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PREFACE
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through flight tests and experimental development. The PWI program
was sponsored by the NASA, Office of Advanced Research and Technol-
ogy, Washington, D.C.
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Aviation Administration National Aviation Facilities Experimental
Center, Atlantic City, New Jersey. The authors wish to express
their sincere gratitude for the continuing support rendered to the
TSC team by the various NAFEC organization units and individuals
in all phases of this test. At the same time, the invaluable

‘assistance given to TSC by Mr. George Rock and Mr. M. Lewis of

LORAL Corporation and the significant contributions made by Daniel
DeCrhistéforo, Arthur E. Foley, Lawrence McCabe, Robert Rudis and
Dr. Frank Tung toward the success of this effort are gratefully
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1.0 INTRODUCTION

The Collision Prevention. Advisory Group (COPAG) whose members
are representatives of airspace user organizations and government
agencies, including DOT, NASA and DOD under the chairmanship of
the FAA, defined the need for developing an inexpensive Pilot
Wafning Instrument (PWI) to assist general aviation pilots in
"geeing and avoiding” other aircraft. An optical (IR) PWI, based
on the detection of xenon strobe anti-collision beacons, was
developed at NASA's Electronic Research Center (ERC)le’S.
the closing of the center in June, 1970, two prototype systems

Prior to

were subjected to limited flight tests4.

With the forming of the Transportation Systems Center under
the Department of Transportation, the PWI effort was renewed with
NASA and FAA funding. Emphasis was changed from developing and
evaluating specific hardware systems to evaluating the capacity of
the IR system concept to meet PWI requirements generated by COPAG.
This concept was to be compared with other PWI approaches in various

stages of definition and development.

This report presents the flight test results and analysis of
the optical IR PWI system conducted by TSC as the final portion of
the overall NASA funded effort. The FAA portion of the program is
continuing and will use these results and other studies to further
evaluate and compare optical IR PWI with other PWI approaches.



2.0 PWI SYSTEM DESCRIPTION

2.1 GENERAL REMARKS

The PWI prototype hardware used in the flight tests has been

described in detail in several reports and papers4’5’6.

A summary equipment description is included here to enable the
reader to understand and appreciate the test results in terms of

‘the various contributing factors.

[ ] l |
| | | |
I | srRoe [-{atmospreEre-H opTics ] sensor ., STENAL 1t 1ogic b—{pispLay] !
| ] PROCESSING ]
| - el — | |
| STROBE A/C | ; PWIAIC |
- —_— : e e o — — ————— —

\Figure 1. IR PWI Systenm

Figure 1 depicts the various components both hardware and
environmental which characterize the optical IR PWI system. These
blocks are discussed briefly below with respect to their pertinent
features.

2.2 AIRCRAFT STROBE BEACON

The signal source used in the flight tests was a xenon strobe
light. The light output was radiated in a beam of about +10° in
elevation and 360° in azimuth, (Figure 2). In the tests, this
lamp was mounted below the fuselage of the 'strobe aircraft'.
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Figure 2. Whelen Strobe Light Characteristics

The signal radiated by the lamp is produced by a capacitive
discharge of approximately 20 joules. The resulting light pulse
has a rise time of 25 to 40 microseconds, a duration of 200 micro-
seconds and a peak intensity of some 1200 watts per steradian in
the near IR. It is produced at a repetition rate of about 55
flashes per minute (the specified limits on flash rate for this
type of lamp are 40 to 80 flashes per minute). The average dc
aircraft power required is 50 watts. Data on the aircraft strobes
were obtained under a TSC study contract by the Draper Laboratory

of MIT’. '

The radiation received and processed by the optical IR PWI
system lies in the near infrared region of the électromagnetic
spectrum. The detailed distribution of energy within this region
is shown in Figure 3. The spectral power available from the lamps
is selectively attenuated by the atmosphere,
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Figure 3. Sﬁectral Distribution of Flash Energy

2.3 ATMOSPHERE

The signal radiated by the strobe is absorbed and scattered
by the atmosphere. The effects of absorption and scattering are
described in a study performed by avco® and scintillation and back-

ground effects are described in the Intermetrics report.6

2.4 PWI HARDWARE

The tests reported in this document were performed on three
basically similar designs of an infrared-sensing PWI system., These
are:

a. a system designed by the Fecker Division of Owens-Illinois,

Inc. under the sponsorship of NASA/ERC,

b. a system developed by LORAL Corporation,

c. an improved LORAL system which incorporates a photodiode
sensor in contrast to the photo conductive sensor in the
earlier model.



Tests were performed on all systems, but due to various malfunc-
tions in systems a and b as well as in the data recording system,
the test results and analysis presented here relate only to the im-
proved LORAL system. '

2.4.1 Optics

The optics part of the flight test PWI system consisted of a
ball lens, and an infrared filter. The ball lens is composed of
two hemispheres between which is cemented the glass filter and a
two-inch field stop. The effective aperture is thus 2 ihches,
despite the larger diameter of the ball lens. ‘

The ball lens system (Figure 4) is mounted circumferentially

CHANNEL CHANNEL

CHANNEL
LBt

DIRECTION
-—
OF FLIGHT

Figure 4. Ball Lens Azimuth

with optical axis pointing 60° away from the direction of flight
(Figure 4). '



The infrared filter used in the system is a-Schott RG780 glass
filter, 2-mm thick. The filter improves the system's signal to

FIELD STOP-
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FLIGHT -@—

RG 780
Figure 5. Ball Lens, Elevation

noise ratio, by limiting the background radiation while passing
the IR content of the strobe signall. '

Figure 6 depicts the effect of its transmission curve on the
spectral responsivity of the silicon sensor.
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Figure 6. Spectral Sensitivity of Sensor as Modified
by R.G. 780 Filter



2.4.2 The IR Sensor

2.4.2.1 Optical Characteristics - The ball lens produces an imége

circle of a point light source such as an aircraft strobe at the
aberrated focus on the diode surface. The apparent system sen-
sitivity varies with changes in the source's relative angular posi--
tion as a function of the image circle portion which illuminates
the sensor. This produces a sensitivity pattern similar to the
lobing pattern of an RF antenna both with regard to elevation and
azimuth. Figure 7 depicts a typical pattern for one of the LORAL

system channelsG.

The IR sensor consists of a PIN silicon photodiode, in a
light pipe assembly. The geometry of the lens-sensor assembly
determines each sensor channel's field of view. Each channel
covers +10° in elevation and 30° in azimuth. The total systém is
comprised of two detector heads of four channels each, covering
+120° in azimuth. The angular coverage of each channel is equal
to 0.18 steradians, giving a total system covefage of 1.45 sterad-

ians.

2.4.2.2 Electrical Characteristics - The pertinent electrical

parameters of the photodiode is its spectral responsivity? (Eig-
ure 6) which accounts for the device's ability to convert radiant
power linearly into an equivalent current equal to 0.38 émpere per
watt at a wavelength of 900 nanometers. The diode is employed as

a current generator with a small reverse bias to sweép out carriers
after a radiation pulse has been received. All other parameters
such as dark current (leakage current) and diode 3cceptance are of
secondary importance in this application.

2.4.3 Signal Processing

The signal change due to current variations in the photodiode.
is amplified by an operational amplifier that can be characterized
by its transfer impedance, its bandwidth and center frequency. 1In
the flight tests, the resulting voltage peak was recorded whenever
a threshold level was exceeded. In the LORAL system, the threshold
voltage varies in accordance with the peak noise voltages the sys-
tem experiences during the 40 millisecond period immediately
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preceding the signal pulse's arrival. - When this pulse exceeds the

threshold, the following occurs:
a. the trigger circuit drives the logic;

b. the data recording system is activated.

2.4.4 logic

To effectively warn a pilot of another aircraft's presence,
the logic circuitry is designed to provide discrimination against
spurious signals. This discrimination is dccomplished by requiring
-the occurrence of three consecutive signals before a warning is
generated.

2.4.5 Display

Any PWI incorporates an output indicator whose function is to
interface the detection circuitry with the pilot. Measurements on
the relative merits - and effectiveness of such displays were not
within the scope of the tests reported here. It istexpected that
these display studies will be performed at least, in part, under
the Visual Detection Simulation to be conducted at TSC.



3.0 OPTICAL IR PWI SYSTEM'S TEST PROGRAM SUMMARY

3.1 GENERAL

A series of tests were performed on the PWI hardware. These
tests were divided into three phases:

a. laboratory tests;
b. static field tests;
c. flight tésts.

3.2 LABORATORY TESTS

Laboratory tests were performed on the photodiode LORAL PWI.
Measurements were made on this system to:

a. determine the detector sensitivity profile;

b. verify the gain and frequency response data provided by
the designers; ’

c. correlate the system noise characteristics with design

information provided.
3.3 FIELD TESTS

The field tests were conducted at the FAA National Aviation
Facilities Experimental Center (NAFEC). These.tests were intended
to extend the laboratory tests to include atmospheric and back-
ground effects. The field tests' purpose was to:

a. check out equipment prior to flight testing
b. exercise the data processing programs;

c. determine if the sensitivity lobe patterns were affected
by varying background conditions;

d. familiarize NAFEC personnel with the equipment.

These results were accomplished and, as reported in Ref. 6,
the capability to evaluate data immediately following a flight test

was not achieved.

10



3.4 FLIGHT TESTS

The flight tests were performed at the FAA/NAFEC facility
during June and July, 1971. NAFEC provided equipment and personnel
support. These tests weTe deéigned to expand the results obtained
from the laboratory and field tests by introducing the. environmen-
tal effects encountered in flight. ' '

The tests' objectives were to:

a. Determine the optical IR PWI system's performance charac-
teristics under the influence of atmospheric conditions,
shock effects, vibration and electromagnetic .interference.
Specifically, this determined the cumulative probaBility
of detection which would have existed for two aircraft on

a collision course.

b. Apply a general analytic model, so these test results
would be extended to include effects different from those
encountered during the flight tests.

The flight aircraft were flown on parallelAcourses during
these flight tests so sufficient data could be obtained.

11



4,0 FLIGHT TEST DESCRIPTION

4.1 GENERAL

For the flight tests, the PWI Hardware was mounted. aboard a
Convair 240 and the strobe (Whelen Model HD Beécon) was mouﬁted
below the. fuselage of a Grumman '"Gulfstream" (Figures 8 and. 9).
Both aircraft were equipped with the data recording systéms de-
scribed below. Transducers were installed on both aircraft to pro-
vide pitch.énd roll indications (attidute data) to the recording
equipment and the aircraft headlng indicator was also modified for

automatlc data recording.

The two aircraft were flown:u1format10n at selected constant
relative bearings and ranges to obtain a sufficient number of data
points in the sensitive center region of each channel. All flighté
were performed with a differential altitude between the aircraft
of 150 feet to minimize the possibilit& of collision. The varying -

parameters for the flights were:

Altitude 500 to 10,000 ft.
Range .5 to 1.5 nautical miles

Headings Approximately 60°, 150°, 240° and 330°
4.1.1 Flight Summary

During the period from June 10 to July 27, a total of 24
flights were performed. All flights were conducted over water
near Atlantic City, New Jersey, where the aircraft could operate
without hazard to general traffic, All flights were flown in a
rough quadrangle with pr1nc1pa1 headings as shown above to include
a variety of sun angles. Each leg of the flight lasted for about
6 minutes permitting some 300 data points. Each leg constituted a

run.

One hundred thirfy-eight of a total of 286 runs were performed
with the improved LORAL system described in Section 2. The analysis
of the data obtained on these flights is presented in Section 5. The
Fecker system exhibited such extreme sensitivity to background radi-
ation and“spurious signals that useful results could not be obtained.

12



Figure 8. Strobe Equipped Aircraft

Figure 9. PWI Equipped Aircraft
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However, adequate data was obtained from the improved LORAL system.
The data obtained from the earlier runs of the original LORAL

system were not analyzed.
4,2 THE DATA ACQUISITION SYSTEM (DAS)

Two data acquisition systems, one aboard each aircraft, were
used in the flight tests. The data recorded in the strobe A/C were:

a. Strobe signal event time

b. Strobe signal event pulse

c. A/C pitch

d. A/C roll

e. A/C heading

The data recorded by the PWI DAS were:
a. PWI signal event time

b. PWI signal peak amplitude

c. PWI signal event pulse

d. Channel identification

e. A/C pitch

f. A/C roll

g. A/C heading

h. Bearing Validation

i. Nominal Range (Manual switch setting)

Difficulties were encountered in recording strobe signal pulse
amplitude, outside air temperature, and sky background radiation

level.

Additional test data were manually recorded for each run by

the test engineer. These were:

a. identification of the PWI channel under test

b. test number

14



c. air temperature
d. test duration
e. range (norminal value only)
f. barometric pressure
heading
h. altitude
i. wvisibility
vj. cloud cover
k. dew point
4.,2.,1 Data Recording

Figure 10 shows the PWI data recording apparatus used in the
flight tests. The test data were recorded on a digital recorder
manufactured by Incre-Data Corporation of Albuquerque, New Mexico.
The system contains: ' '

a. a -crystal-controlled clock;
b. "an analog-to-digital converter and multiplexer and

c. a number of digital input channels controlled by

- manually operated switches;
d. tape advance and record circuitry.

The PWI system under test produced a pulse whose amplitude
was proportional to the peék signal power received. When this
signal exceeded a threshold in the discriminator, a second pulse
of fixed weight was generated indicating a detection '"'event". The
original signal pulse was fed into a track and hold amplifier or
peak detector within the data acquisition system. The output of
the amplifier was a fixed dc level equal to the pulse's peak volt-
age. The "event" pulse was fed into the data acquisition systen,
where it initiated the recording process, sequentially interrogated
the clock, the A/D converter and the digital channels. At the end
of the recording cycle, the system was reset to await the arrival
of the next pulse. The output of the peak detector was fed to

15



the A/D converter where it was held until interrogated by the

multiplexer.

PWI SIGNAL PWI SIGNAL AIRCRAFT k

~ EVENT AMPLITUDE PARAMETERS MANUAL SWITCHES

B A PEAK
RANGE DETECTOR POSITION CHANNEL VALIDATION

PULSE PEAK

STORAGE petector | | | || 0 |emmm e oo _______
FLIP/FLOP

- ~
ry ¥V ? y )

STRORE

PULSE
DETECTORS A/D CONVERTER DIGITAL CHANNELS

A/D DIGITAL
MULTIPLEXER MULTIPLEXER
] |
RECORD RECORD RECORD
TIME ANALOG DIGITAL RESET
DATA DATA
f“““‘j WRITE MAGNETIC
1 b _ | FLIP/FLOP TAPE
"~ CLOCK
Figure 10. PWI Data Acquisition System

4.3 TEST PROCEDURE

_ Prior to each flight, the strobe DAS and PWI DAS were acti-
vated and the strobe lamp operated for a short sequence of flashes.
The recorded events obtained provided a means of synchronizing the

clocks in the two data acquisition systems.

After rendezvous at the test area, the altimeters were ad-
justed and an altitude for the test runs was selected which mini-
‘mized clouds obstructing the strobe signal. The cockpit of the PWI

aircraft was fitted with a sighting device which permitted the
pilot to keep the target aircraft at a relatively constant bearing
with an estimated tolerance of *3° azimuth and elevation. When the
pilot had determined that the target aircraft was at the device

16



"bearing', he operated a pushbutton switch which produced an audio
signal for the test engineer and a digital signal recorded by the

Data Acquisition System. This provided the bearing validation
indicated in Figure 10.

17




5.

5.0 DATA ANALYSIS -

1 GENERAL APPROACH

Figure 11 shows the steps taken in the analysis effort,

FLIGHT DATA

DATA FILTERING

NUMBER OF
PULSES
DETECTED

EMPIRICAL
PROBABILITY
OF DETECTION

4

HISTOGRAM
MEANS &
LAB TEST : VARIANCES
DETERMINATION
OF THRESHOLD EXTRAPOLATION §
LEVELS VERIFICATION OF
_ MEANS § VARIANCES
f WITH RANGE, ALTI-
LORAL TUDE § ATMOSPHERE
CORP.
CALCULATION OF
DERIVATION OF PROBABILITY OF
PROBABILITY OF DETECTION

ASSUMPTIONS DETECTION MODEL

VERIFICATION OF

MODEL

{

CUMULATIVE PROBABILITY
OF DETECTION

:

COMPARI SON
WITH COPAG
SPECIFICATION R

Figure 11. Data Analysis Flow Chart

The raw flight test data were subjected to a calibration adjustment

and invalid data eliminated.

used to obtain:

The resulting data points were then
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a. Histograms, mean and variance of the peak signal levels
for various ranges;

b. number of missed detections;

c. empirical determination of the probability of detection

as a function of range.

The mean values of the peak signal levels were generallybconsistent
with an atmospheric model which considers temperature, range,
humidity, visibility and altitude. The ratio of ﬁhe'variance
divided by the mean signal level was proven empirically to be

range independent for the conditions encountered. This range
independence of normalized variance was used in conjunction with
the predicted change in mean level to obtain the ‘variance used for
detection probability which is based on a series of assumptions
concerning the fluctuation in signal levels measured during the
flight tests. The mean and variance determined from the measure-
ments in conjunction with threshold levels are used in.the model

to determine the resulting probability of detection for a single
pulse. The validity of the assumed model was determined by com-
paring the probability of detection curves it genératea with the
probability of detection deduced from the number of times the
signal exceeded the threshold of the PWI device. Reasonable agree-
ment is shown for the ranges at which direct measurements have been
made. No firm conclusion regarding the validity of the model for
ranges larger than 1.5 nmi can be reached. The resulting model for
probability of detection which represents the conditions encountered
during the flight tests are used to calculate cumulative probability
of detection and this result is compared with the specifications
developed by the COPAG committee.

5.2 FILTERING OF DATA

The first task undertaken during this analysis phase was to
combine, correlate and examine the data recorded during the flight
on three separate tapes as a function of time. " "The data acquisi-
tion system on the two aircraft each yielded a tape with the data

listed in 4.2, including the peak amplitudé from the PWI DAS, time
of occurrance and relative amplitude of the flash from the strobe
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'DAS. Range information from the ASMS system aboard the PWI air-
craft was combined with the other two tapes by plotting resultant
time histories, that is, peak amplitude and range versus time.

A careful examination of the records showed that a portion of
the data failed to show the expected inverse square law dependance
of the peak signal values on range. Subsequent investigation
proved that the peak detectors used during these runs malfunction-
ed, causing the recorded signal to remain relatively constant even
though the input signal levels changed by a significant amount.
Data which exhibited this behavior was not used further in the

course of the data reduction.
5.3 DATA REDUCTION

§.3.1 Number of Pulses Detected

The signal events were examined to ascertain the number of
times the signal exceeded the threshold established within the PWI
device. The number of these pulses. detected (Nd), divided by the
number of strobe’ pulses emitted during a run (N), yielded the
empirical probability of detecting a single pulse (Pd) for each
range increment. These parameters are shown in Tables 1 and 2.

5.3.2 Number of False Detections

The number of pulses detected that could not be correlated to
a strobe pulse event constituted a measure of the number of false
detections occuring during a run, as shown in Tables 1 and 2.

5.3.3 Histograms, Mean and Variance of the Received Signal

Data frem each flight at a specified altitude was grouped by
runs at indicated headings and subsequently sorted by computer
according to selected range increments. The peak signal levels
were recorded from thresheld.to 800 mv in 50-mv intervals. The
ranges were recorded from 4,000 ft to 10,000 ft. and were sorted in

500-ft intervals.

Histograms of the peak signal levels were then generated by
determining the number of times the peak amplitude fell within the
50-mv intervals for the given range cell of 500-ft width. The

Vs
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TABLE 1. FLIGHT NO. 180-1, 9500 FT. ALTITUDE CHANNEL
RANGE HDG N Nd Pd L %, <7°/|xlm RWRKS
: ‘The data in this table were obtained
5000 152 151 133 .88 .714 .075 .104 in five runs, as follows
5500 152 178 168 .94 .561 .14 .25 Run 1 HDG 152 N 329 F = 2
§$500 157 12 12 625 .076 .122 "Run 5 HDG 157 N -483 F = 2
Run 6 HDG 242 N 430 F = 0
6000 54 52 .94 L5158 .119 .232 Run 7 HDG 330 N 686 F = 9
6000 242 54 50 .93 .490 .148 .302 Run 8 HDG 060 N 372 F = §
6500 157 51 44 .86 .436 .103 .236 Range = in Feet
6500 242 33 30 .81 .384 123 .37 Heading = Magnetic course, direction
6500 330 92 90 .98 .456 .137 .3 of flight
6500 060 6 6 .469 .111 .236
N = Number of Pulses Emitted
7000 157 128 100 .78 .344 .089 .258 :
7000 242 75 S8 .77 L334 .093 .278 Ng = Number of pulses Detected
7000 330 ° 286 242 .85 .338 .098 .288
7000 060 172 142. .83 .424 .098 .230 P4 = Empirical Probability of
Detection (Nd/N)
7500 157 116 96 .83 .349 .088 .253
7500 242 268 242 .90 .333 .074 .220 Mmp = Measured Méan
7500 330 308 268 .85 .330 .087 .263
7500 060 120 104 .88 .356 .090 .252 0y~ Measured Standard Deviation
. 8000 157 12 10 .83 .342 .077 .226 "o/mm = Normalized Standard Deviation
'8000 060 48 29 .61 .303 .087 .288
8500 157 48 22 .47 .322 .059 ~.183 F = Number of Noise Pulses
8500 060 26 1 17 .65 .286 .057 .198 Exceeding threshold during Run
9000 157 62 24 .38 .279 .057 .200
TABLE 2. FLIGHT NO. 207-1 500 FT. ALTITUDE CHANNEL 1
RANGE HDG N Nd Pd L 9, uo/mm REMARKS
Data in this table were obtained
4500 054 22 17 77 .579 .095 .163 in six runs, as follows:
4500 232 42 40 .95 .489 .167 .34
5000 054 76 73 .96 .525 .142 .270 Run 1 HDG 052 N 132 F - 0
5000 232 250 | 232 93 586 133 22 Run 2 HDG 249 N 362 F = 1
. N " ) : Run 3 HDG 059 N 201 F =1
5500 054 59 59 .426 .081 .19 Run 4 HDG 232 N 232 F = 0
5500 232 10 38 95 345 134 38 Run 5 HDG 054 N 237 F -1
. N : N Run 6 HDG 232 N 332 F = 0
6000 052 44 33 .75 .261 .094 .358 - : .
6000 249 -323 195 o1 1276 -089 .321 N = Number of pulses emitted
6ooo 054 15 19 -331 -080 -241 N = Number of pulses detected
6500 052 88 82 .93 .243 .093 .381 - - <
6500 249 29 2! .73 1199 .087 ‘a10 Pq = fmpirical Probability of
6500 054 32 22 .69 .219 T.052 .238 d
r
7000 232 133 91 .68 .194 .084 .433 -
7000 054 17 16 .41 1169 -102 e m, = Measured Mean
7500 050 176 141 8 198 8:3 :%; d,= Measured standard deviation
;ggg g:i 1?; 1;;’ ;; ;gg ‘062 3 o/ m/y = Normalized Standard Deviation
8000 059 25 20 .8 .147 .055 .37
. F = Number of Noise pulses
Exceeding threshold during Run
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number of events in each interval was divided by .the number of
total events establishing the relative frequency of occurrence
within each interval. The resulting values were plotted against
the voltage levels to present the functional form of the histogram,
A sample histogram is shown in Figure 12,

| i T [ [ ] T
: FLIGHT204-1  RUN NO. 5
0.67— - : TOTAL PTS = 112 _
: RANGE = 5000 FT
050 —
>—
(&)
=
=
2 v
g o3l —
N = ]
- | 1 [
0.00 0.25 0.5 0.75 1.00 1,25 1.50 L7s 2.0

VOLTAGES

Figure 12. Typical Histogram

Additionally, for each of these range sorted data groups, a
mean value and a variance were calculated for each of the range
cells. These values for the mean and variance are shown in Tables

1 and 2. ‘
S.4A,DETERMINATION OF THRESHOLD LEVELS

This threshold level is necessary to predict the probability
of detection for the PWI device.

The variable threshold level with which the PWI device oper-
ated during the flight test was not recorded during these tests.
Some information about the minimum levels of these thresholds,

22



particularly for the tests conducted at the 500-ft altitude level,
were concluded from the histograms. These indiéated that a thres-
hold level on the_order of 100 mv occurredAdufing-these-tests. 4
Since the minimum threshold for the PWI device is 100 mv, this
value was selected for the minimum threshold encountered for the
500-ft altitude tests. — “

A series of subsequent laboratory tests conducted at TSC and
flight tests conducted independently by Loral Corporation indi-
cated a nominal threshold level of 200 mv due to background and
system noise for blue sky conditions. Subsequent investigations
of the histogram data tended to confirm this value as ‘the minimum
obtained during the 9500 ft altitude tests. Because of the
possibility of reflections from clouds causing an increase in the
background light level during all tests, a maximum value for the
threshold  of 300 mv was selected as reasonable.

5.5 ANALYSIS OF MEAN AND VARIANCE

The mean and variance of the received signal and noise ‘is
required for the determination of the probability of detection:
The mean peak signal received can be expressed as follows:

3

vs. = k T, (r,T,H,V,)

<l

is the mean value of the peak signal.

is a system constant combining strobe signal strength,

detector sensitivity and PWI transfer impedances.

T is the atmospheric transmission as a function of rangé
(r), temperature (T), relative humidity (H), visibility
(Vr) and altitude (h). 'l/rz is the free space attenuation.
Ta can be evaluated for any specific set of r, T, H,'Vf
using a computer program developed in "PWI Atmospheric

" Transmission Study" (Ref. 7).

A value of k was obtained using this expression which corresponds
to the mean level recorded at the 9500 ft altitude for the visi-
bility, temperature range, humidity and altitude encountered. This
value of system performance k was then used in conjunction with the
atmosphefic conditions, altitude and range prevailing in other test.
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runs ‘to predict the new mean levels. The predictions agree reason-
ably well with the resulting mean levels determined from the data.
Comparison of the analysis to the data recorded revealed a close
correlation for flights at 3500 ft and 500 ft. Agreement was
within 50% for mean values measured at 1000 and 7500 ft altitude.
Figures 13 and 14 show the model values indicated by the lines and
the data points ‘indicating measured mean levels for 500 ft and

9500 ft.

The Variance<values used in the probability of detection model
are based on the observation that the standard deviation of the
signal varied with range in roughly the same fashion as the mean,
The normalized standard deviation (o/m) shown in Tables 1 and 2 is
assumed independent of range. This is ascribed to the aircraft
induced random movement of thé detector pattern during flight. The
data in Figure 15 shows the values of the o/m quotient to lie
generally between .2 and .4 and these numbers were, therefore,
adopted as boundary“valués for the detection model. '

" SIGNAL LEVEL
(VOLTS)

FLIGHT 207-1

500' ALT _

CHAN 1 :

T | 1 | | I AN
3 4 -5 6 78 910

RANGE (K| LOFEET)

Figure 13. Mean Peak Signal Level Vs Range (500' Altitude)
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5.6 DETERMINATION OF PROBABILITY OF DETECTION MODEL

The peak signal voltage éppearing at the threshold within the
PWI tested may be expressed as:

Ky T, n(8)n(8,)w(e)wld,)
Vs =2 3 ( l)uz 2 1 2 where:
: T

T is thelrange between the signal source and the detector.
T is the atmospheric transmission factor;

| is thé relative power distribution of the strobe light in

the 6, and 6, directions of the PWI;

w is the detection pattern of the sensors in the‘¢1, and ¢,
directions of the strobe;

K includes the peak output of the strobe light (a random
variéble) and the sensitivity and the transfer impedance
of the PWI device.

All these factors except r and T, are random variable;. This ex-
" pression may be written as a summation of terms by ‘taking a loga-
rithm of both sides of the equation. If the central limit theorem
is assumed to hold for this sum of random variables, the resulting
probability density function (pdf) for VS is lognormal.

: 2
. 1. V. -m
P(Vy) = ————— exp (%(ﬁ—ci—c’) )
‘ S vam Vs-c v o

o

where m, and 0, are two constants related to the mean and variance
of the distribution. This distribution also describes the combined
effect of signal and noise as long as the signal'fluctuations are
much greater than the variations attributed to noise, and the mean
signal level is much larger than the r.m.s. value of the noise
voltage. Comparison of the functional forms of the pdf and the
histograms do not show very close agreement. The lack of agreement
may be attributed to the scarcity:of points available in individual
histdgrams, as well as to the éfféct of the threshold excluding’
lower values of signal within the distribution. No attempt was
made to combine histogram data.
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The probability of a single signal puise exceeding the thres-
hold is |

P, = / p(Vs)st
A
t
where V. is the threshold voltage, p(Vs) is the probability density
function of signal distribution. The probability of detection was
numerically calculated for the values of threshold voltage V,

tencountered, the mean peak signal level m__, and signal variance %

Figures 16 and 17 show the measured probag?lities of detecting a
single pulse versus range at two altitudes together with the prob-
ability curves determined from the model. The empirical values
agree quite well with the model results; the analytic curves bound
~ the measured data. The curves are plotted for .two threshold levels.
The minimum threshold level determined from the histograms was
100 mv for the 500 ft altitude case and 200 mv for 9500 ft altitude

case. The maximum threshold for both altitude cases was 300 mv.

For both runs, it was found that measured normalized standard
deviation (¢ /m_) varied between .2 and .4 and this was used to
plot two separate curves for each threshold level. The model for
atmospheric attenuation developed by AVCO predicts an essentially
linear decrease of signal attenuation with increasing altitude and
this was confirmed by the tests. The probability of detection
curves (Figure 16) for 500 ft altitude are an example of this
slightly reduced range at lower altitudes.

5.7 CUMULATIVE PROBABILITY OF DETECTION

The cumulative probability of detection CN is defined as the
probability of a PWI having generated at least one warning of an
intruder aircraft at or prior to the time at which the separation
between the two aircraft has decreased to a range (r).

The COPAG PWI characteristics specify that a PWI shall have a
cumulative probability of detection of .95 at a range of one nmi
and of .05 at a range of 3 nmi.
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The PWI tested requires reception of three successive pulses
to generate an alarm. To compare system performance with the COPAG
specs, it is, therefore, necessary to determine the cumulative
probability of three successive pulses exceeding the ‘threshold at
various ranges. This can be computed from the values given above
- for the probability of detection of a single pulse and using the

expression derived from Reference 9:

Cy = (1-Q)Cyy_1+Qu(1-Qy.1)Cy. 2+ Q-1 (1-Qy2)Cy.3

*QuQn-1 -2
Figures 18 and 19 for two altitudes of interest.

5.8 COMPARISON OF CN WITH THE COPAC SPECIFICATION

Table 3 compares the values of cumulative probability of de-
tection for the two test flights with the COPAG Specification.

- TABLE 3. COMPARISON OF CUMULATIVE PROBABILITY OF DETECTION
. CUMULATIVE COPAG FLIGHT TEST RESULTS (NMI)
PROBABILITY OF | SPECIFICATION 500 FT ALTITUDE 9500 _FT ALTITUDE
DETECTION (NMI) LOWER UPPER LOWER UPPER
BOUND BOUND BOUND BOUND
>.95 1 .5 1.0 .7 1.1
<.05 3 .85 1.3 1.2 1.45

5.9 ANALYSIS SUMMARY

The comparison between the measured data and the bounds pro-
vided by the analytic model for the probability of detecting a
single pulse shows good agreement. The assumptions used in obtain-
ing the analytic model must be reviewed to detail their effect on
the cumulative probability of detection which is determined from

the best and worst case bounds.

{5.9.1 Log Normal Distribution

The log normal distribution has been assumed as an adequate
description of the flight test signal amplitude measurements. The
major cause of:this signal fluctuation is due to changes in orienta-
tion of the detector and strobe patterns due to relative motion
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between the aircraft. It is possible that some other distribution
would have bounded the measured data. Indeed at large ranges,
where the signal to noise ratio is low, the resultant distribution
of signal and noise will not behave as a log normal distribution,
but as some other distribution which includes fluctuation due to
noise. Over the limited range used in these tests however, the

recorded data ia described by a log normal distribution:

The cumulative probability of detection curves closely re-
semble the shape of the probability of detection curves from which
they are generated. Values of cumulative probability of detection
occur at somewhat shorter ranges than similar values of detection
for the probability of a single pulse.

At values of probability larger than .4 this decrease in
range is approximately equal to 0.2 nmi a value resulting from the
closing speed and the time between samples required for three con-
secutive samples. This range translation effect causes the cumu-
lative'probability of detection to be described quite accurately in
the regions where the probability of detection has been verified

‘with empirical data. This region extends from probability values
of .4 to 1.0. Low values for the cumulative probability of de-
tection are sensitive to the assumptions regarding the tail shape
of the distribution selected and should be regarded as an estimate
of what the performance bounds would have been.

5.9.2 Dependence of Mean and Variance with Range

Over the range between aircraft for which these measurements
were made, the signal exceeded the noise level by a significant
margin. It was noted that the recorded variance and mean signal
amplitude values changed in the same fashion with range. This
dependence was used to calculate the variance as a function of
range. At low signal to noise ratio values which would have
occurred at ranges beyond 1.5 nmi, the major cause of received sig-
nal fluctuation would have been due to noise, causing the func-
tional deperndence for variance to change. There the assumed range
dependence for variance causes the tail of detection probability
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bounds to be in error at large ranges but not at shorter ranges
where the value of the probability curves exceed .4.

5.9.3 Determination of Threshold Level

As may be noted from the results, the threshold level has a
significant effect on system performance with range. The threshold
levels chosen, appear reasonable based on the agreement between the
measured data and the bounds provided by the model.

5.9.4 Independence of Detection Samples

The expression for cumulative probability of detection assumes
that the pulses received are independent. This assumption was not
proven but ié strongly suggested by the long interval betweeni
samples (1 sec), and the agreement betweenAthe anélytic model and
the data. ' ' '

32



6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 GENERAL -

- The flight test and analysis of the optical IR PWI system
were conducted to obtaln information useful for developing a gen-
eral system model that would permit performance predictions over a
broad range of operational conditions. While analyzing the data
obtained from the flight'tests, it became apparent that insuffi-
cient information was available to complétely describe a general
model for predicting system performance. However, the information
obtained was adequate to characterize the mean peak signal levels
obtained as a function of raﬁge, altitude and atmospheric condi-
tions. On this basis, a limited model was developed that char-
acterizes the performance of the specific system tested in terms
of the probability of detecting a single pulse versus range.
Empirical data showed that this limited model bounded the experi-
mental data for the conditions encountered during the tests. As a
result, it was possible to 'predict the resulting cumulative pro-
bability of detection and to compare this with the specifications
prepared by the COPAG committee.

The cumulative probability of detection describes the 1ikli-
hood.of a detection occurring on board a PWI protected aircraft

which is flying on a collision course with a second aircraft.

In conclusion, the optical IR PWI system tested met the COPAG
performance specifications for a detection likelihood of 95% for a
range of 1 nmi for an appreciable fraction of the testing time.
During the worst testing conditions encountered, the range at which
this detection likelihood occurred was sufficiently large to demon-
strate feasibility and to recommend a continuation of the develop-
ment effort for this approach. A series of recommendations for
improving system performance and obtaining the additional informa-
tion needed to characterize that performance are included in
_ Paragraphs 6.2 and 6.3. '
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6.2 IMPROVEMENTS IN SYSTEM PERFORMANCE

It is apparent from Figures 18 and 19 that an increase in the
effective range of an optical IR is necessary if it is to com-
pletely meet the COPAG specification for detection. Such an in-
crease may be obtained by making a series of improvements to the
PWI device. Such improvements can be made to both the PWI device
itself and to the strobe light from which the PWI receives its
signal. It is reasonable to stipulate that the device must oper-
ate with most, if‘notvall, existing strobes. Improvements to the
PWI should, therefore, be considefed as the primary and direct
means of increésing'range sensitivity. However, on a 1ong term
basis, improvement of PWI system performance is also achievable
by the generation of speéifications for strobe 1ights as the
cooperative element in PWI systems with regard to strobe character- 
istics presently unspécified. ‘Such characteristics include:
péak intensity, pulse to pulse stability both with regard to
amplitude and spacing, and pulse rise time.

Specific improvements in the PWI device include decreasing
system noise and the resulting threshold levels as weil as improv-
ing the signal quality. Deéreases_made in system noise will allow
the threshold to decrease, increasing range sensitivity while
keeping the false alarm rate constant. -

Specific improvements include:

a. optimizing the optical filters used with the PWI detectors,
such that the noise level due to background radiation is
minimized with regard to the signal level.

b. oﬁtimizing the electrical filter with regard to center
- frequency and bandwidth to improve the received signal to
" noise ratio. Improvements in signal allow increased range
sensitivity for a fixed threshold while decreases in noise .
allow a corresponding reduction of the threshold level.

c. reducing'noise due to microphonic and electromagnetic
interference effects in the system. This may be accom-
plished by amplifier and detector re-design and'improving

" the mechanical mounting of the detectors.
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d. reducing amplitude variations of the received signal.

Lobing of the beam and sensor patterns of the strobe beacon
and PWI significantly increased signal variations measured during .
flight tests and caused a reduction of the cumulative probability
of detection with range. Minimizing lobing effects will reduce
the signal variagion to a level determined by scintillation and
strobe light intensity variations. This reduction will increase
the cumulative probability of detection versus range at 1 nmi.

Considering changes to the strobe characteristics, an increase
in the peak radiated power of the light used in thesejtests would
have resulted in an inproved PWI range sensitivity, Increasing
pulse repetition frequencyvar a given light'intensity would in-
crease effective range as a function of closure rate, because the
present system requires three pulses before an alarm is generated.
Similarly, some ambiguity exists with regard to the variety of
methods by which the system logic could be improved. For instance,
increasing the required number of signals received before an alarm
is issued would decrease false alarms allowing a lower threshold
setting resulting in an increase in range sensitivity. The net
gain in range sensitivity however; would not exceed a few tenths
of a mile and the resulting time delay for alarm would cancel the
gains.

In summary, major improvements are likely to be obtained by
those techniques which reduce system noise and minimize signal
fluctuations due to detector pattern variations. Additional gains

can be realized by improvements resulting from the specification of
~ strobe parameters now unspecified.

6.3 FUTURE FLIGHT TESTING

The test results described do not demonstrate that optical PWI
will work under all conditions. To establish this, measurements
are needed to verify the analytic model and its sub-elements, scin-
tillation effects, background effects, etc., in greater detail,.
Any future testing should measure signal and noise statistics under
a larger selection of ranges, background and atmospheric conditions.
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For future flight tests, the sample rate should be increased beyond
one second to obtain data more qhickly and to minimize flight time."
A quick~lmdk capability for the data analysis is mandatory for fut-
ure tests. The signal and noise statistics should be collected direct-
ly by sampling, instead of using a threshold device. This will
enable measurements to be made where the signal and noise level

may be of the same magnitude. Finally, the experiments conducted
should have provisions for measurement of background noise statis-
tics directly as well :;:as a measurement of the resultant statisti-
cal fluctuation of the threshold level. The'backgreund conditions
should be, carefully selected to ensure that all p0551b1e condi-
tlons are measured including both steady state noise due to a com-
b1nat10n of relative sun angle and internal noise as well as pos-
51b1e 1mpuls1ve effect due to windshield glint, ‘water reflections

aad other radiation pulses.:
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