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PREFACE

The progress in the study of Pilot Warning !nstruments (PWl) on
Contract No. DOT=FA-T7Q0WA=2263 has been published In three separate
reports. This report combines the thres raports for ready reference
In the tollowing order:

t« Preliminary PWi Specitications, December 197} by J. F. Lyons,

{1, Threat Logic and alarm Rates In PWi and CAS Equipment, Part i,
Dacember 1970 by V. Mangulls and W, Graham,

til, Threat Loglc and Alarm Rates in PWI and CAS Equipment, Part 11,
May 1, 1971 by V. Manguils and W, Graham,

~ Original pagination ot the reports has basn rotainad,
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SECTION I
INTRODUCTION

1.1 BACKGROUND

Under FAA Contract Number DOT FA?OW§;2263, Control
Data Corporation is currently studying the PWI problem with
the objectives of developing a family of definitive PWI per-
formance specifications, and assessing the effectiveness of
each hypothetical PWI in a range of threat environments.
Underlying these program objectives are the recently published
results of Graham and Orr*®* which indicate that the failure of
the "see and avoid" doctrine can be attributed almost solely
to the failure to see. Consistent with this result, the in-
troduction of a PWI to assist the pilot in "seeing" could
lead to an order of magnitude reduction in the probability of
mid-air collisions, Here, we use PWI according to the accepted
definition, which excludes the computation, indication, and com=-
mand of avoidance maneuvers. '

The planned program for the specification and assess-
ment of a family of PWI's has been sub-divided into four major
“tasks; (a) devslopaent of PWI specifications for simulation and
Andustry review, (b) extensive simulation experiments, (¢) def-
inition of traffic models and threat environments, and (d) an
" extensive proggam for the preparation, distribution, colléctian,
. and analysis of pilot and tower (personnel) questionnaires.
1.2 RATIONALE DEHIND GENERATION OF PWY SPECIFICATIONS
, We have made a primary classification of PWI systeus
in accordance with derived data; l.e,, the geasured {or communi-

*W. Graham and R« H. Orr "Separation of Air Traffic by Visual
Means: An Estimate of the Effectiveness of the See-and-Awvoid
Doctrine,* Proceedings of the IEEE, Vol. 58, No. 3, March, 1970,

- #9Pilot Warning Instrument, S ' :
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cated) relative positional data which a PWI system provides at
its output, prior to display. Secondary classifications are
based upon: (a) the spatial coverage provided in each aircraft

of a PNI‘pair, (b) the wavelength at which the PWI is designed

to operate, and (c) major system and equipment performance fea-
tures. Operating wavelengths assume considerable importance

when one considers the effects of wavelength on propagation and
background éoise. In a like manner, one cannot properly assess
the effectiveness of a hypothetical PWI without defining specific
design features such as sampling rates, false alarm rates and the
capacity to resolve multiple targets,

Within each of these four bread classifications there
are sub-classifications and a range of parameter values. Clearly,
there are practical constraints that limit the scope of the sim-
ulation to but a small fraction of the possible combinations.

In this document, we present the rationale for the selection of
particular parameter values, and for thé elimination of those
combinations which are of secondary interest,

Several factors have influenced the Zorm and content

of these preliminary PWI specifications and these should be kept

in mind. First, we have atteupted to represent the probable func-

tional performance of PWI syatems based on various proposed princi-

~ ples but we have not attempted to faithfully represent amy partic~

'-ular PWI system proposed by a particular manufacturer. Second,

we have been optimistic about the characteristics and toleravices

of hardware components on the assumption that the market for a
_successful PWI system will warrant the required development. Third,

we have assumed that suitable dispiays will be provided for each

system to be tested by simulation. Fourth, we are trying to assess

only the bemefit to be derived by implementing various PWI systems;

we are not concerned here with the cost of thease systems and the

subsequent cost/benefit analysis.

“3 .
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In Section 1I, we present and discuss the parameters
and parameter values which have been considered in the classi-
flcation and specification of PWI systems., In Section III,
preliminary specifications are presented for hypothetical PWI
systems ir terms of the parameters and parameter values pre-
sented in Section II. Section IV presents a brief discussion
of the planned design of the simulation experiments, with some
elaboration on propagation losses, background noise, and prob-
abilities of detection as a function of range, altitude, and
the environment.




3ECTION II
PWI SYSTEMS: PERFORMANCE PARAMETERS, PARAMETER VALUES, AND
CLASSIFICATION ‘

2.1 ~ GENERAL

Tables 1 through 4 present the performance parameters
which are being employed in the classification of hypothetical
PWI systems. A primary classification of PWI systems is based
on derived data; i.e., the positional and rate of change of positioan data
which are derived by the system and made avallable as an output
for display. Table 1 lists the derived data parameters being
considered and the selection of parameter values for simulation
experiments. Secondary PWI system classifications are based on
spatial antenna coverage, operating wavelength, and system aad
hardware design characteristics; the selected parameters anc
parameter values for these secondary classifications are pre-

- sented in Tables 2 through 4, respectively.

_ The following paragraphs present the rationale fo-
the selection of particular parameters and parameter values.
In Section III we indicate the parameters and parameter values
which we have seipcted for preliminary PWI specifications,
Section IV presents backgtound data on the simulation experi-
-ments, detection characteristics, and propagation losses.

2.2 DERIVED DARA

Consistent with Table 1, the parameters employed in
this primary classification are range, range-rste, bearing,
bearing-rate, altitude difference and elevation angle. Rrage-
rate and bearing-trate have been included to allow for additional
filtering of output data based on hazard evaluation.

Zelal Range Data
. : B Every PWI systes derives range data in the sense that
' there 1s a characteristic probability of detection which approaches
-unity at some close range and approaches zero at some more distant
range. Nany important PWI systeams depend upon this detection pro-
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cess for range discriminatlon and, in the usual sense, make no
range measurement. In Table 1, this casa has been indicated
by a probability of detection (Pppy) functiom versus range (R).

While the simple probabilitv of detection function
can be likened to coarse and statistical range-gating, there
are systrems in whish precise range-~gating 15 achieved by zet-
ting limits on the round-trip propagation time. In practical
systems, the difference in parformance could be dramatic.
Whereas substantial changes in received signal levels {due to
antenna nulls, e.g.)would have little or no effect on the pre-
cise range-gate, the range corresponding to a given probsdility
of detection in the crude system could change three~to-oune for
a ten-to-one change in signal level. Table 1 indicates the pre—~
cise range-gate as another type of range data derivation.

In systems which measure range, we specify the PWI in
terms of measurement accuracy. Four range accuracies have heen
selected for the simulation experiments.* The poorest ACCUracy,
one mile, {s probably of limited value. At the opposite extreme,
an accuracy of 40 feet probably exceeds the maximum useful dis-
play accuracy, as well as the pilots ability to visually estie
mate range. Between these extremes range accuracies. of 1000
feet and 200 feet have been selected,

22262 Range-~Rate Data

o In the usual PWI concept, range-rate is seldom selected
for meessurement or calculation. It has been included here hecause
it is of interest to determine the change in PWI effectiveness
with this additional filtering of targets. Three measurement ac-
curacles have been selected a3 representative of too poor, typical
and practical, and better than useful. '

2.2.3 Bearing Data v

. In Table 1 we have made a distinction between sector and
continuous bearing measuremants. In the former case, one employs
a multiplicity of detection channels, each having a fixed field
of-view with respact to the airframe. In the latter case, one

- - — - - - — — — - —— —— g — o - -~ - - A any

* 0f course, range may not be displayed at all though measured.
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employs a rotating directicnal antenna or a multiplicity of
non-directional anternas. Relative Dhase measurements suffice
to extract bearing information with a plurality of antennas.
~ Sector widths of 90, 30, and 10 degrees have been
selected for simulation experiments. With 360 degrees of
azzimuthal coverage, the corresponding number of sectors is 4,
12, and 36, respectively. - We believe this range of sector
widths i3 representative of practical and economical I sys-~
tem designs,
In the case of continuous hearing measurements; a
ranga of accurucles from 30 degrees to 1 degree have heen se.-
~lected. - We have specifisd the bearing resclution*to be equal
te the measurement accuracye. This 1s one of the many compro-
mises that must be mac: to limit the scope of the simulation
expariments., We fully recognize that most system designs
. ac™leve bearing meazurement accuracies which exceed the bear-
1 regolution by an increasing margin with increasing signal-
to~noise ratio: or, in contrast, that some system designs achieve
bearing resolutions exceeding bearing measurement accuracies
through the expoltation of time and frequency multiplexing.
24244 Bearing-Rate-Data
‘ As indicated in Table 1, we have selected, for simula-
. tien, bearing-rate measurement accuracies of 2, 0.5, and 0.1 de-
grees/second. The poorest accuracy is of little value in hazard
discrimlnation, whereas the best selected accuracy probably ex-
ceeds that which can be practically and economically achieved.

2.2.5 Altitude Difference Data

' The determination by the FWI of altitude difference, based
on -barometric data, has been specified by the width of the altitude
filter used in the PWI. The width of the filter must make allow-

ances for inaccuracies in the altimeters and in the telemetering of
~ the data.

2,2.6 Elevation Angle Data
Elevation angle meacurements have beecn specified, as

~*The gmalleat difference in bearing angle betwaen two targets at
whizh they can be resolved.




T S . e e e T 3N SEU L RSO L faires L e e e a4 e e e

with bearing angle measurements, according to type and accuracy.
The discussion under bearing angle measurements also applies hece.
A special case with elevation angle measurements is the simple
determination of above, below, or same altitude. This case arises
from ¢ha use of separate topside and bottomside antennas, wvhere
near-egual signal strengths indicate the same altitude.

2.3 GROSS SPATIAL AN?ENN&]&ENS COVERAGE

‘ The gross spatial coverage of the antenna/lens design
is an important secondary aspect of PWI systems that we have se-

g lected as a cglagssification parameter. The infinity of possibile-
ities make this a particularly difficult area. For the purpose
of simulation we will restrict our consideration to the 9 gross

- coverages indicated for both aircratt in Table 2. We believe

this selection is sufficient to assess the sensitivity of PWI
effectiveness to gress spatiel coverage.

In Table 2, the indicated fields-of-view apply to the
nominal beamwidth (3 db). An amplitude response typical of anten-
Bas8 at the particular operating wavelength will be assumed
cutside the nominal beamwidth., Representative amplitude responses
might be gaussian, sin x/x, and cosine.

Fine-grain structure in antenna responses will be as-
sessed by selecting specific simulation runs and threat environ-
ments that illuminate potential problems for the particular hypo-
thetical system under evaluation,

2.4 OPERATING WAVELENGTH
All other specifications being equal, the operating
wavelength of a PWI system can markedly influence the effective-

nass8 of that system. Consequently, we have selected the opera-
ting wavelength as a secondary means of PWI system classification.
Propagation and background noise vary widely with wavelength and
both can have substantial effects on eystem performance. To As-
sess these effects on PWI performance, we have characterized
M three significantly different regions of the spectrum; low micro-
_ wave frequencies in the vicinity of 1500 MHz, millimeter wave-

-9 -
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lengths in the vicinity of 55 GHz, and IR in the vicinity of
0.9 nicrons. Table 3 indicates the propagation and background
effects Lo be taken into account in the simulation experiments
in each case.

At low microwave frequencies, the propagation loss
is limited to a 1/R? spreading loss, and background effects are
not significant. Furthermore, precinitation does not introduce
significant atmospheric attenuation, particularly with the rel-
atively short ranges of interest for PWI systems.

In the reglion of 55 GHz, propagation exhibits addi-
tional attenuation due to oxygen absorption and precipitation.
Except in the case of very heavy precipitation, the oxygen
absorption is the predominate source of atmospheric attenuation.
Background effects in this frequency range are not sufficiently

‘significant to warrant simulation.

In the IR region, the propagation loss is a sensitive

function of the state of the atmosphere. Fortunately, the ef~

fects on visible propagation are similar to those at IR wave=

lengths and, knowing the visi* lity, one can conveniently esti.

mate the IR attenuations, At IR wavelengths, background noise

is critically important. External backéround noise exceeds the
level of noise which is generated within IR systems and practi-
cal equipments exhibit performance which is a sensitive function

- of background. Background noise varies widely as bright clouds,

blue sky, and the sun pass through the IR field-of-view.'

2

“ 245 SYSTEN_AHDVEQUIPMENT DESIGN CHARACTERISTICS

Table 4 summarizes the parameters and parameter values
selected for a secondary classification of PWI systems according
to design characteristics. We have attempted to focus on those

- characteristics which bear most heavily on PWI effectiveness,
- One should recall that the coaplete range of parameter values

will not be simulated for every specified hypothetical PWX
system. Section III indicates the range of parameter values

. &aiindicat:d 12urgb1: 3, the representation of background
noise in the simulation will be restricted to the saturat
effects in the vicinity of the sun. ' : don

-1 -
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that will be simulated for specified systems,

2.5.1 Tolerance in Power Budget

In the design of a typical system, one usually se-
lects a combination of ccmponent characteristics and specifi-
cations that yield some nominal operating range under a set
of nominal conditions. These conditions might include light
rain, an average antenna dain, and nominal trznsaitter pcwer.
Deviations from the assuaed nominal conditions {e.g., geom-
etry corresponding to an antenna null) have the effect of in-
creasing or decreasing the detection range. In systems which
do not measure ranqge, the possible wide variation in detection ¢
range can significantiy effect PWl effectiveness. This area
will be explored in the simulation through the introduction of
a power budget tolerance with the parameter values indicated
in Table 4.

In contrast to the nominal design approach, one often
designs a system to quarantee some minimum detection range under
so-called "worst-case" conditions. With this approach, one is
specifying the lower limit of the tolerance in the power budget.
FPor the simulation experiments, this case will be accomodated
by selecting a nominal range so that the guaranteed range corres-
'ponds to the lower limit of the selected tolerance range.

Z2.5.2  Detection Range

In Table 4, we have selected nominal detection ranges
from one (1) to twenty (20) miles. Further we have allowed for
‘detection characteristics corresponding to single pulse detec-
tion and two-of-two detection¥ Here we are more concerned with
cthe real~time detection characteristics, from sample~to~sample,
than the cumulative probabllity of detection, Probability of
detection characteristics ave presented in Section IV.

Table 4 indicates the false alarm intervals of inter-
est for the simulation experiments. At one extreme, there are
no false alarms: at the opposite extreme, the false alarm inter-
val equals one second. Here, the false alarm intervsl appliies

* three consecutive detections may be required {(certain IR systems)
- - 1 -
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to the average time interval between successive false alarms
in any resolution element of the display. With X resclution
elements in the display, the average time interval between
successive false alarms in the same resolution element would
be X times the value indicated in Table 4.

We anticipate that excessive false alarm rates will
substantially undermine pilot confidence and be manifest in
poor PWl ef{fectiveness,®

24544 Sampling Intervals and Processing Delays

Sampling intervals and processing delays have been
selected as simulation parameters because inadequacy in these
areas can lead to problems in multiple target resolution and

«. % tracking. Both lead to a time lag between data derivation
and data display.

As an example of a problem that one might anticipate,

- consider one aircraft passing tangentially to another aircraft
at a range of 3000 feet and with a relative velocity of 200
knotse In this case the peak instantanecous rate of change of
bearing would be about 6 degrees/second. Clearly, without spe-
cial logic, those systems with a sampling rate of l/second, two-
of-two successive pulse decoders, and a bearing resolution of
less than 3 degrees would have a problem. Furthermore, the
example is hardly an extreme case.

In the same example, excessive processing delay cceuld
result in a display presentation that indicated target positions
which uere several degrees in error.

With sector location schames. the problems of this
nature that might arise are probably less severe, but there
are still problems in the vicinity of sector boundaries.

As one attempts to track targets which traverse re-
solution elements in less than the sampiing interval, there are
problems that arise with multiple target discrimination.
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Nonetheless, it is comforting to recall that a slight increase
in threshold levels can increase false alarm intervals by orders
of magnitude with only a nominal decrease in operating range.
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26545 Multiple Target Discrimination

The ability to resolve and discriminate between
multiple targets will be specified according to one of four
possibilities: (a) no multiple target discrimination; (b) dis-
crimination between targets in different system resolution ele-
ments; (c) discrimination between targets in different resolu-
tion elements and among N targets in a common resolution ele-
ment; and (d) resolution of all multiple targets. Table 4
reflects this classification.

24546 Angle Tracking Capability

Table 4 lists a range of angle tracking capabilities
that have been considered for the simulation experiments.
Earlier discussions indicated the significance of this perfor-
mance specification.

2507 Operational Controls

For the purpose of the simulation experiments, we
have made provision for the inclusicn of a range selection con-
trol and a threshold level setting control. A range selector
might be employed with proximity-warning systems which indicate
the intrusion of another alrcraft into a protective volume (e.q.,
- sphere or a asphere truncated by altitude difference); to be ugse-
ful, the range must be acourate, such as can be measured by
observation of round-trip propagation delay.

A threshold level set control would be employed to
-reduce detection range in high traffic envitonmehts, of to re-
‘duce false alarms with increasing background ncise levels. In
IR systems, the problems with background noise way demand such
a control until substantially brighter scurces become available.

24548 Other

| Several footnotes to Table 4 indicate the reasoning
applicable to uenory,iiuitlng, autual 1nter£e:ence. multipath.
and antenna or lens stabliizatlon.

- 16 -
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SECTION III
PRELIMINARY HYPOTHETICAL PWI SPECIFICATICNS

2.1 - GENERAL

The pages of this section present preliminary spec-
ifications for seven hypothetical PWI systems. These specifica-
tions are preliminary in ﬁhat they are subject to modification.
Also, the list of seven selected systems is subject to additions
and deletions.

We are hopeful that an industry review of these spec-
ifications will highlight the errors, shortcomings, and important
omissions. In the final selection of candidate PWI's for sim-
ulation, we will attempt to focus on the most important systems

within the limits of available simulation time.

2.2 SPECIFIC

The following pages present preliminary specifications,
for seven PWI systems. The rationale for the selection of par~
ticular parameters and parameter values was presented in Section
Il. ’

-17 -




PRELIMINARY SPECIFICATION FOR HYPOTHETICAL PWI I

Ao . BRIEF DESCRIPTION
PWI I detects all aircraft which intrude intc a roughly
spherical protective volume centered on own aircraft. This sys-
tem provides an output indication that one or more aircraft are
within this protective volume and whether it is above, below, or
at the same altitude. Range-gating to define this volume depends
solely upon a statistical probability of detection. :

Be PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA
(1) Range:
(a) Not measured
(b) Ppgr versus R

{2) Range~rate: meeIONE
{3) Bearing: none
(4) Bearing-rate: : «=none
(5) Altitude differenca:- none
{6) Elevation angie: above, below, or

same altitude
‘(referred to alre

frame)
co SPATIAL COVERAGE
(1) Alrcraft number 1:
(a) Bearing: - : w3509
(b) Elevation: : . : +60°
(2) Aircraft number 2: A :
(a) Bearing:«—c——ws - . 360°
(b) Elevation: s _ +60° .
D.  OPERATING WAVELENGTH

In the simulation experiments we will examine the per-
formance of this system at all three wavelengths of interest.
- (1) Microwave: - '
(a) Propagation: . -— 1/82
(b) Background: . wemaA

<18 -
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(2) Millimeter (55GHzZ):

(a) Propagation: ]./R2 + ¢, whereof
is a function of
altitude and pre-
cipitation

(b) Background: NA

{(3) IR:

. (a) Propagation: 1/R? + &+ scinte

. illationjx is a
function of vis-
ibility, and sciat-
illation will be
taken account of
in the power tol-
erance

{b) Background: . to be disregarded
with this hypo-
thetical PWI

Ee . SY3TEM AND EQUIPMENT EESIGN PARAMETERS
Sinulation runs will be planned to examine the perfor-
‘mance of this system for the indicated range of parameter values.

- {1) Tolerance in power budget:. cwwwmew=t5dh and =10db
+10db and -20db

(2) Detection range:
(a) Range Ry, for Ppecy equal 0¢99cwweww.l0, 4, and 2 miles

(b) Decoding logic:- - . ?ggf. P53T with TR
(3) False alarm intecsval: infinite
{4) Sampling tntervals anéd processing delays:
{(3) sampling interval:e-- - -1 second
(b) Processing delay: . - none
"{5) Hultiple target discriuwination:eecemwew-wnone
(6) Angle tracking capability:ee. NA
(7) Operational control$swe ' Sensitivity con-

trol with IR

-19 -
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PRELIMINARY SPECIFICATION FOR HYPOTHETICAL PWI II

s ak chs 2o o e i)

A. BRIEF DESCRIPTION

~ PWI II detects all aircraft which intrude into a pre-
clsely defined spherical protective volume centered on own air-
craft. This system indicates the presence of an intruder with-
in a selected range and further indicates whether the intruder
is above, below, or at the same altitude. Range-gating is based
upon an observation of round-trip propagation time, and the sys-
tem does not indicate multiple targets. The system specification
is idealistic in the sense that performance is guaranteed through-
out the full range of tolerance levels.

Be © PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA

(1) Range:
{a) Precise range-gate
(b) RS Ro; Ppgr = 1 and R>Rqg; Ppeppr » ©

(2) Rangewrate: » - none
{(3) Bearing: - “ea OGNS
(4) Bearinge-rateiewe-- o oo -none
(5) altitude difference: . — ——nONe
(6) Elevation angie: : . above, below, or

same altitude
(referred to air-

frame) ‘
c. SPATIAL COVERAGE
(1) Alrcraft number 1:
- (a) Bearing: e e -360°
{b) Elevation: : : : 260°
(2) Alrcragt number 2:
(a) Bearing:=e-. — - ‘ 360°
(b) Elevation: ’ et 50°
De | OEERATING WAVELENGTH

With the system as specified, the differences in prop-
agation and background noise will have no effects on PWI perfor-

- -
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mance, Consegucntly. to the extent that it is practical to

meet the
tion are

E.

formance

values.
(1)
(2}

(3)
(4)

(5)
(6)
(N

indicated spacificntiégs, the results of the simula-
applicsble to all wavelengthe.

SYSTEM AND EQUIPMENT DESIGN PARAMETERS
Sirmulation runs will be planned to examine the per-
of thls swstenm for the indicated. range of parameter

Tolerance in power budget: NA
Detection range: 7 selected by
_ ) operator
False alarm interval: infinite
Sawpling intervals and processing delay:
(aj Sampling interval: 1 second
{b) Processing delay: none
Multiple target discrimination:ew-—ec—w---rnone
Angie traéking capability: NA

Operational controls:

(a) Range selector: 1, 2, 3, miles
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PRELIMINARY SPECIFICATION FOR HYPOTHETICAL PWI III

Ae BRIEF DESCRIFTION

 PWI IIT detects all aircraft which intrude into a pre-
cisely~defined spherical volume which is centered on own aireraft
and truncated in altitude.. This system indicates the presence of
intruders which are within both altitude and range proximity. A
range selector is provided and range-gating is baed upon an obser-
vation of round-trip propagation time. The system does not indi-
cate multiple targets.

This system is similar to PWI II; it differs from PWI
IT only ir that altitude filtering has been added. As in the case
of PWI II, the system specification is idealistic in the sense that
performance is quaranteed throughout the full range of tolerance
levels.,

Bo PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA

(1) Range:
(a) Precise range-gate
(b) RS RO; PDET = 1 and R>R°; PDBT = 0

(2) Range-rate: none
(3) Bearing: none
(4) Bearing-rate: none
(5) Altitude difference: ~ + 1000 feet
a4 500 feet
(6) Elevation angle: -=—w=none
Ce SPATIAL COVERAGE
(1) Adircraft number i:
(a) Bearing: 360°
(b) Elevation: +60°
(2) Alrcraft number 2:
(a) Bearing: 3600
(b) Elevation: +60°

- 22 -
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D. OPERATING WAVELENGTH

With the system as specified, the differences in
propagation and background nioise will have no effects on PWI
performance. Consequently, the results of the simulation are
applicable to all wavelengths, to the extent that it is practical
to meet the indicated specifications.

(4, S A

LR

Ee SYSTEM AND EQUIPMENT DESIGN PARAMETERS
Simulation runs will be planned to examine the per-
formance of this system for the indicated range of parameter

-
GRS

i

values. .
(1) Tolerance in power budget: NA
(2) Detection range: selected by
: ‘ operator
(3) False alarm interval: infinite
(4) Sampling intervals and processing delay:
(a) Sampling interval: 1 second
. (b) Processing delay: none
(5) Multiple target discrimination:-~eeeee-ae-none
(6) Angle tracking capability: NA
(7) Operational controls:
(a) Range selector: 1, 2, 3 miles

- 23 -




A.

roughly spherical volume centered on own aircraft.

PRELIMINARY SPECIFICATION FOR HYPOTHETICAL PWI IV

BRIEF DESCRIPTION

PWI IV detects all aircraft which intrude into a

Range-

gating to define this volume depends solely upon a statistical

probability of detection.

In additien to the detection and

indication of intruders, this system measures bearing and re-
solves multiple targets not in the same bearing resolution

Neither altitude difference nor elevation angle are
measured; the system does, however, indicate above, below, or
the same altitude.

element.

B.

Ce

(1)

(2)
(3)

(4)
(5)
(6)

(1)

(2)

PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA

Range:
(a) Not measured
(b) Ppgy versus R

Range-rate:
Bearing:

none

(a) Sectors:
(b) Resolution and

Accuracy:

909,309, and 10°
5° and 2°

Bearing rate:
Altitude difference:

none

none

Elevation angle:

SPATIAL COVERAGE
Alrcraft number l:

above, below, or
same altitude
(referred to air-
frame)

360° and 180°

(a) Bearing:

(b) Elevation:
Alrcraft number 2:
(a) Bearing:

£30° and alC° for IR

360°

(b) Elevation:

- 24 -
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D. CPERATING WAVELENGTH
In the simulation. experiments we will examine the
performance of this system at all three wavelengths of inter-

est,
* (1) Microwave:
(a) Propagation:. 1/r?
. (b) Background: NA
(2) Millimeter (55GHz):
(a) Propagation: 1/Rr2 +o¢, where
. o.1s a function
of altitude and
precipitation
(b) Background: NA
(3) IR:
(a) Propagation: 1/R? +« + scint-

illationjoc is a
function of visi-
bility, and scint=-
illation will be
taken account of

in the power toler-
ance

(b) Background: a function of bright-
ness; to be measured
in field-of=-view

E. SYSTEM AND EQUIPMENT DESIGN PARAMETERS
M

Simulation runs will be planned to examine the perfor-
mance of this system for the indicated range of parameter values.

(1) Tolerance in power budget: +5db and -10db
+10db and -20db

(2) Detection range:
(a) Range, Ry, for Pppp equal 0,99t =w===5,3,2, and 1 miles

(b) Decoding logic: PBET; PgET for IR
(3) False alarm interval:- infinite, 2 minutes
. (4) sampling intervals and processing delays:
(a) sampling intervals: 0.3, 1.0, and 3,0
‘ seconds
' (b) Processing delay: none

(5) Multiple target discrimination:~e—e=-veew-one per bearing
resolution element

- 25 -




(6) Angle tracking capability:

none, and 3° per
second

(7) Operational controls:

- 26 -

none, except for
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PRELIMINARY SPECIFICATION FOR KYPOTHETICAL PWI V

A, BRIEF DESCRIPTION .

'~ PWI V detects all aircraft which intrude into a re-
gion of range and altitude proximity. Range-gating depends
upon a statistical probability of detection and altitude data.

This system measures and indicates the relative bearing of in-

truder aircraft, and resolves multiple aircraft not in the same
bearing resolution element. This system is identical to PWI IV
except that the indication of above/below/same altitude is re-
placed by precise altitude filtering.

Be PRIMARY CLASSIFICATION ACCORDING TC DERIVED DAT&
(1) Range:
(a) Not measured
(b) Pppp versus R

{2) Range-rate: none
(3) Bearing:
{a) Sectors: 90°, 30°, 10°
(b) Resolution and accuracy:-e——m—m———- 50 and 2°
(4) Bearing-rate: none
(5) Altitude difference: +1000 feet
+ 500 feet
(6) Elevation angle: none
Ce SPATIAL COQVERAGE
(1) Aircraft number 1l: .
(a) Bearing: 360° and 180°.
(b) Elevation: +30° and +10°
(2) Alrcraft number 2:
(a) Bearing: 360°
(b) Elevation: +30°
De ) OPERATING WAVELENGTH

In the simulation experiments we will examine the per-
formance of this system at all three wavelengths of interest.
(1) Microwave:

- 27 -




(a) Propagation: l/R2

(b) Background:=e= NA
(2) Millimeter (55GHzZ):
(a) Propagation: : :I./R2 +o, where &
is a function of
altitude and pre-
cipitation :
(b) Background:ew NA
(3) IR:
(a) Propagation: : 1/R2 +%+ gcintil-
lation;x is a func- .

tion of wvisibility
and scintillation
will be taken ac-
count of in the
power tolerance

(b).Background: a function of bright-
ness; to be restrict-
ed to sun saturation

E. SYSTEM AND EQUIPMENT DESIGN PARAMETERS
Simulation runs will be planned to examine the perfor-
mance of this system for the indicated range of parameter values,

(1) Tolerance in power budget: + 5db and -10db
’ +10db and -20db

(2) Detection range:
(a) Range, R,y for Pppp equal 0,99:----5, 3, 2, and 1 miles

. 2 3
(b) Decoding logic: Phpm? Pppp For IR
(3) False alarm interval: infinite, 2 minutes
(4) Sampling intervals and processing delays:
(a) Sampling intervals: 0.3, 1.0, and 3.0
seconds
(b} Processing delay: none

(5) Multiple target discrimination;e-eweeew-one per bearing re-
solution element

(6) Angle tracking capability: none, and 3°/second
(7) Operating controls: Sensitivity control
for IR




PRELIMINARY SPECIFICATION FOR HYPOTHETICAL PWI VI

A,

region of range and altitude proximity.

BRIEF DESCRIPTION

PWI VI detecta all aircraft which intrude into a

Precise range~gating,

based upon an observation or propagation time, and precise al-
titude filtering, based upon an exchange of barometric altitude

data, are provided.

This system measures and indicates the re-

lative bearing of intruder aircraft, and it resolves multiple
targets not in the same bearing resolution element. This sys-
tem is identical to PWI V except that the range-gating is pre-
cise rather than statistical.

B
(1)

(2)
(3)

(4)
(5)

(6)

C.
)

(2)

PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA

Range:
(a) Precise range-gate
(b) Ri‘Ro; P

1l and R>R°; p

DET =
Range~-rate: none
Bearing:
(a) Sectors: 30° and 10°
(b) Resolution and Accuracy: 5° and 2°
Bearing-rate: none
Altitude difference: +1000 feet
¢+ 500 feet
+ 250 feet
Elevation angle: none

SPATIAI, COVERAGE
Alrcraft number 1l:

360° and 180°

(a) Bearing:

(b) Elevation:
Alrcraft number 2:

3309 and :10o

(a) Bearing:

(b) Elevation:

- .. L b ol SR Ly R




D. OPERATING WAVELENGTH

In the simulation. experiments we will examine the
performance of this system at micreowave and millimeter wave-
lengths.. The specification of precise range-gating makes IR
approaches ualikely except for lasers which are considered as
a speclial-case.

Propagation losses will not influence the results
of simulation runs with the PWI and, accordingly, they will
not be simulated. In contrast, although background effects
will not be simulated, the saturation effect of the sun would
influence the results at IR.

Ee SYSTEM AND EQUIPMENT DESIGN PARAMETERS

Simulation experiments will be planned to examine
the performance of this system for the indicated range of para-
rneter values, |

(1) Tolerance in power budget: + 5db and -10db
+10db and -20db
(2) Detection range: selected by
operator
(3) False alarm interval: : infinite, 2 min=-
utes
(4) Sampling intervals and processing delays:
(a) Sampling intervals: wwwly3, 1.0, and
3.0 seconds
(b) Processing delay: o o - none

(5) Multiple target discrimination:wewwwwwe-wcne per bearing
resolution ele-

ment

(6) Angle tracking capability:- none, and 3%/sec-
ond '

(7) Operating controls: A ~~=flange Selector:
5 milas

- 30 -
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PRELIMINARY SPECIFICATION FOR HYFOTHETICAL PWI VII

A. BRIRF DESCRIPTION

PWI VII detects all aircraft which intrude into a
region of range proximity. This system smessures and indicates
the relative bearing and relative elevation and it resolves
multiple targets which are not within a common bearing/elevation
resolution element. The range and relative bearing measurements
are sufficiently precise to permit derivation of range and bearing
rates which can be used to reduce the number of alarms on non-
threatening targets.
B. PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA

(1) Range:
(a) Preciso range-gate
(b) R<R,: Ppgr = 1 and BB;: Pppr = 0

(2) Range-rate: =ee-vscceaa vecsecanscneesss 20 feat per second
200 feet per second

(3) Bearing:
(a) Sectors «eweceve- cvecncnane cwesee= 30% and 1"
~ (b) Resolution and ACCUr&CY <~=e==ee=s 50 and 2’
(4) Bearing-rate ==e-sses=meevesseseenvewes 1% gnd 3° per sec.
(5) Altitude difference »w=ssevesssmcewesw=« gone

(6) Blevation angle e=r-cccececuvcucewsuwwas  ghove, bélow, oY
- same altitude
(referred to air-

frame)
C. SPATIAL COVERAGR
' (1) Aircraft number 1: o
(8) Bearinge~e=s=ee=mewesn ceccomssnnonns 360° gnd 180°

(b) Blovation --ec=e=eveesamemausseses $30° and ¥ 10°
(2) Aircraft number 2: -
- (a) Bearing «vw-cevenvcercmnncnannunans 360°
(b)) Elevation «~crevecrocacroveccnccun ¥ 390
D.  OPERATING WAVELENGTH
o In the simulation sxperiments we will examine the por-
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formance of this system in the IR spectral region.

(a) Propagation ----e--. emccena cocme IIR? + R + scin-
_ : tillation; « 1is
a function of vis-
ibility, and scin-
tilletion will be
| ) taken account of in
| ' the power tolerance

(b) Background =--cee-- werescsasssse-ee dua to direct sun
: and sun illuminated
clouds

E. SYSTEM AND EQUIPMENT DESIGN PARAMETRRS
Simulation ruus will be [linned to examine the perfor-
mance of this system for the indicated range of parametcr values.

1) Tolerance in power budget: =--- -=== 4+ 5 db and -10 db
4 P ulg +10 db and -20 db

(2) Detection range: ===e-==ceeceee-w-- gelected by operator:
‘ 1, 2 or 3 miles

(3) False alarm interval: =---- eece=va= jnfinite, one hour
(4) Sampling interval -~eec-eeeeececec.- 3 goconds
Processing delay w-e=seccceccccaca. none

(5) Multiple target discrimin.ation:--- one per bearing
: resolution element

(6) Angle tracking capabilityi=seeveses 1° and 3° per second

(7) Operating coutrols: sveeweveeecmwae range selector: 1, 2
: and 3 wiles ’

-32 -




>

LA S SR ot

NS

g

T N
ST

PRELIMINARY SPECIFICATION FOR HYPOTHETICAL PWI VIII

A. - BRIEF DESCRIPTION
" PWI VIII detects all aircraft which intrude into a
region of range and altitude proximity. Precise range-gating,
based upon an observation of propagation time, and precise al-
titude fi{ltering, based upon an exchange of barometric altitude
data, are provided. This system messures the range-rate. It
does not measure relative bearing. Signals from multipls tar-
gets are assumed to be time ordered and resolvable.
B. PRIMARY CLASSIFICATION ACCORDING TO DERIVED DATA
(1) 'Range:
(a) Precise range-gate

{b) R R,: PDET“ 1 and R R PDET =0
(2) Range-rate: =-==~cveecem==n meeeemam—— 20 feet per sec.
200 feet per sec.
(3) Bearing: ~-~==rvemccsmemccecncnccnc.- none
(4) Bearing-rate -=s~wee-csmevceccavccances nONE
(5) Altitude difference: w===-=---= ==-m=s T 1000 ££.
< 500 ft,
+
_ = 250 fu.
(6) Blevation angle: =vv=-evcewoseuceccens pone
C. SPATIAL COVERAGE
{1} Adrcraft sumber 1 _ -
 (8) Bearfug: eeve~sveemcescececccuonan 360° and 180°
(b) Blevation: ------ wesessunsnmnoecns & §0°

(2) Aircraft nuisber 2:
o {zame as aivcraft number 1)
D. . OPERATING WAVELENGTH
In the simulation experiments the operation of this
system will be examined in the microwave band assuming that.

 atmospheric attenuation is negligible.

B. - - SYSTEM AND EGUIVMENT DESIGN PARAMETERS .
Simularion rune will be planned to examine the perfor-

- mance of this system for the indicated range of perameter values.

(1) 'Tolerance in power budgec- cemmmes ¢+ 5 db and - 10 db
+3:0 4d ang - 20 db

(2) Detection range; -=~vweev=csec-veee gelected by cperatorx
. : 1, 2 0r 3 milps
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(3)
(4)

(5)
- (8)

.

False alarm interval: eeee-v-s.. infinite, one hour

Sampling interval: =-eceevec-cee- 3 geconds
Processing delay: e-c---eeeceecee pone

Multiple target discrimination: - any number

Operating controls: --e--e--ee-eu- range gelector:
1, 2 and 3 miles
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Alarn and maneuver rates in a model terminal area and the

average time in an alarm comdition are calculeted for an

A R B I R

s

arriving air carrier flight which is protected by CAS or

3

various PWI equipments, It is assumed that all VFR aircraft
have at least the minimal equipment required to enable the air
carrier CAS or PWI to function, and that the VFR aircraft have
random hesdings. Only the two-dimensional problem is considered,
which means that altitude information is assumed to be exchanged
between aircraﬁ:0 .Three different hypothetica} PYI devices

are congidered, such that either a) range only, b) range and
bearing, or ¢) range, range rate, and bearing are available to
filter the threat and warn the pilot. The glarm and maneuver
rates for the PWIl eouipment are compared with the alarm rate -
for the ATA CAS. The average percentage of time that an
arriving air carrier is in a "no turn" CAS alarm condition

due to proximity of VFR aircraft, and the expested number of
maneuvers due to conflicts with VFR aircraft are calculated

as a function of terminal traffic density.
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range parameter used in the PWi-8 threat logic.

" " n v " 0i8 7 -gzone threat logic
) 4

" " " "oow CAS .cz,, zone " "
" " " W % PWI.? threat logiec.
" " " Hon PYI-6 " v,

half-width of the CAS T,~zone normal to the relative
velocity vector,

minimum warning time needed in a PWI gystem,

average duration of am alari.

average warning time,

total time spent by am AC aircraft in the terminal
area. |

minimum speed of the protected aircraft,

relative velocity.

average relative veloocity.

maximum aircraft speed.

AC aircruft velocity.

GA aircraft veiogityo

relative hcading. see Flgure 2,

time parametsr -used in the CAS <, ~zone threat logic.

L] T} " " L CAS Tz-zone L] L] .
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I. INTRODUCTION

The present Contract has ag its primary objective the
eagtimation of the potential benefit to be derived by the
various users of ths air-space through the implementation
of PWI systems of various degrees of sophistication. It is
anticipated that the effectiveneas of any PWI will depend strongly
on a) the rate of alarms it generates, b) whether or not the
pilot can detect the targets which cause the alarns; and
¢) whether or not the pilot considers the targets dangeroua(4)!.
1t is proposed to measure the effectiveness of various systems
by exercising them through simulation with pilots who are busy
with work loads appropriate to their mission. This report ree
lates alarm rates to traffic density for a fow of the more
gophisticated types of PWl systems that are planned to be
aimulated.(S)The moast sophisticated of these MWl gystems measures
the same quantities ss the ATA CAS(l)(Z)ao the alarm rates
for the CAS are given for comparison. The analysis is similar
£ tiat published by Holt{5%but hus the following differences
and extensiona: relative bearing of targets is assumed to dbe
available in gome PWI systeme, a specific distribution of aircraft
speed(a)and relative heading'ia assunad over which tha eneounier
rate is integrated, and the longitudinal component of acceleration
of both aircraft is ascumed to dbe gero in the naximum closing  '.
spead encounters i.8., neither aircraft can go faster,

e e e 5 34

*Heferences appear on p. 31 . . 42
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In comparing CAS with PWI certain differences should de
borne in mind: 1) the CAS provides virtually perfect protection
between equipped aircraft in principle and can function at any
closihg speed; 2) all PWI depend on the pilot(s) to see and
avoid impending collisions and ths ability of pilots to avoid .
ie leas than perfect'aﬁd gets worse with increasing closing speed;
3) an alarm in a PWI, ideally, merely callas the attention of the .
pilot to a target which he would see anyway if he were lnoking;
he maneuvers ohly when he considers the situation hazardous;
but in the CAS every A alarm is a command to maneuver,
Ae a practical matter interest in PWI ayatems persists,
‘aven though the potential protection achieved will bde less
than that offered by CAS, because of the prospect of dbuilding
systoms at lower cost and thersdy achieving wider implenentation
and greatsr actual protection, Thus CAS will probadly be used
primerily to dack up‘the protection afforded IFR/IMR flights

by the ATC system, PWI davices will probably be used t6 help
pllets saparste IFR/VIR and VIRAPR traffic., Because of the

differance in typical closing speeds, traffic densities and
agoeptadle cost, it iw unt&eipatcd that the P¥! installation
deatgned to protect IFR from VFR traffic will differ from that
used to péoedct VFR fros other VIR aircraft, %The prosani‘report
oousiders only sophisticated PEI systsms and these only from
the point of view of the IR user. A subsequent report will

‘% fhe last raport in this volume,

13
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cover these systems from the point of view of the VFR user,
and will consider less sophisticated PWI systems.

The alarm rates in both CAS and PWI depend on the warning
time provided. In the case of the ATA CAS which utilizes vez;%eal

maneuvers the time required (25 seconds) is well documented.

The warning time in practical PWI systems will probably turn

out to %e a compromise between excessive alarm rates and
inadequate detection and maneuvering time, the details depending
on the system, The assumption made in this report is that

each PW] system provides a minimum warning time of 15 seconds

for the worst case of two aircraft at the maximum legal term-

ipal area aspesd (250kn IAS, 291kn TAS) with each allowed to have

a maximum lateral acceleration of one-half g. This choice of

waraing time leaves little time in the worst case for the pilot

to detect the %target and determine if & maneuver is necessary,

‘dut it still may he a reasonable value to use because the pilot's

ability to detect and evaluate threats beyond the ranges
corresponding to these speeds and warning time is probadly rather
limited,

The choice of a fixed minimum warning time under the worst
condition for the various PWI systems analyzed in this report
leads to diffevent typical warning times for thease systems. A
more adphiuticated PVl aystem which measures range rate can
permit a targst to spproach closer in general than a systes

which measures range only -1noo-the latter must assume the range

44
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{ rate 18 the highest poasidble. As a result the less sophisticated
syatems will have a higher urevage warning time (since in
general the range rate is not the raximum possible) which is
an advantage which should be dalanced against the lower alarm
rate of the wore ascphisticsted aystea.

In this report tiue protected alrcraft is assumed to be
located in a randoz distribution 2f othsr aircraft witan a unie
form density and random heedinge in the horizontal plane, For
siaplicity we consider two dimensionsl encounters onlys in effect
this means that altitude data are exchangad or odbtained by some
other means, and the system considers threats in some co-altitude
band only. In this report the effective width of this band is
assumed to be % 800 feet, bissed as necessary for high rates of
olimd or descent.

The threat logics for the various systems are descrided in
Section II, and also in Appendices A and B. The traffic modal.-
air oarrier and general aviation velocity distridbutions in a
typical terminal area(3 ~=iy detailed in Section 11I. The alarm
and maneuver rates and the expected time in an alarm condition
for thie traffic model are obtained in Section IIIlg the math-
snatioal evaluation of alars ratea is described in Appendices

A and B, conqluaiona are presented in Seotion 1V,

i
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I1. THE THREAT LOGIC

The CAS and PWI squipment measure some properiies of the
intruder (such as range, rangs rate, or bearing} a&s specified
bslow, and on ihe basis of thic infovmation ciassify the intruder

. as & hasard or not a hazerd., The classification process is

perforu2d by the threat evaluation logic of ths system, as
. dasoribed Uslow, The boundaiies of the alarm regions are shown
in Mgure 1,

A. Collision Avoidance System (CAS).

The threat logic is the one proposed by ATA(l)thh parameters
as modified dy the Molonnell Douglas Corporation({2), Ths system
Roasures the range R and the rangs rate fh. The threats are of
two types: a) those which oross the ', ~gone boundary; the threat
logic output then nommands the pilot to roll out, if in & turn,
and to prepare to climd or dive; L) those which croas ths ¢ -zone
boundary; the threat logio output then cormands the pilst so
‘olimd or dive, '

The T, ~sone boundary ie¢ given by the followins r' 1# %.mnuhip

 between the range R asd the range rate Re dR/dt :

RS n,-mz_. (1)
~where By S 1.8 n. mis and ¥, = 40 seconds.

The ?a-tono boundary is given by aither

R = «Rue, | (2)
or

B 2 By, o A6 (3
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whichever occurs firsts Ry = 6.5 n. mi. ard ", = 25 saconds.

For negative values of R (closing intruder) the Ty ~zone ia
contained within the ¥, ~zone, The voundaries cf the two zones
are sﬁovn in Figure 1 for the foilowing case: the velocity of

the protected aircraft is 176 knots, the valocity of the intruder
is 104 knots, and the relative heading is Qéavhich corresponds

to the average relative velocity magnitude of 192 knots.

‘B, Pilot Waraing Inetruments (PVWI).

a. Range meesuremeat alome (PWI.3),

Tie intruder is classiiied as a threat whenever he crosses

'a circle of radius 14,740 feet, centered on the protected aircraft,

sce Figure 1. The alarm range to the intruder is the same in
all directions since relative bdaaring is not measured,

A8 describad in Appendix B, the range is chosen in such a
way that in tha woret case (bBoth aircraft on the same straight
line path end heading dirsctly towards each other) 15 seconds
remain to a potential collision after the pilot ie alerted if
both the protected aireraft and the intruder travel with the
saxisum speed: 291 knots true alr speed. For agpeeds less than
saximun or for othar headings than the worst case the time to
coliision (if any) will siceed 15 seconds, '

b, Range aud bearing measursment (PWI-6),

The intruder iy classified as a threau whenever he crosses
a circle of radius 10,530 feet, with center 4950 feet ahead of
the protacted sircraft, ss« Figure 1, Since the protocted sir-

A7
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craft is not at the ce.ter of the c¢ircle, the range to the

s TR T TR i LN

circular boundary of the slarm regisn changes with the bearing.

Consequently, both the range ané the bearing have to de obtained
to usa this threat logioc.

As desoribdes in Appendix B, the alara circle is chnsen
in such a way that in all cawes (i.e., for all headings) at
least 15 seconds remain to a potential collision after the pilot
is alerted 4f bdoth the protected aircraft and the intruder
travel with maximum speed, PUI-3} ovorproteotg'even at the max-
inum speed for headings other than the worst case, FWI-6 pro-
vides 15 seconde of warning at the maximum speed (except for a
ainor overprotection at some angles because for aimplicity we
Bave roplnegd a rectangle with rounded corners by a circle, see
Appandix B), but for spseds less than maximum the tine to cecllision
(12 any) will exceed 15 seconds. ,

o. Range, range rate; and bearing ssasurement
{P¥1-8),

The intruder is classified as a tihreat iaenaver he enters the
- roglon with the boundary

RZ R, -RT, (4)
where R, S 3600 feet and T - 15 seconds. Note the wimilarity
. ' | of this equation to Bq.(1). |
The reasvning behind Rq.{4) ie detailed in Appendix B and
f ) otn be susmariszed as followes if both the protectsd aircraft and

¢ »

. By “overprotection” we moan that the warning tise excesds
j : 35 seconis. ,

a8




the intruder are oun linear flights, them a collision will occur
in T = 15 geconds if R is negative (closing intruder) and
R = -ﬁT. However, if both aircraft can accelerate during this

2 to our protective boundary

time, then we must add a range Ra > ab
(a is the acceleration) which leads to Eq.(4). We obtain
R, - 3600 feet for T 3'15 seconds and a ~ 16 feet/second?,

The bearing information does not appear explicitly in 3q.(4),
and it is not uased to classify an intruder as & threat or not a
threat. The bearing information is provided to the piloet to
help him gee and avoid the iantruder, Without the bearing
inrormation T wculd presumably have to exceed 15 ssconds to give
the pilot additional time to locste the intruder.”

The boundary of the alarm region is shown in Figure 1 for
the same velucities as CAS. Note that the systems depending on
range rate (CAS, PWI-8) have alarm regions which are symmetric
adout the ;elative velocity vector Vo while the system depending'
on bdearing (PWI-6) has an alarm region symmetric about the
velocity vector vy of the protected aircraft.

If one coupares the slarm ragions of CAS and PWI-8 (both
measure range rate), one should note the foliowing: 1) if
acceleration cannot exceed 16 ft/sec?, then PRI-8 gives a
werning at least T = 15 seconds prior to a collision, but the
v, ~zone alarm gives leass than ?:23 40 seconds warning time,
even though Eqs. (1) and (4) are similar; the reason for this
discrepancy ig that R, is less than atg(see Appendix A for gome

typical times to collision)s 2) turns are not permitted inside
*
If the aircraft accelerate, there is no overprotections if the
aireraft do not accelerate, some warning times will exceed 1%
seconds,
49
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the CAS 'rz-zone: therafors at the 'za-zone boundary one doos
net need protection sgainat lateral accelsration in turnsg 3) it
is assumed that a pilot psrforms an sscape mansuvsr in less time
if alerted by a PWI and is free to choose the most appropriate
acticn than if commandad by CAS %o perform a climb or divej an

experimental check of this agsumption would be valuable,

29
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II1. ALARM RATES

We will evaluate the alara ratss for the CAS and the three
PWI systems described in the previous section, We will use the
velocity distributions of sir carrier (AC) and general aviation
(GA) aircraft in a typical terminal area(s). We divide the
velocity distribution of each type (AC or GA) into three groups
of egqual probability, apd selgct the median velocity of each group
to represent that group, i.e., the speed mix is assumed to be such
that 3% of the aircraft of each type (AC or GA) have one of the
velocities shown in Table I, Table II shows the average relative
velocity magnitudes between the groups of AC and GA aircraft, if
we assume random head?ngs gf GA'airc?aft.

We denote by Ngy, Np2o Np3s Npés and Npg the alarm rates
(in number of alarms per hour) for the CAS %, -z0ne, T, -zone,

the PWI-3, PWNI1-6, and PWI-8 threat logiocs, respectively. The

details of the alarm rate calculations are presented in Appendices

'AandBe

Let n be the density (number of aircraft per square nautical
mila) of aach group of GA aircraft; since each group oconstitutes
one third of the total GA airoraft, the total density n_ of GA
siroraft is n, = 3n. Table I1I shows the alarm rates divided by
n (i.e., to obtain the true alarm rates, one has to multiply the
numbers presented in Table III by the density n) for encounters

between a protected AC aireraft (with ons of the three speeds)

% §
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Table 1., Typical Velocities
of AC and GA Aircraft in a

Terminal Area,

AC v, (3) GA vo(1)
b knots i knots
1 141 1 86
2 176 2 104
3 242 3 143

Table 1I. Average Relative
Velocities Between AC and GA
Airoraft, Knots,

GA

154 161 18
186 192 207
250 253 264

AC

LY N S B S

or
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Table III,
D Alarm Rates
GA 1
AC 1l 2 3
1 201 224 287 .
. Noy/n 2 214 299 365
. 3 458 482 553
: 1 75¢ 809 958
N c aln 2 963 1015 1150
3 1433 1482 1619
1 749 781 877
'Ps/” 2 904 930 1002
3 1211 1228 1278
1 538 561 630
Wpe/n 2 650 668 720
3 870 @83 919
1 260 280 334
Bog/D 2 34 354 406
3 503 521 571

| ;iiﬁuaionn are: (alarms/hour)/(airoratt/(n. 21.)%)
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£

and each of the GA aircraft groups. The entries in Table IIX

e

i

can also be used to obtain alarm rates for a protected GA aircraft
in encounters with AC aircrafts the alarm rate for the average
GA aireraft in the random distribution is given by the entry in

: Table III muitiplied by the density of the AC aircraft group.

If we assume that the AC aircraft spends a time t, in the
b E terminal area, and one third of the time is spent at each of the
' ? three AC speeds in Table I, then for a particular threat logic

5 the total number of alarms M during the time to' with all groups
? of GA aircraft, is given by the gum of the nine entries in Table
II1 ( for the particular system), multiplied by n (n = n°/3) and
4 }:ﬁ : K by t°/3. Table IVa shows u/noto and also M for the near future,

L]

when t S 800 seconds and n, = 0.0270 per (n.mi.)z. numbers
estimated to bde appropriate for the busiest terminals for the
next ten to twenty yearas 4 + This value of B, ropresenta 480
ai?craft in a terminal area with a radius of 30 n.pi. and height
10,000 feest, if the altitude discriaination of the CAS and PWI
eduipnent is such that only intruders in a layer 1600 feet thick
are considered to be hasarde. | '

fable IVa also shows M for ourrent operations in a busy

- terainal, when there are 113 GA aircraft in the terminal area,

B, =-0,00636 per (n;ii.) .

Tadle IVa also gives the avsrage duration of alarms ’D for

the typical case shown in Pgurs ), TD 18 the averags tiwe the
‘iatrude. spends within the alara region, if on a linear unaccele

54
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Table IV, AC/GA Encounters
in a Terminal Area.

a, Kumber and Duration of Alarms, and Warning Times,
. Mars T Waraing
| threat | W/n_tq, Future® | Current* | duration, time, ; :

Logio (n.mi.)}hr. M X Tps secse T 59054

CAS 7-zone 349 2,09 0,49 22 s

| cas t,~zone 1131 6.78 1.60 61 | 73
PWI-3 996 5,97 1.40 72 * 44
PHI-6 ns 4.29 1.01 51 ’ 2
PWI-8 396 2,37 0.56 a | 2 |

Dimensions of M: alarns/800 seconds.

b. Number of Nansuvers.,

Threat x/noto; Puture? | Currentee
Logte (nen.)hr, K X
|oas v esomne | 349 2409 09|
| €48 x,=zone 170 2.02 0.24
AL papttt 135 - 0,61 0.19-:

Dimensions of X: mansuvers/800 ssoonds.

--’po 370.0210 0£ airoraft per (n.mi.)2,
**n, = 0,00636 GA aircraft par4(n.l1.)2.A

t° = B00 seose.

**%por mansuvers assumsd miss distance = 2000 ft.
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erated flight,
If the geometric situation is such that a collision

could actually occur, then for aircraft on linear flights the
warning time given by the CAS or PWI equipment is obtained by
dividing the distanoe along the relative velocity vector from
the protected aircraft to the alarm region boundary by the.rela-
tive velocity. This distance/velocity ratio has been calculated .
at each of the nine average relative velocities given in Téble 11,
the ratios have been summed and divided by nine, and this average
varaing time T, is presented in Table IVa,

Let ue now consider maneuvar rates instead cf alarn rates.
The protected aircraft must always maneuver if the CAS <%, -zome
is penatrated; therefore, for this threat logic the alarm rate
eguals the pansuver rate, At the G, ~£one penetration one must
mansuver only 1f in s turn (rolleout); if we assume that the |
airoraft turn 15§ of the time in the teraminai arss, then for the
CAS v, -sane threat logic the mansuver rate is 0,15 times the

 alarm rate, We assume that the airoraft equipped with -any of

the PWI will maneuver only if the alerted pilot estimates that

 the intruder will come within 2000 feet of his atrcraft, Thus

- the mansuver rate 1a'propartioni1 to the arss swept out by'g

eircle with diasetsr 40340 feet, traveling with the relative
- veloeity, We denote the total number of meneuvers during the
time to Wy X, and we average over tho three AC speeds and three
GA speeils the same way as for the total number ¢f alaras. Table
In lheva,tﬁnota and K for thy valuss of n, discusced above.
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IV. CONCLUSIONS.

The number of alarms, the number of maneuvers, and the
average duration of the alarms have been sstimated for
an arriving IFR air carrier aircraft in potential conflict with
random VFR traffic in a terminal area on the assumption that
one of various cooperative PWI or the ATA CAS were in use,

For illustrative purposes a current terminal density of VFR
traffic has been assumed as well as a projected density about
four times as great (1980-1990), The PWI studied represent the
more gophisticated of those proposed in tha§ it is assumed that
altitude data ia exchanged botween airoraft, The simplest of
these PRI also measures rangs to other aircraft, the second in
sophistication reasures relative bearing as well, and the third
calculates range rate, The perforaance of theae PWI is compared
with that of the ATA CAS in the same environment.

The results show that there is little reduction possible
in M1 alars rate by virtue of measuring bearing in addition to
range on the assumption that the same warning time sufficea in
both byatala; this 18 howaver a poor assumption and it is anti-
oipated-that simulation will demonstrate that scme indication
of bearing ie necessary to reduce search time aftd tg achieve a

f‘astiaracteéy deteotion rate, The measurement of range rate in

a Pl in addition to rangs permits a significent reduction in
alara rate (about 45%) but there is also a reduction in the
varning time given to the pilot in the typical encounter; the

S
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reduction is of approximately the same magnitude; as a result
it is suspectad that simulation will show that there is little
net gain in the effectiveness of see-and-avoid by virtue of
méaduring range rate in a PWI and using it to delay or suppress
alarms,

The calculation shows that an IFR air carrier would
experience an average of 4.3 alarms and 0.8 maneuvers (to avoid
migses with co-altitude traffic of leas than 2000 feet in
horizontal separation) in an arriving flight in a terminal with
four times the current density of VFR traffic if a PWI weie in
use which gave altitude information to the air carrier and per-
mitted the air carrier to measure range and bearing to the VFR
traffic, The PWI alarm in the air carrier would be on about
23% of the time under these conditions. These rates may or may
not be considered tolerable; a more fundamental quantity would
be the expected collision rate given that the pilot is helped
by the PW1 to detect targets sooner and more dependably. In
order to estimate the effectiveness of see-and-avoid when using PWwi
it will be necessary to measure (in simula“ion) the improvement
in the probability‘of detection afforded by the P¥I device,
Stated another way, these PWI cannot be faulted for the magnitude
of the alarm rates; they are only alerting the pilot to traffic
he should see anyway.

The CAS Q&'alarm rate in this environment, assuming all the
VIR traffic 18 equipped, of 6,78 per air carrier arrival gives,
with an average alarm duration of 61 seconds, an expectation

that the roll-out alarm is on about 40% of the time. If the

air carrier is unable to follow ATC vectors when this alarm is

a8
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on,it would appear that the CAS could not operate effectively
in this environment. The expected number of T, alarms (climd

or descend commands) of 2,1 per flight would seem to present

less of a problem, If it is mssumed that the air carrier is
turning 15% of the time in the terainal, the expected number of

% roll-out maneuvers executed would dbe about one per flighé}
making about 3,1 maneuvers per flight due to dboth waand'rialarmao
This is aporoximately four times the maneuver rate that would

be experienced if pilots using seo-and-avoid maneuvered only

when the lateral 1iss distance would be less than 2000 feet,

The alarm and maneuver rates for the CAS and ail PWI

appear %tolerable at the current VIR traffic density.

L 25 s 3
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APPENDIX A, CAS THREAT LOGIC
AND ALARM RATES,

" The CAS threat logic(l)'(z)uaes range and range rate

data to classify an intruder as a threat whenever the intruder
croases the boundary of the v, -zone or T,=Z0ne, given by

Eqs. (1)=(3). For negative range rate R (the intruder is
approaching the protected aircraft) the 'ui-zone is contained
within the v, ~sone, see Figure 1, When an intruder crosses

the 'qa-sone boun@ary. the thregt logic output commands the
pilot to roll out, if in a turn, and to prepare to climdb or dive,

When an intruder croasses the <, -sone boundary, the threat logic

1
output commands the pilot to climb or dive,

, Since the airoraft may accelerate and turn.whea outside

the "¢ 5 =500, and since the range R, in Bq. (1) 1s leas than

c:%é (where a is the lnxiuup persisaible acceleration), collisions
couid ocour in less than 6, seconds from the time a G, ~zone
~alara is given, if one did not take ovasive action, For exzasple,

- consider teo siroraft with equal spseds, v & 400 fi./sec., on

parallel courses slightly more than a distance Ro s 1,8 n.nd,
apart so that the “©, w2000 slare i@ not given aa'long as the aire
craft maintain their parallel paths, because the range rate is

egqual to gero. If both aircraft now turn towards sach other

-simultanesously with circular turms, acceleration & = 16 ft./aee.z.
then collision occurs a time t later, where |

69
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cos{at/v) 2 1 = Roslzve (A « 1)

if no evasive action is taker, For this case t = 27,5 seconds,

" 0f course, the CAS qal-zone threat logic vill‘command both
pilots (if both are equipped with CAS) to roll out, if the alarm
ig given, If it takes 10 saconds to accomplish the roll-out,
then instead of being on p§rsllel courges the two aircraft will
be on intercepting courses, and a cellision may occur 29 secondsa
after roll-out (39 seconds after the alarm), if no other evasive
action ia taken, The q;1~zone logic -ill‘prevont this collision
by commanding the pilots to ¢limd or dive, and normelly there
are 25 seconds of warning time to accomplish the mansuver,

Howaver, if the intruder is not equipped with CASY he may
elact to turn towards ths protected aircraft at the 'v& -zone
boundary. For two 400 ft./seo, aircraft and accaleration
16 ft./88¢,° in the worst case there ere only 13.5 seconds left
batwaen the ﬁgguzene alare and the potential collision, The
worat oase oocurs when ihe intruder approaches the protected
aireraft st a relative haading of ¢ = 163° (ace Flgure 2 for a
definition of 9) and turns towards the protected sircraft at the
ninisup range Ry. | | .

| Let us now consider alarm rates; we will examine the rates

for the Ty ~20ns firat, For a randos distridation of intruder
héaﬁinga ot us study the intruders with relative hesiings at
angies betveen some @ sad 2 4+ 40 (see Piguve 2 for 6) and @

¥ Tic curries only a ceogarativt &-&ge%t sud dows nob get
alarss himself, ,

é’%i
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conatant velocity magnitude v2. If vy is the velocity magnitude
of the protected aircraft, then the magnitude of the relative
velooity V. is given by

2 - 2 2
vr - v1+ Vo + 2v1v2coae . (A - 2)

To obtain the alarm rate we can assume that the intruders are

stationary and the protected aircraft movea with velocity vr.

The ‘\-:z-zone boundary is now given by

R =R+ v woosfd, (A = 3)
where [5 ia the angle between the relative velocity vector and

the range vector, see Figure 2. Eq. {A - 3) deacribes a 1ima§on
of Pascal, shown in Figure 2,

Let 23 be the maximum width of the ‘t:a-zone boundary in
Figure 2 normal to the relative velooity vector. It can be shown
that

o 1/2 32
S3(s-R) (zeR)" Név v,

where

2 e

23 [+ atv, vy (4 =5)

Then the vz-sone boundary, moving with velosity Vo in a tige
interval A+t sweeps out an area ‘

A= .2va., at, . | (A =-6)

To obtain the nunber of alarms receives in the tise istarval at,
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we must multiply A by the denszity of intruders, If the total
dengity of intrudérs with this given asgnitude v, is n, then

the density of intruders with boadings between @ and R + 4@ is
ndd/2% , if headings are random., The total alarm rate Noo 1
obtained by integrating And@/2< over all @, and dy dividing the

result by at, or
r .
Ny, % o/ )50 8 v | (4 - 72)
T - 3/2 1/2
< (n/a¢rqu))o ae(z + 3&0): (z = Ro)/: {A - Tb)

To evaluate the integral in Bq, (A = 7b) numerically we approx-
imate it by ¢he use of Simpson's Rule, applied to values of the
integrand at the three points @ S 0, W/2, and W,

N2 % (0/88%,) [ F(zp) + 4R(2,)+ P(zp) ] (A = 3)
whare

3/2 1/2
F(z) = (z + 3R,) (z -RJ (A =~ 9)

and 2., %y, 2, is the value of 2z, given by Eq. (A ~ 5), at @ <0,
w /2, W respectively.

To check on the accuracy of the upproximation, we have
compared it with two apecial cases of the exact Eqe. (A = 7b) when
the latter can be integrated, In the first special case let
R, « 03 then it turna out that both the exact and the cpproximate
expressions give the sams result (i.,e., there is no error due

to approximation)t
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- - 2 2
¥ (Ro 0= n‘t’z(vl + vz). (A =10)

c2
In the second speclial case we let ‘ta= 0, then exactly

Kgo(T,% 0) = n2R vy, (4 -11)

where ;r is the average relative velocity,

v

aw
. = 2w ){0 dev,,

11}

@/ W+ vp) B [anvp/o 4 v ], -1

and E is the complete elliptic integral of the second kind., In
this special oase we find the following percent differences between
the exact and the approximate result: 0.2%% for v1/v2 - 1;
1.50% for vl/v2 S 2 or 1/2; 0,48% for vl/v2 = 4 or 1/4,

Since ths errors in the approximation were very small, the
approximation was used to obtain numerical results,

Now consider “t‘.'i--zone alarms. In Eq.(A -7a) we now must
let 3 equal to either R, or v, '81/2, whichever is greater; they

are equal when @ = 8

M'
coaeM = [(ZRH/’VI)Z - v{ - v% ] /2v1v2. ' (A =13)
Thus
W
N =(n/T ){(:sz’t +jd0v23 (A =14)
. Cl O T 1 eﬂ r M

which becomes
Noy ©n i (%e4/7) [ (Vﬁ + vg)e‘ + 2v,v,8ine, ]

+ 2Ry [?r- (2/)Cry + vo)E( ¥ Oy/ & )] (A =19
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where B{ ¢ & M/ o ) is the incomplste elliptic integral of the

gecond kind, and

sing{ = 2 \1 vlvz/(vl-go Va)e (A =16)

The e8lliptic integrals are tabulated, see, for example, M,

Abramowitz and I. A. Stegun, ed., Handbook of Mathemstical
Punctions (Dover Publications, Inc., Mew York, 196%).

Ly P S o e e s L ot s e TR ek



-25-

APPENDIX B. PWI THREAT LOGIC AND
ALARM RATES,

B¥I-3.

. We sasume that only range data are available. Consequently,
s.nce one has to protect ths aircraft against the worst possible
- -cage== a head-on colligion at maximum speeds--one must set the

alarm range Rl equal to 2v°T, where T is the necessary warning

time and v is the maximum apeed. For T = 15 seconds and v, S
291 knots ®= 491 feet/second we have-Rl S 14,740 feet,
PW1-3 corresponds to the hypothetical PWI III for which

4 2 UTAT A LTINS
A TN

preliminary specifications were given in an earlier report(s).

s L AR P

e D R = £

To evaluate the alarm rate NP3 we must subatitute for S

in £q.(A ~7a) the constant radius Rys which then yields
Eps = n2R,Vy , (B -1)

where ;; is the average relative velocity, given by EBq.(A - 12),
and n is the density of intruders,
PW1-3 provides more than 15 seconds warning for all cases

except the head-on collision at maximum speeds.
Bil=6

’ Both range and bearing of the intruder are assumed to be
available, This asystem corresponds to the hypothetical PWI VI

e e AT L AR ST TR I ) AL ST B A R 2

described in an earlier report.

To derive the threat logic, consider the possible position

66
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of the protected aircraft T seconds later, where T is the needed
warning time, Let Vo be the maximum speed, u be the minimum
speed, and a the maximum lateral acceleration, Then the protected
airéraft after a time interval T should be inside the rectangle
shown in Figure 3 (a good approximation for the speeds and
accelerations which we are considering), with sides (v, = w)T and
a2, We are assuming that the same equipment is used by all
protected aircraft, and that the threat logic is not adjusted with
the speed of the protected airsraft. Consequently, we do not
know precisely where the protected aircraft will be T aeconds
later, and we muat provide protsction for all possible positions
within the rectangle.

We must protect againat the intruder with the maximum speed,
thus to reach the rectangle in T seconds the intruder must be

within a distance D from the rectangle, where approximately

D2 2 (v,1)2 ¢ ($a12)2, (B - 2)
If we draw a contour of the distance around the reotangle
in Figure 3%, we obtain the rectangle with rounded corners, For
simplicity we replace this rectangle with rounded corners by a

circle with center at the center of the rectangle and radius R?.

R2-1)+«}\/[(vo-u)1‘]2+(a!‘2)2'; (B - 3)

as indicated in Pigure 3, The eimpler circle overprotects
slightly at some angles; therefore, for example, in Pigure 1 the
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PWI-6 alarm region houndary exteands beyond the PWI-3 alarm region
boundary in the forwgrd asector. The boundary in Figure 1 is drawn
for a = 16 ft,/sec.ag T = 15 seconde, v, = 291 knots, u = 100
knots. Then R2 < 10,590 feet.

. For speeds slewer than maximum this alarm circle provides
& longer warning time. Tabdle V ghows the minimum werning time
obtained if the intruder and the protected éircraft both have one
of the gpeeds listed in Tabdle I. The times are calculated from
Eqe(B « 2) with the intruder speed replacing V,e The difference
between the 42 second warning time shown in Table IVa and the
vailueg shown in Table V is the following: TW in Tatle IVa ia the
average warning time in encountera between one AC and one GA
aircraft, while the times shown in Table V are the worst case
pinimun times in encounters between AC or GA pairs of aircraft
with the same speed.

To evaluate the alarm rate Npg we subatitute Ry for S in

Bqe (A - 7a); thus, analogous to Eq., (B ~ 1), we obtain
upé < nzne.;ro ’ 4 (8 - 4)

Obviovaly the ratio of "Pﬁ to RPG is equal to the ratio of Ry to

Range, range rate, and bearing of the intruder are assumed

to bs availadle, However, only the range R and range rate ﬁ'are

&S
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Table V., Minimum Warning Times for
P¥1-6, Intruder and Protected Aircraft

Bave the Same Speed.

. Waraning time,

Speed, knots ssconds,

141 24.6

AC 176 22,0

242 17.5

86 28.2

A 104 27.1
143 24.4

. 69 -
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used in the threat logic. The dependence of the threat logic
on the bearing is implicit and not explicit because without
providing the bearing information to the pilot one would
presumably have to use a longer warning time T to permit the
pilot to search for the intruder. The addition of explicit
bearing information to the threat logic seems to accomplish little,
Data shown by Holt and Marner(é) indicate that the use of bearing
information in the threat logic would reduce the alarm rate by
less than 5% at the average relative speed of 192 knots.,

If voth the protected aircraft and the intruder are on
congtant aspeed linear courses, then the time to collision is
given by - R/ﬁ. Thus we would let R-= « ﬁT as the boundary of the
alarm region if we needed a warning time T and if we did not have
to worry about acceleration, However, to protect against possible
acce.eration we will add an extra range Ry, to this alarm region.
Acceleration along the flight path is negligibdle oompafed to
laterdl acceleration in a turnj consequently, the worst case is
the one mentioned in Appendix At botk aircraft on parallel paths
8 distancd slightly greater than R, apart, both with the same
velocity v, so that ﬁ < 0, If both aircraft turn towards each
other simultaneously, then they will collide in T seconds, whare

cos(aT/v) 51 - R.a/2v2, (B - 5)

If v is sufficiently large so that aT/v < 1, we can approximate

cosx by 1 - x2/2, where x 8 al/v, which leads to

'79
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R, = ar?, (B - 6)

which is the distance which we need to get a warning time T if
the maximum acceleration is a. For a = 16 ft./sec.2 and T =
15 seconds we must have R, ¥ 3600 feet, The boundary of the alarm
region is given by Eq.(4). Thug the threat logic is similar to
that of the CAS 1;1-2016, but the values of the parameters are
different.,

Similarly, the alarm rate lpa is given by an equation of the

same form as (A - 7) or (A = 8), if we substitute R, for R  and

T for Tz .
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Abstrect
Alamn rates: are calculated for certain cooperstive PWI systems of the

type in which range is inferred from received signsl strength. The Trole of
atmospheric aitenuation is investigated in particular; a microwave PWI {operw
ating at a frequency of zero attermation) and a millimever wave PWI {operating
at a frequency of high attemation) are caupared. Propagation at infraered
falls scmewhere between these two depending on atmospheric conditions. To get
concrete results the anticipated alam rates and typical warning times are
caloulated for air carrier flights encountering random general aviation traffic
in teminal envirommsnis; these rates can be compared directly with those given

in Part I of this report for PWI systems capable of precise range measurement.

¥ Aamm rate as used in this report is defined as the rate of encounters with
other air¢raft which cause the generation of alarmse.
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AC
ATA
CAS

PV
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Glossary

alr carrier
Air Trensport Association of America
collision avoidence system
& function related to P, see Eqe(B=2).
general aviation
a function related to Py See Eq.(B=3).
indicated aircraft speed.
(Rg=Rp)/2v, 2,
logloe
total mmber of expected alaxms during a flight of 800 seconds
in & typical temminal area.
density of GA intruders with a particular speed, in number of
aireraft per square nautical mile.
total demsity of GA intruders, all speeds,
alam rate
probability density function for signal strengthe

" " " " AC speeds.

" " " %  GA speeds.
probability of not detecting an intruder in the Jﬁ range interval,
Eqe(Amd).
probability of false alarm,
probability of not obtaining two consecutive successes in n trials,
Appendix B,
pilot warning instrument.
PWI which uses range data only, Reference 1.
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PI-8 ¢ PWI whioh uses range, range rate, and bearing data, Reference l.

P(w) s oumulative probability that an intruder will be detected at least
once during a flipght passing the protected aircraft, if the distance
of oclosest approach is w, and all aircraft are on linear courses.

PF(R) -: probability that deteotion will occur first at range R.

PO(R) t probability of failure to detect the intruder by the time he has
reached range R, alrcraft on collision course.

Pl(R) : 1-p°(R)

'é'l(R) + Py (R) averaged over the signal strength distribution.

Q t Marcum's Q-function, References 2 and 3.

T t projeotion of ra.nge‘to intruder on the relative velocity vector,
see Figure 12,

rm ¢ maximum value of r, auslogous to Ro.

R t range to intruder

R, ¢ Tange to the center of the JX range interval, if the entire
£light path is divided into range intervals of length A R= 2\7er.

Ro t naximm value of range from which one obtains a significant come

tribution to the cumulative probability of detection.
. Bp s mean range of first detection for a constant signal level.

RP t 8 dealgn parumeter for the PWI; the range at which we require
that the cumulative probability of detection should equal 95% for
the worst case of headwon approsch at maximum speedse.

S 8 signal powor received from any range.

s signal power from renge Ry at the peak of the probability density.

s/v ¢ signal-to-noise ratio in general.

. SO/N ] L " " at the petk of the signal strength dictribution

received from renge RP.
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typical length of time spent in the terminal area by AC aircraft
during descent, assumed to be 800 seconds.
true alrcraft speed.
minimun warning time needed in & PWI system, assumed to be 15
seconds.
time interval between reception of pulsess the reciprocal of pulse
rate.
mean warning time for a constant signal level and any relative
velocity. '
T at the aversge relative velooity, averaged over the signal
strength distribution;
10 log,,8/8,s where 3 is evaluated at Ry
Tchebyscheff polynomial.
relative velocity magnitude.
AC airoraft speed.
GA alrcraft speede
X
distance of closest approach during linear flights, aircraft not
on a oollision course, see Figure 12,
maximun value of w, analogous to Ro‘
normal or Gaussian probablility density funation.
atmospheric attenuation coefficiente
range interval 2v r‘r o
oanbination of parameters defined by Eqe(D=3).
rolative heading.
defined hy Bqe(D=13)e
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3 235
3 Q‘; ¢ standard deviation for u > e, ses By.(1).

c‘ 8 n -] 1" u < Q, " ] N
; q;fa t time parameter used in the CAS ‘I:z-zone threat logic, see Reference 1.
3 ¢ ¢ probabilify that the warning time will be less than rm 2 15 seconds.
Gu{V) 1 probamlity that v, will be less then V.
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I. INTRODUCTION

PWI alam rates, although quantitative, do not fully reflect the relative
meri'bs*:f various systems because the effective utilization of the information
given to the pilot by the PWI will depend not only on the mumber but the nature
of the elams. Is the target visidle? Does it appear to the pilot fo be a
threat or a potential threat? Does tl:;e pilot consider the alam premature? Efc.
Such questions will be a.nswez;ed in the forthcoming simulation program. The
alam rates, however, may be indicative of the relative perfomanc:*of I
systems, and the mathematical tools needed to calculate elarm rates are required
anyway to oarry out the simulation experiments. For these reasons the present
report and its companion (Reference 1.) # have been prepared.

In Reference 1 we investigated the more sophisticated PWI systems (those
in which a precise range measurement is uade), end we compared the alam retes
and warning times with those of the ATA CAS. In this report we consider less
Sophisticated PWI systems in which renge is not measured directly but the possiw
bility of a threat is inferred from the received signal level which, on the averege,
falls off with the range between the transmitters and recelivers. In these systems
an alam 1s given when the received signal level exceeds some preset or pllot
&djusted threshold value one or more times (altitude filtering may also be used).
Systeams of this type are attractive beocause of the potential simplieity of the
pinimum equimment for light aircraft, but thelr practicality has been doubted
because of anticipated high rate of unnecessary alarms,

The probability of detection is not only & function of the range to the

intruder but also of signal strength, and the latter may change due to fluctuations

* Reforences appear on p. 24 ,

* "perfomance of & PWT ayatca® is used in the resiricted sense of alamme gone=
reted) "wesits of various systems™ is intemded to include devendence on hunan
factors.
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in the antenna pattern, multipath effects, changes in power outputy etce As
described in the next section, we have assumed same particular probability
distributions for the signal st?ength, and for each distribution we require
tha$ the cumulative probability of detection equal 95% at some range RP for
the woist case of headwon &pproach by two alrcraft at the maximum legal temminal
area speed (250 kmots IAS, 291 knots TAS). We then calculate the expected
mimber of alams in a typical flight in a temmine. area, the average warning
time, and the probability that the wurning time will be less than 15 secondss
the latter was assumed to be the minimm nesded warning time in Reference l.
The caloulations are performmed for microwaves, for which signal power is assumed
to deccrease as I/R?, where R 1s the range, and for millimeter waves, for which
in addition to the l/R2 decrefse there is a propagation loss due to atmospheric
attemuatlon, As in Reference 1, the protected alrcraft is assumed to be located
in e randem distribution of other alrcraft with a uniform density and random
headings in the horizontal plane.

The next two sections present the mathematical model in more detail
mathematical derivations are given in sppendices. The results are desoribed

in Section III, and conclusions are presented in Section IV.
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II. Threat Logic

We assume that the PWI equipment receives from the intruder pulses at
time intervals Tp. and that the intruder is detecied (i.e., an alam is given
to the pilot) if ths receiver outputs exceed & threshold for two pulaes in
succession. For the mumerical caloulations we chose the threshold in such a
way that the probability of false alam equals 1010 sor the double pulse, or
10™7 for the single pwlse. For & comstant received power the probability that
the receiver output will exceed the threshold on two successive pulses is given
by the square of Marcum's Q.-fv.mctiona2 which are tabtulated.”

In practice, even if the intruder is at a fixed range, the received signal
strength S will vary mainly due to fluctuations in the antemna pattern, but also
due to multipath effects, changes in power output, etc. For simplicity we assume
that the signal received from a constant range Ry can be described by the following
asymmetricel logwnosmal probability density function (p(u)du is the probability
that u hes a value botween u and u + du)

oz { BN )0,

(1)
22(w/ @ )/(T+q ), ucOy
where
- o -xa/z
2(x) = (1/V21 )e (2)
and
a = 10 logyg /5y 4 &t Ry (3)

S0 is the aignal otrength at the peak of the probability denaity functiong
bowgvery due to the asymmetry it 18 not the mean aigunl strength (note that we
are using two difforent standard deviations U; and Q7 for sipmals above ay
bolow 5.). Pigure 1 shows p(u) va. u for &) @, % 2.5 ab, T2 5 diy

‘ypeg
[
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v) O, S5db T 210db.

We fix the value of Sy (or rather the signleto-noise ratdo S /¥) as
outlined below and as described in more detail in ippendix A. For the worst
case of headeon approach by two alrcraft at the maximum legal teminal area
speed (250 knots IAS, 291 knots TAS) we require that the cumulative probability
of detection should equal 95% bty the time the intruder has reached the range
Rpy if we average over the signal demsity in Figure 1. In the subsequent
nunerical caloulations we choge two values of Rys &) 1 nanie. ® 6080 feots
b) 14,740 feety at the latter renge 15 seconds remain to collision for the worst
case.

The variation of the signal strength with renge R ls assumed to be given Yy

;wyﬁ
vhero o is the attemuation coeffioient. HNumerical calculatione were perfoimed
fors ) miorowaves, o 3 0p b) millimeter waves, O/ = 6.8 db/n.mi., & typical
value for axygen absorption at 55 GE:..4 The attenustion coofficients for infrem
red rediation fall invetwsen those for miorowaves and millimetor vavea‘% CODw
sequently, mmerical calculations for infrared were not perfoimed, ,

Flguros 2«9 ahiow the probability of detection (the square of the Qufunstion)

“vo. tange for the two nignal strength dlstributionss 1) T = 2.5 db asd

0. S5db 2) O, S5 dband ¢ 310 ddy for the two dooign raagens

1) Ry % 6080 foety 2) Ry # 14,740 feoty and for the two types of rediations

1) microvaves, 2) millimeter weves. Migures 2.9 show that the bicrowsve I
will dotect mAny more intiuders Bt grester ranges then the millimeter wave PGYj
this is a disadvantece because detection at great renges needleasly alamss tho
pllot. For exemple, the 50% point on the So ¥ 20, ourve in Pigure 5 for
olovowsves is at 340,000 feot, while in Pigure 9 for millinmeter waves it io at
34,000 fcot, & ratio of 10s1. In prectice one wocds protection out to atout

&8
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15,000 feet, see Reference 1, Figure 1} however, if instead of using & precise
range gote one relies on the natural decrease of prodaility of detection with
range, then, to insure a high probabiliiy of detection at about 15,000 foet,
one has to suffer frequent detection beyond this range, but for microwaves due
%o the lack of atmospheric attenustion this detection extends much further than
for millimeter waves.

Note that the indiocated velues of SO/B are for the signal received at
the protected aircraft from a terget at the Tange Rye For the same value of
So/¥ the intruder must trenmmit more power if millimeter waves are used, since
the propagation losses are much bigher than for miorowaves. Tho noise Sigures
of recoeivers are also samewhat bigher at millineter wave frequencies which

increases the power requirqment further,

&Y
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III, Aam Rates and Warming Tines

Talle I presents some results which are amalogous to those shown in Table IV
of Reference 1 as well as some other caloulations which did not appear in
Reference 1 but are needed here beceuse of the statistical nature of detectione
The table shows the results for air carrier (AC) and general aviation (CA)
encounters in & typical temminal ares.fer the same iwo signal strength disérie
butions, two design renges, and two types of radiation (microwaves and millie

neter waves) &s those illustrated im Flgures >

We define the averege waming time "f' as the mean range of {irst detection

averaged over the signal strongth distritution and divided by the averege rolée
tive valocity es explained in Appendix Ds We used the median relative velooity
of Table II in Reference 1, 192 knots, as the averege relative velocity, and the
pulce rete ]./"i‘p 2 2/sec.

We also oaloulate the probebility @ that the werning time (the renge
of first detection divided Yy the ralative velocity) may bo lass than 15 seconds,
83 desoribed in Appendix Dy The cwulative distritution function for the LT
nitude of the rolative veloaity is obtained fron data presented ia Reforence 5
for 8 Yypical tomiual ares and ia ghown in Figure 10.

The caleulation of alar reted is explained in Appeniix €. The quantity
U ghown {n Table I ia the avorege mmber of alauns genercted ad an AC airomafy
Yy 64 iastrwlers during 8 flight lasting 80U seconds in & texmimal ®sra-=® with
radius 30 newnde and height 10,000 feet, For current operctions we aasme 113
Gl aircreft in this teminal eras, asi for future operationy 480 GA eirciuft,
The GL alroraft are ajowed to be unifommly distriiuted botween alidtuica 1000
feot and 10,000 feat. The DI either has no altitude dice. imination at all, or
-ii cennaidera threats only 4n & co-ltitude tand of ¢ 403 ‘fea%; ¥ for both
possibilities aro shown in Tahle I. In Refervnce 1 wo Gasuced an aliituds

99
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Table I. AC/GA Bicountsrs in & Texminal Area

|Deotgn | Standard Aversge | Probability | Attitude
range Rpy | deviations So/N |warning | thet %, § 158, | dlisorime| Future
feot of gower, db | db |tine T, &, ination, | ¥
q |o 8608 in ¢ foet
&¢ Micxowaves
25 (5 20,6 | 61 2.7 1600 ;16
6080 | none . 90
5 10 29.4 | 192 el 1600 153
: : nny | 8%
2515 19.7 | 143 ~ 0,07 w1 3@
14,740 4 L . _ noxs 216
' 10 28,5 | 471 0.57 -1600 570
nos 2100
b, Millimeter wavers
2,515 214 | 31 5ed 1600 5eR
6030 — ngno 2::; )
5 10- 30.2 | 43 3.6 1600 9.0
nong | HO
2515 21.0 | 61 Be001 1600 9.4
144740 . none
5 10 29,71 75 0:,04 1600 14
none 76
*

Dimensioms of M: alams/800 secomds.
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discrimination of £ 800 feete
The simpler the PWI equimment and the threat loglec, the more wmecessary

alams will be produced. Thus the mmber of alams for the most sophisticated

PWI, the PWI~3 in Referemce 1, can serve as & standard of comparigson. Current M

P A et

for PWI-8 equals o0.6. The advaniage of operating at a frequenoy of high atmose

Jterrs

pheric attenuation is shown ky coupering millimeter wave systems with mlicxowave
systans since the latte:r produce more unnscessary wlamas. Comparison wiih daia

presenied in Table IV of Reference 1 shows that the millimater wave system with

S i S ST M e

R, & 6080 festy O 3 2.5 dby T g 5 ab, and altitude discrimination 1600 feet,

gemerates even fewer alarms than the CAS '82 =zote Or PWI=3 in Reference lj how
ever, this millimeter wave sysiem has a probability of 5.4% that the warning

time will be less than 15 seconds; the same probability is zeco (excluding male
funotions) for the more sophisticated systems in Reference 1.

- The milliueter wave system with R, ® 14,740 faet, 0% 2.5 db, T_ % 5 dby
hay a low probability (0.001%) thet the warning time will be less than 15 seconds.
For altitunde diserimination of 160C feet it generates four times as many alams

: 8z the most sophisticated PWI-8, but less than twice as many as PWI=3 ox the

CAS 'aa-:;one. Axn intemediate choice of RP is clearly indicated.

Note that some entries for M in Table 1 exceed the assumed mumber of aime
craft in the teminal area. This ocours because detection for those systems
extends beyond the asoumed 30 nemi. radius of the teminal ares, and alamas are
generated by aircraft beyond this radius (for the purposes of the oaloulation
we really assume & continuous distribution of GA airoraft over the whole area

covered by the PWI equipment).

L
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Iv. Censlusions

Thig analysis shows that it ia posaible in principle to achieve an alam
roty in a simple PWI syetem, in which the possibility of a threat is inferred from
sign-l svrength, which is only slightly higher than that of a system which

_messures range precisely if advantage is taken of a high atmospheric attens
“uation x-:a.te to accelerate the fallwoff of signal level with range. This can be
dore at the expense of an occasional very high speed encounter in which there
will be less than 15 seconds warning time and at the expense of an increased
signsl level. The analysis also shows that systems which do not exploit a high
atlmospheric attemuation rete will have very high relative rates of alam if
allowances are made in the power budget for adverse antemna patterns, multipath
propagation, lew tranamitter power, high recelver noisc levels, etc.

The probabilistic analysis given is suitable for application to the probe
lem of appropriate activation of displays in simulation of systems of this type.

In the absence of adequate flight test data it was necessary to approximate
the probability density function of received signsl-townoise ratic by assumed
distributions; two such distributions were assumed which it is thought will cover
the range to be found in practice. It is important, however, to get actual
flight measurements on which to base new calowlations or simply confim the

validity of the nmumerical work reported here.
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Appendix 4, Cunulative Probability of

Detection, Iniruder on & Collision Course.

We assume that the signal strenglh veriations are nmalnly due to the
fluctuations in the antenns patiern a&s a function of bearing. On a collision
course the bearing remains constant, therefore, the signal strength is assuned
to ranain constant during & particular encounter. We will obtain the cumulaw
tive probability of detection for a constant signal strength as the intruder
approaches from a very large distance R, to a distance RP' However, since the
signel strength may change from encounter to ¢acounter or from one antemnne %o
another, we will average this cumulative probability of detectién over the sigal
strongth distribution shown in Figure 1, and we will use this average to determine

RS the signal strength S° by requiring that this average owrulative probability of
4 '.--_’.',1 detection equal 95% at Rp for the case of headmon approach bty two aixoraft at the
maximm legal ferminal area speed (250 knots IAS, 291 knota TASs consequently,
range rate is 582 knots).

For a single pulse, the probability that the signal will exceed & threshold
(determined by the probability of false alam Pes ) is given 2

pm=' o [ VA, Vati/g, ) } (A1)

whers Q is a tabulated functiond; and S/X is the signal-toenoise ratic. In

gensral at some range R we let

o' 2 Vs /n + /2 o (ny/m /340 B (A-2)

where 0 is the atienuwation coeffioient § 8. is the peak in the signal distribution
showm in Figure 1, received from the range Rpb = 1031003

9
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. w S 10 log) (5/5,)] , (83)

i ip=

4 fp

H Note that S in Eq. (A=3) is evaluated at RP, tut V 25/N in Eq. (Ae2) is

” evaluated at any R,.while So is always evaluated at Rpe

¥

1 . We show in Appendix B that the cumulative probability of detection can

£

3 be obtained approximately as followss 1let the intruder appear at some large
ko Tauge Ryy end let the distance R = R, be subdivided into k subintervals of

‘5; length AR = 2v Tp, where v. is the relative velocity (equal to range rate

1 for a collision course) and !p is the time intervel betweon pulses. fThen

ARS 2v. 1) is the distance traveled by the intruder and the protected aircraft
during the tranmmission of two pulses. The probability of mot dete:ting the
intruder at all by the time he has reached R, We demote by P (R), then the
cumulative probability of detection PI(RP) is given by l-Po(RP). The probability
of not detecting in the jﬁhﬁ subintervaly,for & fixed signal strength, is equal to

= laQ (R,\ ’ (Amd)

where for simplicity we indlcate for the Qefunction only the dependence on range,
§ and B = Rg=jA R, Furthemmere,

PO(RP) PPl b Py Py (A=5)
where from our definition of AR and k we¢ have R, & Rpe Moreover,

K k
I (p (Bp)]= J‘.;.ozng, l"éli J':;:O lnj « AR (An6)

, We now appmximate the sun Wy an integral,
‘ SEACE vy AT (Y 1ufi-q*(m) )
%

(47)
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vhere we also replaced py by Eq. (“+4)e Them, since ARS v, T, ud P) 8 1-P,
the cumulative probability of detection is glven by

Pl(RP) E leexp { "é"vi'&‘; f E:cm in (I-QZ(R)]} . (&-8)

In piaetice any large range will serve as R . as long as QQ(RO) 44 QZ(RP),
but one should not extend Ro to infindty; since one will obtaln en infinite
nunber of false alams in the infinite time interval required %o travel that
infinite distance.

The average cunulative probability of detection ?1 is given by

o0
PL(rg) 3 | o p(n) my(R) (4=9)
-0

where the probability density function p(u) for the signel strength is glven by
Eqe(1). Pl(RP) in the integrand of Eq. (A=$) is a funotion of u beceuse Q¢ is a
funotion of V' 28/N, see Eq. (Mel); wad V28/N in tum is a funoticn of w,
see Eqe (Aw2).

We now require that ?1(}{?) % 0.95 when v, ¥ 582 knots, and aolve for S, /N.
The soluticn was obtained mmesically ly interpolation for Py w 1077, 21, 8 1 second,
Rp & 6080 and 14,740 feet, &nd the two signal strength deusity functions shown in
Figuro 1. The calculsted S /N aro presented in Table L.
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Appendix B. Probability of Occurence of

Two Consecutive Juccesses.

O R TR

Consider a sequence of evenis, where an event may be the reception of &

pulse, or the drawing o¢f a ball frem an um containing a mixture of red and black

L iAo W e

balls, etc. We wish %o £ind the probability that in a sequence of n events
guccess will ocour at lesst twice vonseoutively; by success we mean that

the ai@zé.l strength of ‘he pulse will exceed & threshold, or the drawn ball will

" Ye red, eto.

R s LA A PR W i T X e

Let Q be the constant probability of success during any one of the events.

Let P, bs the probability of not obtaining two consecutive successes in n events,

R

8o thai our desired probability of two consecutive successes is equal to l-Pn.

Pn can be related to Pn-l

PR event, then it does not matter whother the sequence of mel previous events

and By o8 a) if there was no success in the

ended with a suoceas or failure, 8s long e.s on3 did not obtain two consecutive
pulse: during those nel eventsy thus one of the tems ocontained in Pn is
(1-Q)Pn_13 b) if there was a succass in the nHll event, then there must have been
a failure in the welEY event, and no two conssoutive pul ses®during the provious

-2 eventsy thus the seoond temn contalned in P, is Q(l-Q)Pn_a. and
Py 3 (1=QP,; + Q)P (Be1)

In particular, for the first few ms

; 2
g le
P2 Q

P, ¥ 1e2q? ¢ 97

*

L.e., succesues.
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wlde
P 3 1e3q° 4 207
4
P, 3 (1-2)4(1 + 200%Q%)
Pg = (1=Q)3(1 + 30 + %0%)
Let us now define
Py 3 (1=Q)7FF, (B-2)
Ponary & (1=Q°E*1g, (B-3)

Substitution into Eq. (Be1l) ylelds two equations (for n= 2n and n® 2m + 1)

which can be manipulated to obtain an expression for ihe C&n's in tewms of Fm' 8y
G - F - m, (3‘4)

n m+1

and we also obtain a recurrence relation for Fm's,

By® Fm.(l +Q/Q “F . (B-5)

this is the same recurrence relation as the one satisfied by Tchebyscheff
polyncmials U m-6 We thus obtalms

144

o2y {%Q) (5-6)
1 1

G2, (Y. g (R (87)

Note that usually U (x) is utilized only for Ixl € 1; however, aince the polyncmial
gontains only a finite numborof temms, thera is no reaaon why one should not also
use tho seme polynomial for |x| » 1, which 1s the case here.
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We hava7
< !
(x) = (20) 'fflm (-1)*{(»-%. :](a:rzk 6:¥:)

For large 2x the dominant texm in By, (B-8) is the first term in the summation.
If we approximate the sum by the first tem, substitution in Eqse (B=2) and

(B~ 3) yields

2, (1=Q°)R B
P, % (1-¢9) (B=9)
and

~ 2\
Py (105 | (8-10)

Note that we would have obtained the same result if we had partitionsd our
sequence of single events into & sequence of double events with half as many
texms and a probability of aucocess glven hy Qa for the double event. The
difference between this double event problem and the actual problam is that
in the double eveut problem the sequence *failuressucceasssuccess-failure® is
rogasded as two double svents, seither ove ylel Ung two sucoesses, while in
the aotual problem tho above sequance does yield the two dosired consecutive
Bucoesses. Figure 11 ahows the exact and approximste probability for six events.
The approximation is & conservative underestimeate of the true probability.

In the sbove diacussion we have ascumed that Q L9 constant. However, in
the aotun! situation discussed in Appandix A the Qefunciion changes with renge
as the intruder appronches. IJince the probability of detection imoreases frwa

practically zeiv to almost one in & rather marrow range (sec Figures 2.9), only

8 mall rau.ber of pulses will contribute to the cumulative probability of detection,
thus the results abown in Pigure 11 will bo typical, aud we heve asswed that
the above vonservative qppmxixituoa can be used, esproially because we are
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mostly interssted in the relative performance of different systems, and we use

the same approximation for all systama. Since the approzimation is an underestimate,

the true cumulative probability of detection will axceed 95% at BPfor the worat
Ccas6e
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Appendix C. Alam Rates

Weo are considering intruders on linear vaths with randan headings in the
horizontal plane. Let us select all the intruders with a particular heading
and speed 3o that the protected aircraft veloocity wector and the velucity vectors
of all those intruders form the same relative welocity vector. We cen saaume
that the intruders are stationary snd the protected aixcreft moves with the
relative velooity Vo Let w be the coordinate nomal to the relative velocity
vector and in the horizontal plane, see Pigure 12. Let P(w) be the probability
that an intruder is detectod at loast once during & lomg time interval at (where
vroat is much greater than a range at which the probability of detectiom ia
significant), if the closost distance betwean the two aircraft at any time is ¥
(this hoppena when r 2 O in Figwre 12). A segment of length de (Lotwean w and
v #dv) during at swoeps out an ares dwr-ct. Let 1 Le the amber ¢f intruders
por unit area (with this partioular heading and speod). Then the nunber of intrue
dexrs dotacted during at on this strip of width de will be ndwr=atP(r). e
avorege mate ol datacuo_n N io obtained hy dividing by at aad lategrating over ws

¥ & oav, jwo P(w)dw, {Cel)
o

~ whore w ig the paxinum renge of dotectict, analogous to R in Appeadix A,

To obtain P{w) wo proceod as in Appeadix A. The cwulative probabili.y of
detection P{w) 1o given by 1"1’:('), wharo Py(w) is the probability of failing to
detect at al.. Pf{v) 1o given by an equation asimilar to Eq. (A=5), but the sroduct

extends over intreder positions from 3 2 iy wharo ¥, is tho paxioaty recoondid

oate for detection, snalogouws to H in lppemﬁa A, Memom. a.ma i‘é;e aizcra’s

are ot on 8 col.xiaion coursg, relative burmg doea vot. resain constant. Lgt us

sasue \‘.M‘ ‘the ué{;:‘.s.l atraza;th nucm&w:m dne 17 ﬁm fluctustions in the antewa

,’m:&
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pattern occur much more rapidly than changes in signal strength due to changes in
distance as the protected aircraft proceeds with velocity Ve Then we must ine
te_rate over tne signal strength distritution first, and then swn over the ranges
as in Appendix 4, yieldins approximately '

1 T o0 2
P(w) & l-exp{ T {®ar [ au p(u) 1n(2-q )} (Ca2)
where Q depends on u and R as shown in Eqs. (A-1) and (A-2), and

RS V¥ ° + 12, »(0-3}

gee Figure 12.

The integrand in Bq. (C2) is such that we could interchange the integrations
over u and Ty i.e., we could perfoim the integration over . first, and still obtain
the same result. This means that our assumpticn ubove that entenna pattern {luce
tuations yield more repid asignal astrongth chesnges than changzes in range is not vital,
the opposite Asswaption would give the sane result. |

Pigures 13 and 14 sho'r P(w) va. v for the two desicn ranges, two signal
atrength distributions, end two twpes of mdiation. We used tho median relative
velooity of Table IT in Roferemce 1 in these calculetions, ffswwar. ?(%) is not
a very sestaitive function of vy, see Figure 15, shere P(a) for w & 100,33 fout is
iom vo. 2% for tho aluizn, sedien, and maxiow svletive velooity of Table If,

forenceo 1: Cunsequently, to obtain ¥ (and 1) we used the Qedian ¥e 2 192 kuots
instead of averaging over the relative velovity distrimiiion. '
| If wo éaﬁpare,h{;sm;u 13 and 14, obviocusly the niciovave gystwas are inferios
to tue millimeter wave §ystass, since detection fob miciowave PXI extenis nsodlessly

‘far, asd, therofore, cany wwccedsary alams are gencrated.
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To obtain M, the aumber of alama generated hy GA aircraft at an AC alrcraflt
during a flight of 80) saconds in & typical icmminal aree, we simplify the actual
situation by assuming that in tho fypical sacounter we always obtain the median
v & 192 knots, since a) P(w) does not depend very much on vy, see Figure 15, aad
b) we are mainly interested in relative mmbers to compare different sysiams, and
the relative results are not very much affected Wy such simplifying assumptions.
We are also igmoiing eny corrections to range due vo altitude differences; because
most detection ranges exceed éreatly the pd:-‘sible altitude differencess i.e., for
a fixed limit to detection, the volume centaining detected intruders would be a part
of a sphere with the protected aircraft at the center, and the GA intruders cone
tained in the slice from 1000 to 10,000 feet altitude, &nd we are replacin{-;. the
curved boundary ¢f the sphere by the _straigzt boundary of a oylinder.

Thea

w
M 2 (W/n)n b, 2 2mgvet, | ®awp(w), ' (c-4)
°

*
where t 8 80J seconds, and ny = 0.0270 per (n.mi.)2 for future operations,

n, 8 0.J0636 per (u.nd. ) for currant opera.tions, a, being the total equivalent
area density of intruders 103‘_‘_&11 speeds, same as in Refevence 1. By "equivalent
.ares denaity" we moan the followlnugs the actual alrcroft are distributed at randam
over the whole volume of temuinml airspuoe; iv we piok an area in the horizontal

' 'tphma of one (n.mi )2 and. caloulste the. mxnber of aircrafv in & cylinder above and

Lelow this area, then this mumber is By -

WSt

¥
. Por intruders wiuhin an altitude layer of 800 fwety when there is no altitude

disoriminaticn, we &ssume that the ares density is increased Wy the ratio of
layor thioclmesses (10,000-1000)/1600.
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Appendix Ds Warring Times

We are interested in two quantitiess &) the average warning time "fv;
b) the probahility that the warning time may ba less than 15 seconds, which
in Reference 1 was assuwisd to be the minimum waming time required.
In Appendix & we defined P4 t0 be the probabdlify of failure to detect
the intruder in the 33’3 renge interval, see Ea. (A=4), FO(RJ) is the cwaulative
probability of failure to detect as the intruder approaches from sme great

range R, to the range R e Taen the probablli gy of detecting the intruder first

in the nt-ﬁ range inverval i3 equal {o

PF( Rn) ] (I‘Pn) PO(RY&-].}

s (I'Pn)pn-l‘pn-a"’Pl‘po (Dw1)
and
: el
[ 2(R)/(1p)] = RIS (>-2)
Again we approximate the sun by an integral, consequently,
2 1 (% 2
PAR) % Q (lﬁ‘)atpim; fnncm 1n ( 1eq (R)]} (D=3)

Then for a particular value of signal strength in the distribution shown in Figure 1
the expected value of tne warning time when the two airsraft are on & collision

course is given by

T3 2;‘ (R /v )ep(R )/ 2}1 2p(Ry) (D=4)

where for a collision course the range rate is given by v, (the relative velooity),
- and the sums extend over all rangess We again approximate the sums by integrals,
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T ;v,[m- i °dBRPF(R)1 / S dR Py(R). (D=5)
v Yy 'o o

The averdge waming time ¥, is obtained by aversging over the signel strength

ddstritution,

o2
T = { . Db
Ty _Swdu pw)2 (D)

For the mmerical calculations presented in Table I we let vr & 192 knots,
the median relative velocity of Table II in Reference l.

Note that Bqe (D5) could be writien as

T s R/, (D=7)

where RF would be the ratio of the two integrals, and physically RF would be the
axpacied range of first de_atection for a partioular signal strength.

Let us vow consider the probability that the warning time may be less then
&‘m = 15 seconds. This may happen because for any signal level there is & none
vanighing probatility that the range of first detection will be less than vr'l‘m.
Consequently, we have to considers &) the probability density function for range
of first dutection for a fixed signal strength; b) the signal strength distrie
butiony o) the relative veloolty distribution.

Let us study the probability density funotion for the range of first detection
at a fixed sigmal strength. If one examines Eq. (D=3) and the mamner in which
the Q funotion depends on R, and so/n (see Xqs. (A=1) and (A~2)), it becomes obvious
that for the same type of radiation (miocrowaves or millimeter waves) one will
obtain the same PF if the combinaticns of parameters

| u/20m .(1/e)o<. Ry

eV o g (2-8)
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have the same value, e.ge.y oOne can increase \l 28071\{' and decrease RP se as 1o

kesp n\ constant, and obtain s constant PF'- For example, for millimeter waves

106

feet may be regarded ass 8) S /M + 13,1 db for RP6080 feet, T, = 2,5 dby
2 5db, S,/N = 21.4 dbg b) 8 ﬁ/n + 443 db for R, 0 6080 feet, T, 8 5db,

10 db, 8/H = 30.2 dby o) 5,/ = 3.9 db for Bp 3 14, 740 feet, O % 2.5 db
5dby so/: 5 21.0 by and d) S /N & 12.6 db for Rp ® 14,740 feety T, = 5db,

.
2 10 dby S,/N 2 29.7 dbe Figure 16 shows the probability PF(R) of detecting

‘
c.
o
cr-
o

at range R first foxr n~ {ypical case of r\l 106 feet and AR S 324 feet (which
corresyonds to v, & 192 knots and Ty ® 1/2 sevond). Note that 95% of the fivst
detactions scour within less than Y 10% of the mean range Rye Consequently, we
simplified our calculations by assuming that for a fired signal strength all fipat
detections ccour at the mean range RP’

We now bave to consider the effects of the sighal strength distribution and
tae relative velocity distrilutioa on the warning time !'- For a particular RF
(corresponding to some particular signel strength) we can find the relative
velocity V which will give just 15 seconds wirning, and then obiai* from Figure 10
the cumilatdve probability 1= @ (V) thet the relative velooity will exceed this
Vs RF/!m. If we integrate l= @:r(V) over the signal strength, we obtain the
desived protability ¢ that the warning time will be less then T 15 seconds,

00
$z: {awow[1-d, ] . (0 :0)
- 00 r

0f course, for some signal strengths Rp will be so large {aat the required voloe
Wy V will nov oouury deesy 1= _ (V) 3 0.
r
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Bqe (D-10) was eveluated by the use of mmerical methods. Onme .as to 80
through the intemediate caloulation of By from Bys. (D7) and (De5) to find the
relative velocity V & RF/rm for each particular u in the integrand of Eq. (D-10).

Figure 10 was computed numerically from the data for AC and GA alrcraft
speeds in é typical teminal a.rea5, taking into account the random distribution
of relative headings. Let v, be the speed of the AC, ¥, the speed of the GA aire
crafts Let the relative heading be ©, then the relative velocity is given by

vf, s vf + vg - Zvivacos 6, (D=11)

8ee Eqg. (Ae2) and Figure 2 in Reference 1.
Let pi('vi)dvi 3 151 or 2, be the probability that v, will have a value
betwean v, and v, + dv,« The probability that © will have a value between 9 and
©+4d40 18d0/2 . Them

- MU {r]) }; 2y (%)) B, (v, )dv, dwgd © /277 (D22)

where the integration ia performed over those valugs of Vir Voo and © which yield
v.> Vo If wo substitute V for v, in H. (D=11), we can solve for the limi ting
angle GL 8t which v, 5 V for a specifio vy, and v,

cos 9 S (vl uva)/zv V,e - (D-13)

0f course,for some v, aud w.r2 e obtaln v > ¥ for all angles O, in which case we

should let 6 5. We can then perform the iutegration over © in Ey. (De122),
which yields

1 q>, W= Say Sav, (& ALY XCA (3-14)
' Yedy

The rest of the intogrations in B, (D-14) were performed numerically, -
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