattern which is used for threat evalua-
tion allows only a deviation from linearity of 43 ft in an
~intruder's range track for some clock phases. This is not
sufficient to insure the detection of a threatening aircraft
which has an acceleration of +1 G. An intruder with a negative
rate of change in R is of more concern since the time to go
before closest approach is decreasing. A high acceleration
range gate pattern 1is provided which insures that an accelera-
tion of -1 G can be processed by the threat evaluation logic.

A range gate pattern to insure the detection of a threat with
an acceleration of +1 G would increase the system's false

alarm rate and equipment complexity and is not provided. Based
on a computer simulation of the threat evaluation logic, an
alrcraft with a +1 G acceleration has a 2 percent chance of
being rejected during any one epoch. This may cause a delay

in warning. Considering both acceleration and blockage effect,
the single-epoch probability of detecting an intruder with a

+1 G acceleration is 0.97. The probability of a one- or two-
epoch delay is 0.056 and the probability of a three-epoch delay
is about 0.002. The probability of dropping an alarm on a
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threatening intruder is about 0.001 if the Intruder inltlates a

maneuver which causes a +1 G range acceleration.

The alarm or advisory on a noncollision threat may be
dropped earlier than the ANTC-117 threat logic specifies be-
cause of the rapid change in range rate which occurs as air-
craft near the time of closest approach. This effect 1s most
pronounced at high altitudes where large values of closing
velocity can be expected and 1s not affected by traffic density.
The phenomenon does not occur in collision encounters and does
not appear to present a serious problem sinée the alarm or
warning 1s dropped, at most, 5.5 seconds earlier than specified
by ANTC-117. This leaves 1little time for the aircraft to man-
euver after the alarm has been dropped so the effect does not
allow time for a hazardous condition to develop.
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APPENDIX A
STATEMENT OF WORK

DOT FA74WA-3498
Page 2 of 5

SCHEDULE

ARTICLE I. STATEMENT OF WORK

The contractor shall provide the necessary qualified personnel, facilities, material,
and services to perform the effort described herein:

TASK A. INDEPENDVUMT ASSESSMENT OF THE ADTQUACY QF THE THRFAT EVALUATION AND
MANEUVER SELECTION LOGICS DESCRIBED IN DOCUIMENT ANTC-117, REVISION 10.

Conduct an independent assessment of the adequacy of the threat evaluation and
maneuver sclection logics as described in Document ANTC-117, Revision 10, for

the aircraft perfcrmince parameters specified (horizontal closure rates to 3600
knots, combined horitzontal accelerations to 1G, vertical closure rates to 10,000
feet per minute and combined vertical accelerations to 1/2G). Assumptions to be
made during the analysis are as follows:

(u) The only information exchanged between participating aircraft is
that required to determine range, closure rate and relative altitude
(no bearing or bearing derivation information is exchanged or
measured);

(b) Threatenlng encounters existing simultaneously between more than three
afircraft are non-existent;

Specific attentior should be paid to the minimum range (Rp), offset range (Rol,

Ro?) and tau (T}, T2) narameters, their values and derivations (see various

references listed in ANTC-117)., Recommendations for improvements, if discovered,
shall be made and discussed (an example could be sensing own aircraft's horizontal
acceleration and reducing/expanding the alarm volume width accordingly), including the
trade-offs involved (i.e., increased expense, larger syvstem cycle time, additional
power requirements, etc.). Improvements such as a small reduction in system performance
requirements resulting in a correspondingly large reduction in system cost can also be
considered. While it is not the purpose of this task to analyze or redesign any
proposed ACAS, attention should be paid to the ANITC-117 logics as they specifically
relate to the RCA SECAUT VECAS and SECANT VECAS GA/M, Honeywell AVOIDS I and II

and McDonnell Douglas EROS II and dini-CAS Model 2007 (i.e., are the logics attainable
with the system designs!; if not, what are the effects?, etc.).

TASK B, INDEPENDENT AMNALYSIS OF THE CO:L{UNICATIONS CAPABILITY OF THE AGAS'S

Conduct an independent analysis of the commnication 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. Consideration shall be
given, but not limited, to: (1) communication reliability as a result of transmitter
power, recciver scunsitivity, 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 evaluztion purposes is that furnished you for the previous 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 in the designated enviromment,
will be pointed out (due consideration will be given to conclusions reached as a

result of TASK A.).
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DOT FA74WA-3498
Page 3 of 5

ARTICLE I. STATIMENT O WORK (Continued)

TASK C. INDEPENIFHT ASE 3017NT OF THE "IiE COLLISION AVOIDANCE SYSTEM"

DESCRIELD Tii L tRind FR-1115

-

Conduct an independent issessment of the "DME Collision Avoidance System' developed

by Sierra Rusearch Corroaration as described in their report TR-1115 dated December
1973, Particular cmphiiis should be placed on the relationship between traffic
density and missed alarss {accepting the hypothesis that the intruder is not a

hazard vhen in fact h+ is, in accordance with the threat evaluation criteria),

and false alarms taccopting the hvpothesis that the intruder is a hazard whien

in fact he is not. ajzui- in accordance with the threat evaluation criteria). The
analysis performed under this task shall consist in part of a review of work already
accomplished in this orea in order to validate or invalidate previous conclusions
reached, and of origir:l aralysis where previous work is non-existant, incomplete

or invalid. Consideration in the analvsis shall be given, but not limited, to:

(1) comnunication reliability as a result of trancaitter power, receiver sensitivity,
antenra galn and shadewing, signal processiung, such as sensitivity time control, etc,;
(2) both synchronous and asvnchronous garnle (including interweaved and overlapped
pulse trains); and (3) nultipath. The traffic model to be used for evaluation purposes
is that furnished you for the previous analysis. Obvious improvements to the system
shall be recemmend:d ralthouch it is not the purpose of this task to do any substantial
redesign effort) and inkerent limications in the system, which will preclude satisfactory
oprrationg in the desipnated cnvironment, will be pointed out (due consideration will
be given to conclusions reached as a result of TASKS A and B).
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APPENDIX B
SUMMARY OF ANTC-117 EVALUATION AND MANEUVER LOGIC

A. SYSTEM CONCEPT

The specifications given by ANTC-117 for a cooperative air-
borne collision avoldance 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 alrcraft, 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 pllots, 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 1s not assumed to
be avallable, escape maneuvers take place in the vertical plane
only.

The algorithms which provide alarm criteria are of two
types: (1) those based on the separation distance (range), R,
and separation rate (range rate), 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, 1t has been recognized that the
use of altitude data 1is 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 1s accomplished by means
of radio communication between aircraft. The arrival time of
a communlcation 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 ﬁ from
measurements of R at two different times. Each alrcraft mea-
sures 1ts own altitude with a barometric altimeter and communi-
cates 1t 1in digital steps of 100 ft to other aircraft. Each
CAS-equipped aircraft measures 1ts 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-U4.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 quantity 1, defined by

T = R/ﬁ s

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 1is
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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R+t, R<R ,

R + 5 R <R ’

where Ty RO > Tos R are designated constants.¥

1 2
In the first algorithm, known as the T alarm criterion,
the designated constants have the values

25 sec

~
n

oo
]

1/4 nmi (1520 ft)

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

2
the constants have the values

A
L1}

ho sec

b o]
"

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 if measured values of R and R satisfy the t, criterion, the

pilot 15 commanded to limit turns (rollout) to ibbank angle no
greater than 10 deg and to neither c¢limb nor dive. This is
supposed to reduge 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 11 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 is used here rather than the converse used
in ANTC-117. .
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If R and é satisfy the Ty criterion, vertical maneuver
commands are 1ssued, so that the aircraft at the higher alti-
tude climbs while the aircraft at the lower altitude dives

until both aircraft are separated by a safe distance. If three
alrcraft are involved, the alrcraft at the intermediate altitude

‘maintains 1ts course, neither climbing nor diving.

The T criterion has been modified further by the addition
of a minimum range criterion, the purpose of which 1is to pro-
tect against the hazardous case of ﬁ équal 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 Ty alarms 1if

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

alarm.

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 their
vertical separation 1is 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 is 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 1is 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 1s required to
extend 1ts co-altitude protection boundary in the direction of
its motion by a predicted co-altitude increment. The predicted
co-altitude increment 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 1 alarms
become operative, relative altitude buffer zones are estab-
lished out to +3400 ft. 1In 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,
bb, B-3.el].

D. LIMITED EQUIPMENTS

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

Of those that are mentioned specifically, there are two
types whose properties have an effect on threat evaluation.
The first consists of the so-called level one and level two
CAS, and the second 1s the beacon-only equipment.

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

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

DIAGRAMS FOR COMPUTING THE CONDITIONAL PROBABILITY
OF A FALSE TRACK FOR NEAR-THREATENING INTRUDERS

The procedure for estimating the false track probability
for a near-threatening aircraft was described in the body of
this report. Basically, the range gate pattern in question is
plotted against a background of sloping lines which form so-
called range rate corridors. An idealized range track from an
alrcraft with the nonthreatening range rate in question would
fall entirely within one of the range réte corridors. - For a
range track in one_of the range fate corridors, the conditional
probability of a false track can be obtained by noting the
range gates which are not occupied. ‘That is, when the range
track is in one of the range rate cofridors, the conditional
probability of false track is equal to the probability that
another nonthreatening aircraft and/or fruit replies fall in

the unoccupied range gates.

, The AVOIDS Tau filter changes the relative position between
the intruder's range track and the range gate pattern during a
threat evolution sequence so that the overall conditlonal prob-
ability of a false track is found by summing the results ob-
tained by alternately considering the range track in each of

the range rate corridors.

The range rate which is considered threatening varies with
range; however, the critical parameter which determines the false
warning probability is the difference in the range bin skip
between the range rate of the intruder and the range gate track-
ing pattern. Only one value of range need be considered in the
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analysis and has arbitrarily been set at 20,000 ft. At this
range, a range bin skip of 15 is considered threatening, whereas
14 is not.

All altitude bands require a false track to be present in
two successive epochs to produce a false warning}; however, some
altitude bands requilire range correlation between the false
tracks while others do not. Without range correlation, the
false tracks can occur anywhere 1in range and the false warning
probability is equal to the square of the single-epoch false
track probabllity. Only single-epoch diagrams are needed for
this analysis. Two epochs must be considered to analyze the
likelihood of a false warning when range correlatlon between
the successive false tracks 1is checked. The second false
track must occur within one range bin outbound to nine range
bins inbound of the last position of the flrst false track.
The highest conditional false warning probability occurs when
the second range gate pattern 1is as far inbound as possilble
so only this alighment i1s a consideration in the analysis.

The single-epoch diagrams used to compute the conditional
probability of a false track in the altltude bands without
range correlation between epochs are shown in Figs C-1 through
Cc--14. Two'values of nonthreatening range rate are considered.
Range rate corridors in Figs. C-1 and C-2 slope at‘a range
rate of -175 ft/sec and those in Figs. C-3 and C-U4 at a range
rate of -150 ft/sec. Both the low- and the high-acceleration
patterns are presented. The low pattern 1s shown in Figs. C-1
and C-3 and the high pattern in Figs. C-2 and C-4.

The single-epoch conditional probabllity as a function
of reply density, u, which was derived from Figs. C-1 through
C-U, i1s presented in Table C-1. These results must be squared
to obtain the conditional probability of false warning.
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FIGURE C-1. Single-Epoch Low-Acceleration Pattern for a
Range Rate of -175 ft/sec
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FIGURE C-3. Single-Epoch Low-Acceleration Pattern for a
Range Rate of -150 ft/sec
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FIGURE C-4. Single-Epoch High-Acceleration Pattern
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TABLE C-1. SINGLE-EPOCH CONDITIONAL FALSE TRACK PROBABILITY
AS A FUNCTION OF REPLY DENSITY

Acceleration Pattern Conditional Probability

Near-Threatening Intruders With R = -175 ft/sec

Low 3u? + 3u® + 9yt

High 0.14u + 1.64u% + 5.6p°

Near-Threatening Intruders With R = -150 ft/sec

Low 3w+ 2nt

High , 1.7u3 + 18.7u" + 3545

The two-epoch diagrams for analyzing the altitude bands in
which range correlation between epochs 1is checked are shown 1in
Figs. C-5 through C-8 for a nonthreatening range rate of =175
ft/sec and in Figs. C-9 through C-12 for a nonthreatening range
rate of -150 ft/sec. Four diagrams are needed for each value
of range rate in order to analyze all combinations of the high-
and low-acceleration range gate patterns. The conditional prob-
ability of false warning as a function of reply density (i.e.,
1) which was derived from the two-epoch diagrams is presented in
Table C-2.

TABLE C-2. FALSE WARNING ESTIMATES AS A FUNCTION OF REPLY DENSITY
FOR DIFFERENT COMBINATIONS OF ACCELERATION RANGE GATE PATTERNS

Acceleration
Pattern
Combination Conditional Probability
Near-Threatening Intruder With R = -175 ft/sec
Low-Low Pt | 175, 15 = 0-75u° + 3.75.°
Low-High Prn(T | ygs, 15 = 7-70° + 1547
High-Low Penc(T) | 75, 15 = 0-14w% + 0.57* + 3.0u°
High-High PerT) | 75, 5 = 2.7u* + 1.7u° + 20.6°
Near-Threatening Intruder With R = -150 ft/sec
Low-Low Pec (T | 150, 15 ° 104u° + 1145,%°
Low-High Pen(T) | 50, 15 = 38.6u7 + T62u°
High-Low PFHL(T) | 150, 15 ° 69.7u° + 347,.°
High-High Pl ™) | _ysq. 15 = 1224° + 608y

Cc-9



> T

'SUB-EPOCH
N

1 b————{ INDICATES RANGE GATE POSITION

fo——_ -175 £t/ sec SLOPE

% *

NS %y VA @ o
L S *

[ S S S ) O
SIIP IO LR R AT TV PR R

* *® * ®x *x

* * R ® K * A’ *® *x *® ® *® K *w ® *® ® ® *®
ST N P N N T N S T N N N T W VO Vi VO VRN

9-17-75-5

FIGURE C-5.

RANGE BIN LOCATION

Two-Epoch Low- and Low-Acceleration Patterns
for a Range Rate of -175 ft/sec

C-10




SUB-EPOCH

A

1 pr———{ INDICATES RANGE GATE POSITION

7/

zrABCD E
S O s s s O S )y
N RN R
- A * L N bl > LN ~ v ~ . > ~ * e L S * > . I * K ~
LR N 0 Nt O O N N N A U VT NS

RANGE BIN LOCATION

9-17-75-0

FIGURE C-6. Two-Epoch High- and Low- Acceleration Patterns
for a Range Rate of -175 ft/sec




SUB-EPQCH
>» T

*
9-17-75-7 RANGE BIN LOCATION

freerm—] |NDICATES RANGE GATE POSITION

= fo————— =175 ft/sec SLOPE

A/B/C/D/E

N T T N T T Ty o
SV S vhoABa OJILD N A
L. T U R T T T S ) ® * oW ¥ L O S S T S

~ * ® %%
S N N N N N S T . T N N T Y T e O T T

FIGURE C-7. Two-Epoch Low- and High-Acceleration Patterns
for a Range Rate of -175 ft/sec




lv f———— INDICATES RANGE GATE POSITION

P

I

§A - : -175 ft/sec SLOPE
)

=

N

N m Y VA GaRJIOIO L2 OTRPPAR D
' T T S S S S S U S S S S T NN S SR SN SR S S
A I N I N T T T e O AV T U R VR VA 7 T T TR I S U S A
RANGE BIN LOCATION
9-17.75-8
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