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The experimental evaluation of the interference enviro.ment was

eccomplished by Department D-Bl of MITRR Bedford with the coopers-

tion of the FAA Eastern Region., Tabulations of known interrogator

locations and characteristics were made availsble by the Prequency
Asgignzent Branch of the FAA. Computer simulation of ARTS III
performance under degrading interference conditions was provided

by Department D4€6 of MITRE VWashington, and simulation of the TPX~-42
under similar conditioic was subcontracted to the Hazeltine

Corporation of Greenlawn, New York. Project dircction and analysis

was the responsibility of Department D-43 under contract from OSEM.
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1.

INTRODUCTION

The purpose of this task was to determine the prasent status of
the ATCRBS interference environment as caused by multiple inter-
rogatores and transponders, and how this interference impacte the
performance of the system. It was hoped that these results would;
(a) provide pertinent data and an indicatior of the existence of
autual interﬁerence between FAA and nearby DOD sites, and iudi-
cate whether.¢ooperat1ve efforts between these users are required;
(b) provide a basis for predicting the future state of ATCRBS
systen performance; and (c) enhance the capabilities of simulation
models being developed by ECAC and‘TSC, by providing a deeper

insight into the existing status of the system.

The effort was focused on obtaining data in a coordinated ground-
air experiment near a high-density terminal. Measurements were
conducted in such a wmaoner as to disclose the causes of
interferonce as well as the result of the interference. The
results of the measurewents were then projected into the future
to accouut for future increases in air traffic. The measurements
and projections were also related to their effecte upon ATC system
operation, by the utilization of existing simulation models of
the ARTS 1II and TPX-42 systems. Concentration wae placed on
achieving en early, reliable result, and on providing a minimum-
cost program. Maximum use was made of existing equipment, such
as the instrumented van at MITRE; maximum use was alac made of
sexisting wodels of the ARTS III and TPX-42 processors. ke 'ults
are in a form useful for the development of computer models of
the ATCRBS environment and for DABS planning purposes.

1.1 Approach and Specific Work Activities

Ground and airborne ipstrumentation systems were used to measure

the effects ot self-interference of the Radar Beacon System in a

1-1
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high-deusity 'wironment.l'2 In parallel with the measuiement
and its subsequent analysis, an investigation using existing
computer-simulation modelw of the ARTS 11I and TPX-42 systems
was conducted to asses’s the impact of various levels of inter-

ference 01 measuralle parameters of these -ylten-.3’h

The cxperinéntal program wi..s specifically designed so that such
equ(pment-sens!tin parameters as RF signal strenmgth, the inter-
cogator antenna pattern..and the atrcraft antenna pattern, did
not impact the results. The determination of such environmental-
sensitive parameters as the nusber of replies by the instrumented
airciafr to the instrumented interrogator, the level of amsynchro-
nous interference (fruit), and the number of interrogators and
transpcnders L1 the environnent were included in the pfogram.

In adlition, the aircr.aft vas equipped to indicate the reason

for ..ny misring replies - whether it be caused by dead-time
resulting fro@ &4 respunse to a normal interrogation, an SLS
sigal, or reply-rate limiting.

While the experimental program was conducted, the impact of
interference on the semi-automatic TPX-42 aystem and the automatic
ARTS I11 system was examined. This was accomplished by exercising
existing simulation models to determine, as a function of varioue
Jevels of reply probabilitv and fruit, such factors as probability
of detection, azimuth spiits, azimuth accuracy, and code valida-

tion. For the ARTS Il eystem, further factors of rrack coast and
track disasscciation were determined.

The results of the above investigations were used to relate the
prevent status of ATCRBS to scan-independent factors of inter-

ference; by projecring for future traffic densities, a forecast
was developed of future status.

1-2
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The following section briefly reviews the way in which the
interference messurements sxperiment was isplemented. [larameters
I.nlurud.aﬁq the means tor synchronizing the uplink and downlink
data records are also outlined.

Section 3 luunarizci the test results for the New York and Boston
areas. These results are snulyzed and compsred with predicted
values based on an earlier-ueveloped model of fnterference circum=-
ltanceo.s Both the fnterference environment and its re.ationship
to its causes, a8 wejl as equipment performance vulnerability

to these effects are considered. The treatment in this secticn
and in Appendix A includes certain short term characteristice

as well as average features. Some COBMu.:. Tegarding particular

equirment design aspe.ts are also relatad to these efforts.

Sections 4 and 5 give a svnepeis of the extent of ARTS II1 and
TPX-42 performance degradation produced by interfereic.. These
tesults are based on computer simulationa utilizing statistical
description of the input environmental cornditions.

General comments and recommendations based c.. (his total effort
are then given in Section 6. 7This e=ction also illustrates how
these results may be employed in forecasting the average system
characteristics as a function of interrogator population and
air traffic count.

Suomaries of three of the priucipal tasks in thir program are
included in this report as appendicles. Simulation of
the ARTS 11l performance degradation in the interference en-

vironment is reviewsd in Appendir D; 2 simjlar treatment of the

o
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TPX-42 atudy is given in Appendix E. Implementation of the
expe.inental effort and a summmry of the flight tewt progras

. are contained in Appendix F. Each of these overviews is extracted
from the pertinent finai report, o
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2.  MUTUAL INTERFERENCE

Synchronized measurements of the ATCRBS uplink and downlink
interference condition were conducted in the vicinities «f New

ol o

York and Boston. Appendix C reviews this experimental arrange-
ment as vell as the monitorirg methods employed to estimate the D
population of the producers of these interference conditions. e

R T

The following %s ivbrief sunmary of the measurements program. g_;

e

2.1 Measured Parameters

(R LS
.

The interrogator van was imstrumented for tracking the test
i aircraft position on a scan-to-scan basis. Curing the scenning
' beam dwell interval, the interrogetor uniquely addressed the

test transponder with a Mode D interrogation sequence. The

: attempt of the tracking arrangement was to ceater this series of
interrogations about the beam maximum as it illuminated the test
' aircraft. Synchronizing signals were trangmitted to the aircrafe
at the beginning and end of thia weries of Mode D interrogations;
these synchronizing signale sejmultaneously turned the airborne

IR

and ground data collection systems on and off. Between these

.J‘f?»&ﬁ " I.Ii Mmim Ui

N A o

besm dwell intervals, each of these syitems sepsrately monitored
the interference conditions on the uplink and on the downlink.

Monitoring of the signal strength and the tracking loop conditiocn
was used on both the ground and airborne units to flag dats if
a e0lid link was not established. Th. purpose of these flags

was to insure to the maximum extent possible that the uplink erd

1
'Vﬁ
o |
!Vf
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downlink faflures recorded in the experiment were isolated to

e

TS 1+ gt PO P ST AT .l P14 W 1 W L ey ot

e

v

failures solely attributable to the measured interference condi- N
tions.
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2.1.1 Uplink Mesasurcments
Uplink interference conditions influence whether or not a
transponder will be busy when interrogated by a particular unit,
Both the interrogation rate and the side lobe inhibit rate sre of
interest in this regard. Ir sn attempt to relate these inter-
ference rates to the transjonder reply probability, the experiment
vas confiﬁutq@ 8o that the nusber of replies to unique interroga-
tions (Mode D) were counted over the same imterval in wiich
interference rates were monitored. The transponder used in the
test aircraft was operated as a novmal ATCRBS unit augmented by
inhibit lines which prevented a reply to & unique interrogation
when the urit had been captured by a previous normal mode inter-
rogation or side lobe inhibit signal.

The aim of the experiment was to collect these data over the

beam dwell interval consisting of ten unique address interrogation
periods centered about the besm maximum. The total length of

this data collection interval was 38 ms; this represented the
finest level of resolution of interference variations directly
measured in the experiment. This sample of the uplink enviromment
was only possible once per scan of the interrogator beam; an
additional meacure of the interrogation was, however, obtained
from the calibrated reply rate Limit voltage. Counts of the
interrogation and suppression rates were also uwade over tae
approximately seven second scan period between beam dwells.
Collecting data in this way over these integration intervals

thus enabled some assessment of the burst characteristics of these

rates. In susmary, then, the following meagurements were made on
the uplink:
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1. Mode 3A and Mode C combined interrogation replies over &

38 ws dwell period, from the calibrated reply rate limit
voltege, and ualeo over a seven second scan period.

2. SLS inhibits over the same intervals of 38 mws and seven
seconds.

3. Number of Mode D replies made over the 38 ms dwell interval.

Contributions to this enviromnment by the test interrogator were
minimized by restricting its Mode D operation to the interval
needed for the tracking gates; Mode 3JA radiation was employed
only at 10 minute intervals for several scan periods while traffic
distributions were photographed. '

2.1.2 Downlink Measurements

Downlink interference may garble or overlap the transponders

reply thereby preventing detection or code validation. Asyanchro-
nous interference or fruit is produced by aircraft (within range
of the interrogator receiver) when they are interrogeted by other

units.

Both the temporal and the spatial features of this fruit digtri-
bution are of interest. Normal operation of the van interrogator
therefore megsured fruit rates during the 38 ms dwell time, and
over the eeven second scan interval. Periodically, these measure~
nents were interrupted and the azimuthal variation of the fruit
dietribution was monitored over consecutive 18 degree sectors

during one antenna scan.

2.2 Test Program
A detailed description of the test japlementation and the flight

test program in the New York area is found in the above-mertioned
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appendix. A similar description for messurements in the vicinity
of Boston {s given in Reference 2. The majority of the data were

- obtained during circular or radial flights with reforance to the

test van interrogator, Flight durstions vero'noninally two hours
at altitudes of 7.5Kft. or 9.0Kf¢.

Coordxnatéoaupltnk and downlink weasuremencs were obtained 1n the
test flight seriea. The interrogator population produciag uplink
conditions was estimated from FAA files, and the aircrafc distri-

_ bution associated with the dowalink interference was determined

from scope photographs perfodically made during the test duration.
All of these features of the interfererce environment were con-
sidered in the analysis and interpratation of the test results.
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3. FLIGHT TEST RESULTS_AND ANALYSIS |
: Data reduction was accomplished by procesaing the synchronized :

ground and airborne tapes. Scan by scan recordes cf uplink and

downlink conditions were thus available both for exsmination of

the variational characteristics of the data as well as for compari-

son against the related sources of interference, i.e., the

interrogator and transponder populations. In addition to these

scan by scan records of coordinated interference conditions, the

i . |1

JRSp——
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procesaing prograwm aleo provided a statistical analyeis »f measure-
1 3
ments over specified intervals.
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Average values of these anslyses were compared with an earlier

developed model output to determine to what extent the average

il

performance of ATCRBS could be related to interference-producing

gources. The distribution features measured in the data collected

were compared with analytical model to determine whether or not

O DU s TR U 1 ARG R

b W

burst characteriscics in the data could be accounted for on the
basis of statistically independent events.

e i

el e L

Coordinated determinations of the interrogator and aircraft

populations are described next; the uplink and downlink inter-
ference environments are then compared with predicted values,

il

i . 1

An examination of beacon equipment response to these interference
conditions concludes this section.

3.1 Interference Sources

Uplink iaterrogation and suppression rates are determined by the

population and characteristd#cs of the interrogators within the

field of view of the aircraft. Since virtually all unite within

line of sight will provide abocve miniwum threshold level (MTL)

signals on their main beams, it is not of first order importance

4
3

what their specific locations are in terms of the expected average

3-1




interrcgation rate when these units are SLS equipped. The side-
lobe inhidit xate, however, should be more sensitive to the
relative location »f the atrcraft and interrogators since the
side lobe vesponsc range is on the order of tens of milea and

units beyond this range theretfore will not contribute to the SLS
count . N

Downlink frult rates ;re determined by the reply rate of the
atreraft within range of the {aterrogator and so are critically
dependent upon the distribuiion of the traffic., This distribution

is particularly important in terms of the minor lobe contribution
to the total fruit rate.

The next two sections describe how these contributing sources

were monitored in the Lest program. Implications of these factors
are then treated.

3.1.1 Interrogator Population

A list of interrogators, their locations, and their general
characteristics was provided by the FAA. A search routine centered
at the test aircraft location was used to cull from this list

those units within radio line of sight. This number varied in

the New York area from 36 to 42 over the flight of 2/9/72 and wvas

noninally 28 for the flight of 2/11/72. The number for the flight
of 2/16/72 varied from 40 to 42,

The retrieval program enables an actual determination of this
authorized interrogator population distribution. Since, as
indicated in Reference 5, this precise discribution does not
critically affect the analysis of average uplink characteristics
(except for SLS inhibit rates), we will only note here that the
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total number of interrogators indicated for & flight altitude

of 7.5 thousaid feet are in close agreement with other assess-
ments. A wmore refined treatment of the impact of the interrogator
distribution is possiblc, of course, since the required data 1s

available. Limitations on the scope of the efforts prevented
this approach ¢t this time however.

3.1.2 Traffic Distribution

Airborne transponders out to & saximum displayed range of 160

miles from the i{nterrcgator were monitored by periodically

photographing the scope while interrogating on Mode 3A., Such

photographs were taken on an spproximately ten minute basis at

both the test van and at the nearby JFK tower. Counts thus

obtained agreed to within seversl per:ent, indicating that siting

or antenna lobe characteristics did not critically alter the
measure.

The photographed displays were segmented into 10 mile range
intervals and an aircraft count within each interval was recorded.
Cumulative distribuctions of the percent of the total traffic

within these range intervals were then averaged over the flight

time and plotted verses the range. These plots, of which Figure

3-1 {5 typical, indicated that the normslized cumulative traffic
distributions vere proportional to the range, at least out to

40 or 50 miles, on all days monitored.* The tctal count out to

160 miles averaged over the flight of 2/9/72 was 160 tra' .nonder

equipped aircraft. The average total number for the flight of

*This figure, as well as other program results, is extracted frow the
appropriate reference.
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FIGURE 3-1
CUMULATIVE DISTRIBUTION OF AIR TRAFFIC VERSUS RANGE (FLIGHT OF 29-72)
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2/11/72 was 150 aircraft, and for 2/16/72, the count was about

140. The peak variation on these totals over the data collection

" “{nterval was on the order of + 10X.

3.2 Interference and Pe: (uormance Measurements

Reply rates to Mode 3A/C interrogations monitored by the per dwell
count, the per scan count, and the calibrated overload control
voltage were converted to per second rates. The same conversion

was applied to the SLS count for both the dwell interval and scan

period records. Monitored fruit rates on the downlink were

similarly treated. These sampled data enable a separate, but
coordinated, representation of the uplink and the downlink inter-
ference conditions produced by the monitored traffic and interro-
gator populations. Synchronization of the airborne and ground
data collecction systems also provided a correlated measure of link

performance for this interference condition.

3.2.1 Uplink Measurements

The uplink measure was obtained on a scan to scan basis by
recording the number of Mode D interrogations made while the beam
1lluminated the test aircraft; synchronized initiation of a counter
in the aircraft recorded the number of times to which the trans-
ponder replied to Mode D during this dwell period. The statistical
average of this ratio is then a measure of the transponder average
reply probability. An noted before, a record of Mode 3A and C
replies, and SLS inhibits occurring during each of these dwell
periods was also obtained. These data were used to infer (on a
statistical basis) the cause of failure of the tramsponder to

reply to any of these valid Mode D interrogations. These statig-
tical inferences were supported by similar data monitored on the

seven second scan interval basis.
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3.2.2 Downlink .leasurements

Downlink interference of transponder replies due to asynchronous
fruit was similarly cxamined from the scem synchronized records.
Incident fruit (bracket pairs per second) was recorded during
the interval in which the ten possible replies were expected

; from the Mode D equipped test aircraft. The actual sequence of

: these ungirbled replies was recurded from the contante of a
uynchronizedbéﬁi{; register clocked from the intetrogator repeti-

v L L€ ST Wﬂm

tion rate. A one in é"shifg register bit position indicated that
the transponder replied and that this reply was received without

overlap from an intertering fruit reply. A zero was recorvded at

A TR T PR

any bit position correspoiding to either failure of the transponder
to reply, or to garbling of this reply by incident fruit., A

reply by reply distribution of the two-way rcund reliability
features of the ATCRBS site was thus availsble.

P

The difference in the tctsl number of replies received in the
clear at the interrogator and the total nuaber of Mode D replies
recorded ir the aircraft over the corresponding besm dwell

interval provided a measure of the number of replies gardbled ov

i overlapped by fruit replies. Statistical averaging of these cov.ts

indicated the average probability of a garbled reply for the
detector used in the experiment. This measure could then be
compared with the fruit rate averaged over these ssme intervals to
determine the extent of correlation between fruit rate amd t'c
probability of it garbling . desired reply.

Fruit monitored on the above basis is perhaps the closest approxi-
mation to what a ejwmilar operational site might experience except
} for the fact that no defruiter was used in the mseasurement. Addi-
tional information on the temporal and spatial distribution of
these asynchronous replies was obtained by integrating the fruit

3-6 -
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count over the remainder of the sntenns scan after the target
dwell interval, and also, by periodically changing the operational b
sode go that fruit vas monitored in successive eightaen degre=

azimuthal sectors during some scans.

3.3 R

Presentations- of some of the more detailed aspects of the results
obtained are giveq\in,lc{ercnce 2 for the Boston tests, and in
Reference 1 for the New York tests. Emphaeis in this section is
placed on the average values of the properties of interest since
these averages are potentially the most useful index for describing
and forecasting overall behavior of the ATCRBS operational net-
work. Short term system effects are examined in thie report only

to the extent rcquired to support the above efforts.

3.3.1 Typical Results

Aggregate bchavior of the per dwell monitored interfer-.ace con-
ditions is shown in Figure 3-2 slong with the transponder reply
probability, the two~way round reliability, and the beacon équipped
traffic count for the flight of 2/9/72 in the New York area. These

data are smoothed over sdjacent ten minute sections of the ground/
flight records.

From these variations it would appear that the transponder reply
probabilicy and the round reliability are reasonably well correlated
when consideration is made for the 3A/C reply rate variation and

the indicated fruit rates. Similarly, the fruit rate seems to vary
approximately as expected for the indicated changes in JA/C reply
rate and traffic count. It is doubtful that an extremely high
level of correlation would occur for some of these parawmeters

even though they may be deterministically related, since their

3-7
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oagnitudes are relativaly low; the indicoted chenge in SLS rate,
for example, does not noticeably alter the vound relisbilicy,

since even this peak level of SLS occurrences is negligidle in
its influence on link performance,

Values shown in Figure 3-2 reflect temporal variations in the
interference conditions as well as chanjes in the geometry of
the relailohahtpo between the sircraft, the interrogstor, and
the air trnff{¢=dlctr1butionn. The geometry changes occur as

the test afrcraft polition and the traffic dietribution change

over the interval of tlue examined. Although a Jetsiled treat-

ment of such variations may be useful in the assessment of
particular circumstances, the required level of complexity appears
to be incompatible with the usual level of knowledge available

in most planning and forecasting efforts. The approach adopted

in this work is therefore one thet buses predictions and inter-
pretation on statistical averages with the sahorr term variations

indicating cthe general devia-ione from these averages which would

be vspected. This argumiat may be wost convinciongly framed by

reflecting on the proccss normally asgcociated with the establish-
ment of creditability to any simulation model snalysis - when
possihle, this 1s achieved by performing critical expariments and
comparing measured results with those predicted by the model.
After the analytical model has been thus validated, it may then
be used to predict or extrapolate to other conditions, The
essential point to be made here is that the level of refinement

in the experiment and the model are generally compatible. Average

values lend themselves tc such treatments with the resulta then
perturbed by short term variations.

This concept 1s used in the
following ussessment of the measured data,
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Figure 3-2 {8 typical of wost of the results obtained during the
approximately 10 hours of data collection in the test progranm.
One flight, however, that of 2/11/72, seemed to be subjerted to
ar unusually high level of Mode D interference presumsbly origi-

“nating in the vicinity of Fort Monwouth. This data is not used
in the following examination of average charsctaristics although
it is used to illustrate how one of the measurements, veply

probability, is especially semsitive to these uncontrolled aspects
cf the experiment.

3.3.2 Average Characteriftica

The interference phenomena reprecerted in Figure 3-2 were also

averaged over adjacent time intervale of 39,22, and 20 winutes.
These data are shown in Table 3-1 with similar results frow the
flight of 16 February in the New York area; smootning intervals
for the latter flight were approximately one hour for each seg-
ment. Similar averages were also made for flights in the Boston
area. The tabulated data summarize the average uplink anc down-

link interference conditions as determined from the various
monitoring techniques employed.

Uplink average interrogation rates are listed on 8 per second
basis and are the sums of Mode 3A and C interrogations. Values
indicated by the calibrated automatic overloed controi volrage
are labeled AOC, those computed from the total count over an
antenna scan period of seven seconds are labeled ver scan, and
those computed from the count over the dwell period of 38 ma
are laoeled per dwell. The iverage SLS inhibit rates are also

given on a per second basis as c mputed frow counts over the scan
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period (per scan), and as computed from the count over the dwell
interval (per dwell). Downlink average asynchronous fr:i'it rates
are also tabulated from the per scan and dwell counts and are

given terns of replies (bracket pairs) per second.

Interrogation Rates

‘An earlier analysis of an SLS equipped interrogator environment
as well as the results of Appendix A yield an estimate of V_, the

I
average uplink interrogation rate, given by*
- . $ -
V1" 36 (3-1)
where,

n = number of interrogators within view

<l

= average repetition rate of this interrogator population

[

-

= effective beamwidth in degrees of the scanning beams

Using a typical value of ¢ = 4 degrees, and obtaining V = 270Hz
from the available data base, then

VI ~ 3n (3-2)

*The subsequent relationships are based on models descrited in Ref. 5.
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which is graphed in Figure 3-3. This figure also shows the
average measured reply ratee for the New York area and the Boston
area plotted against the estimated number of interrogators within
view in each case. The reply rate and interrogation rate are

‘nearly equivalent since the average reply rate, v, is just

- e (3-3)
VR ® PRYI

where PR is the transponder reply probability. The reply rate,
therefore, would be expected to be only slightly lower than the

R The level
of agreement shown in the figure between these measured data and

interrogation rate for reasonably high values of P
the predicted results is exceptional.

The predicted results graphed in Figure 3-3 assume all interroga-
tors within the minor lobe response range to the aircraft are SLS
equipped; reference to Figure 3-4 shows this range to be less than
10 miles for a typical average minor lobe level of -33dB and a
transmitter power output less than 1Kw. A National Standards
indicated transponder MIL of -71dBm and 0dB aircraft antenna gain
are assumed in this plot. On this basis it is clear that the
average interrogation rate over a region should not be too
sensitive to the presence of several non SLS interrogators since
their range of influence is fairly well localized; in these

localized regions, however, higher interrogation rates would be
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expected just as they would be if the majority of the interro-

_ gator population were non SLS equipped.

SLS Rates

A somewhat greater variance is noted in the SLS rates shown in
Table 3-1 than for the interrogation rates discussed above. This
would be expected on the basis of the more localized behavior of
the minor lobe respongse of a typical interrogator. Despite this
greater sensitivity of this effect to the relative geometry of
lhe aircraft and interrogator population, it is nevertheless of

some interest to estimate average SLS rates on the basis of a

_ flight through a random distribution of SLS equipped interrogators. -

Suppose these random]ly distributed interrogators have typical
power outputs on the order of 500W and average minor lobe levels
of -33dB below the main beam. From Figure 3-4, the effective
range, r, of the SLS inhibit signal is then nearly 10 miles. At

8 thousand feet, the line of sight range, R, to the most remote
interrogator is 125 miles, so that the average SLS rate, 35, might

be expected. to be roughly given by

S

where
n = number of interrogators within a range R
v = average interrogation rate of these units
Y = minor lobe volume efficiency factor determined by the

radiation pattern lobe structure

YT

TR T

V.x=n 7V y(Z) (3-4)
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expected just as they would be if che majority of the interro-
- gator population were non SLS equipped.

SLS Rates

A somewhat greater variance is noted in the SLS rates shown in
Table 3-1 than for the interrogation rates discussed above. This
would bg\exggcted on the basis of the more localized behavior of
the minor lobe response of a typical interrogator. Despite this
greater sensitivity of this effect to the relative geometry of
}he aircraft and interrogator population, it is nevertheless of

some interest to estimate average SLS rates on the basis of a

_ flight through a random distribution of SLS equipped interrogators. -

Suppose these randomly distributed interrogators have typical
power outputs on the order of S00W and average minor lobe levels
of -33dB below the main beam. From Figure 3-4, the effective
range, r, of rhe SLS inhibit signal is then nearly 10 miles. At

8 thousand feet, the line of sight range, R, to the most remote
interrogator is 125 miles, so that the average SLS rate, Cg. might

be expected. to be roughly given by

- - -

Vg xn v Y(Rf (3-4)
where

n = number of interrogators within a range R

V = average interrogation rate of these units

y = minor lobe volume efficiency factor determined by the

radiation pattern lobe structure
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For v = 270Hz, and vy = 0.5, then

o

Vsu n (3:5)

With n = 40 in the New York area, this result is in fair agreement
‘with the valuee shown in Table 3-1. Using Equation (3.2) in
‘Equation (3.5), we find

v, =

S

-

VI (3.6)

which is of some interest in terms of overall network characteris-
tics. For example, if the output power of the interrogators
increased by 10dB, then from Figure 3-4, r 30 wiles. Using this
in Equation (3.4), we find the new rate, 3'8,

[ =
V' =9 Vg (3.7)
from which
Vg = 3 VI (3.8)

Hence, on an average basis, we find that a 104B change in output
power can change the relative level of the SLS rate from about
one third the interrogation rate to about three times the inter-

rogation rate.

Although these results shoul& be regarded as only rough estimates,
they may be indicative of the effects attributable to network
discipline. Air Force data over New York prior to the initiation
~of the power reduction policy in 1968 indicated an SLS rate of

about three times the interrogation rate; measurements shown in

)
El
-
=
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Table 3-1 indicate that this rate is now only about one third

the interrogation rate.lo

It should be clear from the above that these averages apply only
i ~ over typical flight paths through a region and would not reflect
i the circumstances assoclated with the portion of a flight path
: in the vicinity of cne or more interrogator. In this latter
case, the SLS rate may be expected to increase to levela on thke
order of hundreds. This condition was approximated in the Boston

area flights where data was intentionally collected for flights

oA w81 28 e i

near an interrogator; the average SLS rate over the whole flight in

that case was about equal to the average interrogation rate of 65Hz. '

Fruit Rates

Asynchronous interference on the downlink, or fruit, is indicated

[

in the last two columns of Table 3~-1 for the New York weekday
afternoon conditions monitored. Similar measurements with the
interrogator van located at Bedford, near Bostcen, resulted in an

average fruit rate of about 300 replies per second.

s o

Consideration of the average fruit rates shown in Table 3-1 show

[

close agreement between values computed from tho total fruit

count over an antenna scan period, and those values extrapolated

from the count only during the 38 ms interval in which returns
were monitored while the beam illuminated the test aircraft. The
net average of the fruit monitored over the flight of 2/9/72 1is
about 1,750 replies per second; the average value for the flight
of 2/16/72 is approximately 1/460 replies per second. These
measurements were made without the defruiter, and without sensiti-

vity time control; they therefore typify the input interference

St

conditions that would bec seen by any ATC processor similarly

-

located and with antenna pattern characteristics similar to the

test unit.
3-18
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Rather alementary considerations suggest that the fruit rate,

on the average, should be the total interference incident through
the antenna mainbeam plus the contribution attributable to the
antenna minor lobe response. On this basia, we may vrite for the

average fruit rate, Vk,

Vg oy + A - a)—s—&-] M Ty (3.9)

vhere,
M = total transponder equipped traffic counmt within view
cf the interrogator

4
g
1
%

a= fraction of this traffic within the minor lobe range

i

- - Vi = average reply rate (approximately equal to ii for most

conditions of interest)

¥ = minor lobe volume efficiency factor

¢ = effective beamvwidth in degrees

——— L e S B ol

It has slready been noted that rhe value of M for the flight of
2/9/72 was about 160; for the flight of 2/16/72, M =~ 140; and for
the Boston data, M = 40, 7Yhe fraction of these totals within the

T R

minor lobe range depends upon the cumulative traffic distribution

P R

with radius from the interrogator, and upon the effective range of

Gudlaadlyl

the minor lobes of the antenaa.

Figure 3-5 shows the effective range of the interrogator receiver

as a function of the transponder transmit power and for different

I N . g et

antenna gain levels relative to the main beam level, The interro-

gator receiver minimum signal level 1s assumed to be -82Bm as

3-19 .
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specified in the ATCRBS National Standards, the aircraft antenna

gain is taken as 0dB, and a 20d4B interrcogator main beam gain is

used. The vertical dashed lines denote the National Standards

specifications on minimum and maximum permitted levels of

transponder output power, For a -33dB minor lobe level, and a

mearn; level of transponder power, the effective range of the minor
. lobe region is then about 20 miles, Aircraft beyond this range

a8 B il e A, O 0

B o s el M . o M,

will contribute fruit only when 1lluminated by the scanning main
beam of the interrogator. With this minor lobe range value of
20 miles, and reference to the typical traffic cumulative distri-

bution of Figure 3-1, we find that o =~ 0.2.

Again using vy = 0.5, and ¢ = 4°, Equation (3.9) then reduces to

predicted by Equation (3.10) 1s excellent.

3& = 0.1 M v, (3.10)
where ;R is approximated by :E. This relationship is graphed 1in 3
Figure 3-6 for values of ¥ = 40 and M = 150. Results from the -
Boston and New York tests are also shown on this plot for compara- %
tive purposes. Iu Boston, 3f = 300 replies/sec with a corresponding . 72
vy = 65Hz and a traffic count of M = 40. Fruit rates in New York : 3
averaged about 1,750 replies/sec on 2/9/72 with M x 160, and about ;513
1,460 replies/sec on 2/16/72 with M = 140; ‘GI =~ 110Hz for both %
these days. The agreement between those measured values and those E

Several features of the fruit environment and its relationship to i
the gsources of this interference are evident from this treatment,

First, the major portion of the incident fruit under the measured

B e R

conditions appears to arrive via the minor lobes of the antenna

rather than through the scanning main beam. Traffic within the

bl il 1l

L W

1o e
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gkt 1ot bl 1, Al
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minor lobe range will coatribute more to the fruit count than it

will in the main beam region due to the higher effective receiver

--duty ratio in the minor lobe region. For the radial traffic

distribution that was measured, over 10 times as much fruit is
asgoclated with the minor lobes as is with the main beam. 1If
this is verified by further tests, then defruiting by minor lobe
blanking rather than by synchronous defruiting should provide

“gome system advantage. The second point to be made is that the

same total traffic would produce a far lower fruit level {f

uniformly distributed, or located in such a way that only a small

fraction of the count was within the minor lobe region.

3.3.3 Shorc Term Characteristics

Although the previously considered average characteristics are
useful in system planning, the scan to scan interference proper-
ties are of equal or perhaps greater importance in the actual
design and evaluation of ATC related equipment. Uplink synchroni-
zation limitations precluded a direct reading of the interrogation
by interrogation interference conditions at the transponder, but
such a record was avallablie on a two-way link basis at the inter-
rogator receiver shift register output. Analysis of these records
indicate that failures in the two-way link (either due to a
transponder busy condition or to garbling of the reply vn the
downlink) were random, or Poisson., No suggestion of interrogator
network synchronous or ne.r synchronous induced hehavior was

apparent from these measurements.

Chi-squared tests also showed the fruit per scan, the fruit per
dwell, and, to a lesser degree, the Mode 3A/C per scan rates
exhibited a high degree of correlation with the Gaussian distribu-

tion hypothesis. Such results would be intuitively expected when
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an ensembie of statistically independent events are acting in
“concert as they do in the ATCRBS environment., The following

sections describe some additional inferences that may be drawn
from the flight data.

. —

————— R
Lk

3.3.4 Burst Interrogation Features

The transponder busy condition was sampled over 38 ms intervals

A

"“at a scan rate of approximately 7 seconds. The prcuability that

none of n possible interrogators was illuminating the transponder )

at the time of this look can be estimated rather easily 1if all
scanning beams are randomly related.

=

Since each interrogator is
an independent unit, this assumption of randomness should be

valid over at least an interval sufficient for our purposes.

!
Probability of a Clear Look !
If

Gk st s b & sl

o is the average dwell interval for the ensemble of interro- :

gators, and Ts is our scan period, or sample interval, then thc

{ average probability of illumination for a single unit 1s
| ,
q=a TS (3.11)

where a is the average number of times the particular interrogator
of interest looked at the aircraft during the sample time, Ts'
Now this a' 'rage number of looks 1is just

T (3.12) ‘

.\mi‘ilm{mm\-w;mu4.«\ it e LIl

i
§
where To is the scan period of the typical unit*. Thus, for a2 sin- ;
gle unit, we muy write the probability of not being in the clear as P
i *This assumes that Jata 18 collected over an interval lurng enough for
this average to be valid.
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Q== (3.13)

“which is the ratio of its dwell time to its scan period. This

may also be expressed in terms of ¢, the effective beamwidth in
degrees, as

- 2
q 360 (3.14)

The factor q, is therefore seen to be similar in concept to the
1llumination duty cycle of each of the n possible contributors.
The probability, g, that the transponder will be in the clear at

some sample time duc to the bchavior of a single interfering unit
is given by

g =1-gq (3.15)

Moreover, for n statistically independent units, the probability
of not being seen by any cf the units is

p(n) = g" (3.16)

or, upon substitution,

n

p(n) = 1 - 3%5 (3.17)
This probability of not being seen by any of n interrogators 1is
gshown 1in Figure 3-7 as 2 function of n for effective beamwidths
of ¢ = 4° and ¢ = 6°. Notice that for n = 40, the indicated
aggregate probability of not being illuminated by any of the 40
interrogators at the sample time is 0.5 or greater, depending upon
the effective value of ¢.
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PROBABILITY OF A CLEAR LOOK P (n)

2

A T T T T T T
10 20 0 40 60 00 70

NUMBER OF INTERROGATORS, n

FIGURE 3.7
PROBABILITY OF NOT BEING SEEN BY AT LEAST ONE BEAM
OF N RANDOMLY RELATED BEAMS
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Digtribution of Clear Looks

The probability of having m successive scans with clear looks at
the traneponder may also be estimated for independent statistical
events if the average probability of a c. ear look, p, 16 known.
This is just the conditional probability of m events, given the
occurrence of an event, or p(m|1). For random occurrences,

p(al1) = p™ I (3.18)

where q 1s the failure of the event to occur and 80 q = 1 - p.
Thus, Equation (3.18) becomes

p(nf1) = =2 (3.19)
P
Figure 3-8 illustrates the behavior of the evpected distribution
of clear look sequence lengths for values of p equal to 0.3, 0.5,
and 0.8. These values of p may be related to the number of
interrocgators considered, n, through the previous relationship
of Figure 3-7.

This model of the behavior of a population of n independently
scanning interrogators was applied to the data from the flight of
2/16/72. The airborne record was examined for the times when

the transponder did not reply to any other interrogator during
the 38 msec in which the Mode D interrogation series occurred on
each scan. The total number of samples over this flight was

360, and the transponder was in the clear 178 of these times.

The measured value of the probability of being in the clear was
thus P = 0.495. The frequency distribution of the zero reply
sequences was also tabulated and is given in Table 3~2. For

example, a single zero reply (or clear look) occurred 41 times

3-27

BRI S AR S|

ot




m
I

) e

1.0

L i kil AR b ks o i st Mﬂw

0.1 4

-

0.01

- ————

Pimi1) = 15¥ pm

PROB. OF m CLEAR LOOKS GIVEN ONE CLEAR LOOK, p(m11)

0.001 T T T T -~
1 2 3 4 6 6

-~ =
-]

CLEAR LOOK SEQUENCE LENGTH, m

S i o, e i i i St i

b ———— o 2 + ottt

: FIGURE 38
SEQUENCE LENGTH DISTRIBUTIONS FOR SEVERAL PROBABILITIES
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over the flight, while two clear looks in succession occurred

17 times.

The remainder of this table presents the results of a Chi-square
test of the measured data against the assumed distribution given

in Equation (3.19).% The resulting error term of 9.33 is regarded

E
2
3
E
3
3
é
E
2
3
d
4
3
5
=

as a highly significant level of agreement. Thus the random

model assumption is justified by the measurements. The actual

el dl

data are plotted in Figure 3-9 for comparison with the predicted
distribution for independent events with an average probability

of 0.5. The successive differences in the points beyond m = 4

Lo
ol s L K,

are determined by a single event difference in their occurrence
and so should not be considered with too much significance for

the available sample size.

Distribution of Overlapped Looks
The probability of no other scanning beam illuminating the trans-

1
AL+ o, e i

ponder at the time it is illuminated by the interrogator of

interest has been examined above along with the distribution of

it ol . b

: these expected clear looks at the transponder. If other sources

of transponder reply failure are ignored, then the reply proba-

bl asin)

bility is unity over the entire dwell interval of these clear

G )

‘r looks and the only cause of two-way link failure would be due

to downlink garbling of the reply by fruit.

A LR

-
vt it AR i L

When, however, the transponder is {lluminated by other interro~

e

i gators, it is of interest to know how many other interrogators

are simultaneously looking at the transponder at the time of the

100 1l A 1
T

T desired look, If the interrogation rates of the different

-

#This analyeis is due to Dr. J. S. Matney, MITRE Corporation
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FIGURE 3-9
OBSERVED AND COMPUTED CLEAR DWELL DISTRIBUTION
FOR FLIGHT OF 2/16

3-31

R A ot

Y e T TP T Ty TSRS WY YOI IR Aoy 19"
|
|

0 Wt AL Bl
e




B ek stk

£
i

o -

ot o

interrogators are asynchronous, as well as thelr scan rates,
then the probability of the transponder being busy at the time
of a desired reply is related to the number of these overlapping

"beams. Time did not permit an analysis of the Mode 3A/C reply

data to the extent necessary to substantiate this model, but
the following treatment may be infered by a simple extention of

the looks-in-the-clear data examined above. The treatment is

predicated on the fact that the clear look distributions corre-

apond with the distribution expected for a random model. For
Poisson or randomly distributed illuminations, we may write the
probability of L beams simultaneously illuminating the transpcn’ r,
P(L), as

XLe-x

L.

P(L) = (3.20)

where X is the average number of beams simultaneously illuminating
the target at the time of the desired look. The analysis of the
flight record just presented showed the probability of no beam
illuminating the target during the desired beam dwell interval

(L = 0) was 0.5 as illustrated in Table 3-2. 1In this case, for

L =0, P(O) = 0.5 and Equation (3.20) yields X = 0.69 overlapping
beams. This value of )} in the Poisson relationship enables the
computation of the probabilities of occurrence of one, two, three,

etc. overlapping beams,

Similar probability distributions are computed for the average
probability of a clear look given by P(0) = 0.85, and P(0) =

0.25 and the results are illustrated in Figure 3-10 along with

the case of P(0) = 0.50. These plots show that as the probability
of a clear look is reduced, the probability of more than one beam

overlapping is increased., These burst circumstances may be related
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to the number of independently related scanning interrogators
through the curves of Figure 3-7.

These various dis:ribution features are employed in Appen-

dix A to develop the transponder reply probability in
terms of the interrogator population characteristics. The
average value thus obtained is in agreement with the results of
The

treatment given in the appendix, however, e..ables an estimate

the simple formulation of the model used in . :ference 5,

of the variance on this average value assuming the validity of
the Poisson model.

3.3.5 Performance Degradation

In addition to coordinated monitoring of interference conditions,
the experiment also attempted to relate these conditions to

degradations in equipment performance. The probability of the

transponder being busy is a measure of this degradation on the

uplink; the probability of a desired reply being garbled by a

truit reply is an index of degradation on the downlink.

Probability of Garbled Reply

Differences In the number of Mode D replies made by the test

aircraft over each scan, compared with the number of Mode D
replies received in the clear at the van interrogator on each
8can were used to compute the average probability of reply
garbling in the measured fruit environment. Now the probability
of a reply arviving in the clear, P is just

p.=1-p

c . (3.21)
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where p8 is the probability of garb.e. For random arrivala of
the interfering fruit at a rate of Vf replies/sec, the prubability
of no arrival within an interval, v, is given by

Pc - e-vf T

(3.22)

where 1 is some interval lenhth over which the interference could
overlap a desired reply.

Bracket pair spacing of replies is 20.3us; adding 0.45us for the
pulse width results in a value wf 1 = 2lus for ncn-overlapped
replies. While IR is the bracket pair interval, it does not
necessarily relate directly the value of 1 indicated in Equatien
(3.22).

upon the receiver detector characteristics; some detectors have

The value of t for ungarbled replies used here depends
greater de-interleaving capabilities than others. It is well
known, for example, that simple bracket-pair detectors can
produce erroneous detecticn reports if adjacent replies are
separated by exactly a bracket pair spacing, since this would
lead the detector to declaration of a ghost reply due to the
adjacent reply spacing. Thus, although some latitude exigts for

a proper cholce of 1, it should be greater than 2) .s and probably
less than 42 us for the relatively simple detector used in our

experinents.

Two values of 1, 25 s and 35 us, are used in the plots of Equa-
tion 3.22 shown in Figure 3-11. The data points are measured
vaiues in Boston and New York; both the per dwell anc the per
scan measurements of the probabilities of clear replies are shown.
The value of 1 = 35 Ls seems to provide the better fit to the data

with this Poisson model.
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It should be clear that the real value of Figure 3-11 is tt.e
fact that probability of a reply being ungarbled in a fruit
environment can be described by a Poisson process. Indicated
Vvalues of Pc for the asscciated Ve levels are valid only for the
detector characteristics employed in the experiment; and a more
sophisticated detector (such as those ugsed in ARTS or NAS) would
have better de-interleaving capabilities in sorting out replies

under potentially garbling conditions. If the degarbling features

of these detectors are known, however, they may be anslyzed on
the basis of this Poisson description of fruit arrivals.

Transponder Reply Probability

The average reply prooability for the test aircraft was computed
from the ratios of the number of Mode D replies made over each
scan, compared to the 10 Mode D interrogations made on each scan.
Correlation of these measurements with the related Mode 3A and C
interrogation rates and SLS rates was then examined. Close
agreement between these factors would indicate that failure of
the transponder to reply to a desired Mode D Interrogation could
be statistically attributed to the transponder being busy with a
3A/C reply or SLS inhibit at the time of interrogation. The
experiment was configured so that this cauee of transponder fail-

ure was isolated as much as possible from other causes of reply
failure.

On the basis of the random interrogation model presented in

Section 3.3.4, we would expect the reply probability of the
transponder to be given by

Pp = e V11 (3.23)
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when only the interrogation rate, V., 13 considered. The time
constant, T,, is the lockout time of the unit occupied in re-
ceiving and replying to an interrogation and then being inhibited
"from applying for a specified interval. An upper bound on 7

I
might be approximately 80 us.
Assuming the SLS rate, V., is also randomly distributed and
independent of T&, we may then express P, as
P, - e (V11 + VsTs) (3.24)

where TS 18 the inhibit interval for an SIS occurrence., Since

Tg is approximately one helf t1;, we may re-write Equation (3.24)
as

(3.25)
where
3& - 3i + js
to compensate for the differcnce in Tg and Tye

Measured values of PR in the Boston and New York areas are plotted
in Figure 3-12 as a function of the weighted sum of the inter-
rogation and suppression rates, 3&. Equation (3.25) 1is also shown
on this figure as the predicted value of PR for the associated

;& based on a value of - 80 us.
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Measured values of the transponder reply probability were some

five to 8ix percent below the values expected on the basis of
uplink interference due to measured 3A/C and SLS rates. This
result of the test program reflected the only failure of the
simple statistical model to closely describe average as well as
many short term facets of ATCRBS performance under interference

conditions.

Before leaving the results displayed in Figure 3-12, we might

just note that if some constant multiplier, n, is used with the T
failure model represented by the Poisson Jistribution of uplink

interrogations and suppressions, the first order result would be

to lower the predicted curve for the range of‘U& shown. Choosing

n = 0.95 results in the dashed curve of the figure labled

"adjusted". No conclusive preference of one curve over the other

appears warranted on the basis of presently available data, but

the following does develop some mechanism that may account for

the use of the n factor.

3.4 Transponder Reply Failure

The reply or the absence of a -eply by a transponder to a given

interrogation {s determined by three factors:

1. Signal condition - Bracket pair spacing, pulse width, and
frequency must be within specified tolerances and the detected
signal level must be above the minimum threshold level (MTL)
of the transponder receiver.

2. Suppression condition - Replies are inhibited if the ampli-

tude of the P2 pulse relitive to that of the P, pulse is above

1
a8 certain level. This side lobe suppression (SLS) feature is

intended to restrict transponder replies to only the main beam

of the interrogator even though the P P3 pulse levels may be

1’
above the MTL in the minor lobe region of the interrogator.
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3. Busy condition - A valid interrogation will not elicit a

reply if cthe transponder is occupied at the time in responding

to another valid interrogation or suppression from another

ol o

interrogator within its field of view.
These effects are independent and each may be represented by a
probability of success. The net reply probability is tnerefore

the product of these three probabilities.

The intent of the measurement program was to limit data collection

TN | .

. to only those circumstances when the transponder busy condition
was the determining factor. Signal level monitors were therefore
used to inhibic data gathering in the event of low detected signal
strength. This provision minimized the possibility of falsely
attributing a failure to reply to a busy condition when, in fact,

P p————— S § X N e R L P R T

the reply failure was due to a low signal to noise condition.

q It was assumed in configuring the experiment that the suppression

condition was either in an ON or an INHIBIT state over the beam

dwell interval. 1If this discrete state assumption is valid, then

SAROWENGT SR VD B i b 0
T S I T B P

no error 1s introduced in the results due to SLS since the reply

probability due to this condition would be either unity or zero 3
over the dwell interval. Thus, dwell data samples could be lost
due to this inhibit effect, but if recorded, no error in the data
would be produced by this phenomenon. The next section exawines
this assumption from the point of view of detection theory. Sub~-
gequent sections examine other possible causes for failure of the

trangponder to reply. 3

Suppression Characteristics
Figure 3-13 functionally indicates the transponder reply logic;

two threshold tests are indicated before a reply is enabled. The

|

i

¢
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FIGURE 3-13
TRANSPONDER REPLY LOGIC
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action of the signal to noise minimur threshold level has already
been mentioned; the performance of this detector has been thor-

" oughly analyzed in terms of the probability of detection for an
acceptable false alarm rate. These treatments have considered
both fluctuating and non-fluctuating targets in the presence of

- gaussian noiseﬁ. For a given false alarm rate in each case the

probability of detection is & function of the input signal-to-
noise ratio.

As stated above, the basic approach to the design of the data
collection system aseumed that the enable state on the ocutput of
the SLS threshold detector was a discrete and well behaved condi-
tion, That is, a particular ratio of the Pl pulne to the PZ(SLS)
pulse either inhibited a reply or it did not. Tuls assumption
would seem reasonable 1f no noise were present in the determina-

tion of this received pulse ratio.

In practice, of course, some ncise is expected in the generation
and detection of these two pulses and so a statistical treatment
of the SLS inhibit condition seems in order. Under this concept,
the reply AND gate in the figure 18 enabled only on the basis of
the product of the probabilities of obtainiug outputs from the
two independent threshold circuits (assuming it is not busy).

A more detailed description of this possible mechanism has been
daveloped, btut for this discussion it will only be noted that this
probabiliatic model could account for a significant degradation

in the reply probability for SLS relative pattern levels of -9dB
or less. These conditions are inevitable with the commonly used
interrogator antenna configurations employing a separate SLS

"antenna. If this omni antenna is mounted above the scanning
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antenna, these problams occur at certain ranges; if the omni is
mounted to the side of the scanning antenna, these problems occur
at certain azimuth sectors.

Iracking Behavior

Synchronization of the airborne and ground data was accomplished
by an early-late tracking gate centered about the data collection
interval. Initiation of this process was determined by a tracking
cursor position which also generated a VHF tone to enable the gate
counts. This process could result in a measurement bias 1f the
anticipated beam center (on the basis of the tracking determina-
tion) was displaced from the actuil heam center when data was
collected. To guard against this possibility a criterion of two
out of ten hits in these early-late gates was employed. It was
expected that data would thus be collected over the beam center

if these conditions were met on either side of the data collection
interval since the SLS action would inhibit spurious replies
beyond the beam edges.

Consideration of an enable probability variation such as that
just mentioned for SLS could alter this response characteristic
however. If this model of one aspect of the transponder reply
probability is representative, then it is clear that the net reply
probability measured over the appropriate portion of the beam
must include the integrated value of the ensble probability

variation nver that segment of the beam.

The enable probability variation due to the SLS pattern could
also lead to data collection over an asymmetric portion of the
beam since the low values of the probability of enabling a reply
could 8till be adequate for the two out of ten test and result
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in the data collection interval beginning at an extreme edge of
the beam for instance rather than at a more symmetrical point.

Emphasis should be plsced on the fact that the scope of the test
program precluded any conclusive experimental examination of
either the preceeding hypotheses or the one that follows. They
are all offeré&“asipoSlibilitins to account for reply failure
mechanisms that codld be as significant as the expected busy
condition for valid interrogations and SLS inhibits.

SLS Recovery Time
A lower reply probability thau expected on the basis of the re-

corded number of interrogations and suppressions could result

if other evente atfected transponder operation and were not
recorded due to limitations in the data collection system. Mon-
itored events in the apparatus were limited to the recording of
Mode D replies, Mode 3A plus Mode C replies, ond the number of
side lobe suppressions. The occurrence of Mode 2 interrogations
or particular combinations of interference resulting from, say,

TACAN or DME equipment could keep the transponder busy but not

be recorded. If a mechanism of this sort is a feasible explanation

for the messured reply probability, however, then it must be
equally valid in the Boston area as well as in the New York area,
since similar results were noted in both series of flights.

The ATCRBS interrogator network itself is also a source of high
single pulse emission rates due to the P2 pulse radiation {from
the suppression, or omni, antenna. Since the relative gain of
this antenna is nominally + 2dB, the effective range of these

pulses may be nearly S0 miles. Contributions from twenty such

‘sources may not then be unusual, and, since each operates at
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typically 280Hz, the net intenaity of single pulses may be
approximately 5.6 X 10° pulses/sec.

Transponder detector/decoder.circuita vary in design, but a
coumon method of determining the ratio, Plle, appears to use a
desensitization of the unit for approximately 4us following the
receipt of a single pulse. If the P2 pulse relative amplitude
is then sufficiently great to overcome the desensitization, the

unit is then suppressed on the basis that P, is greater in

amplitude than the associated P1 pulse. IfZP2 is smaller in
anplitude than Pl' then the detector recovers its sensitivity

and lcoks for the P3 pulse at the appropriate interval determined
by its mode of response. This design approach treats any incident
pulse as a P1 pulse until a decision is made regarding the P2 or

P3 test conditions.

With the above detector model, reception of a single pulse may be
expected to reduce the probability of receiving a valid inter-
rogation for at least 4us after receipt of the pulse. Using
T = 4us, and a single pulse arrival rate of 5.6 X 10°Hz, the
Poisson model of the probability of the unit responding to a
valid interrogation (when inhibited due to only single pulse
considerations) is just
P eVt
=1 - vt
~0.98

Although no extensive experimental confirmation of this xnodel
was possible during this program, it is nevertheless significant
that a possible mechanism of this sort cculd, in some instances,

be as important in irnfluencing the net transponder reply
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probability as is the expected condition for an average uplink

Mode 3A/C interrogation rate of several hundred interrogations
per second.

Decoder Recovery Time

All the above transponder inhibit mechanisms have been examined
from the gtandpoint of their potential effect on the reply
probability. It was discovered during the preparation of this
report, however, that the NARCO ATC-A employs a Mode C decoder
logic with A recovery time of almost 100u8.7 This same multi-
vibrator type design was also used for the Mode D decoder used in
uiie experiment. The unit was subsequently modified to use tapped
delay lines for these funcrions (the Mode A decoder was already

supplied with a tapped delay line) and an additional flight in
the New York area was conducted.

A duplication of the February 9 flight path was used for these
measurements with the modified transponder. The results wecre in
general agreement with the earlier tests except for the expectel
increase in the reply probability (and of course the round
reliability). The measured reply probability in this flight was
nearly 98 per cent, or almost the value expecteu“on the basis of
the random arrival model. This increar2 in the repliy probability
is attributable to the elimination or :1e unduely long recovery
time noted in the original multivibrator logic design. This
delay time is 10t believed to be intrinsic to the logic design

and should t=2 readily correctable in such units, if this action

should prove necessary.

These more recent measurements szppear to be accurate and so we
may conclude that the assumed model provides a good estimate of

all aspects of the system's average condition, This finding does

3-47
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not appreciably alter the previous interpretation cf the measure-
ments except for the expected five or six percent increase in the
measured values of the reply probability and the two way round
reliability. On this basis, the repiy probability data displayed
in Figure 3-12 would be increased from the indicated average of
about 93 percent to a nominal value of 98 percent if they had
been neasured with the modified transponder detector logic. A

similar improvement would be noted in the round reliability

measurement.
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4, ARTS 111 PERFORMANCE DEGRADATION
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Performance of the ARTS III processor in a high intevference

environment was examined by a Monte Carlo simulstion :~ploying .

a typical approach path for the tracked aircraft, anv statisti-

il 1

cal repregentations of the interference conditions. Although

n
b JL\M.HA“-

the principal aim of this effort was the determination of per-

formance breakdown conditions due to the degraded environment, )

gt s, Wl I W e G

Wi

the study also included some assesument of the effect of system

a0 i 1 9Bl ol i 1 s e B

operating parameters on this condition, Since the tracker out-

Y
b

put is also sensitive to target fading, the evaluation was

o
I
~nw bt

undertaken for both fixed width targets (no fading) and for

variable width targets (signal fluctuations).

4.1 Examined Variables

The interference conditions were represented by two independent
varicbles, the reply probability, and the asynchronous fruit L
rate. Data were typically collected by holding the frujt rate [

at some specified value and varying the transponder reply

L 1, i e s s

probability. As .-ntioned above, these runs were repeated
for both fixed width and variable width targets as well as

for several processor parameters settings.

[T m— ST T R
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Response characteristics of ARTS I1l were monitored at the

o b e U

tracker output and at the detector output interface with the

xR tracker. The detector was characterized by the following

parameters:

1. Probability of Detection y
2., Failure to Discern Mode C 1
3, Probability of Code Validation :
4, Probability cf Erroneous Code Reports
5, Fraction of Targets Classified Weak

ek m-ux}m;,‘%,
bl s ot AN i

i
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6. Probability of Target Spiits o
. 7. Distribution of Azimuth Errors .
Of these parameters, the most critical to tracker performance ifi
appear to be tu.e probability of detection and the probability fi“
of erroneous code reports. .
The tracker output is represented by the following: ) : fi‘
1, Track Correlation Ratio (previously termed the tracking : ,;g
blip/scan). B
2, Probability of Track Loss, 7
3. Number of Aircraft Tracked. .
The first of these parameters is the most signif-.: - index of :
the tracker operational state. A B
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An estimate of general system capability was beyond the scope

Gl "
e ey

of this program, however, some observations on processing time

utilization as well as controller work load factors were

included. A detailed description of the evaluation process is
q | given in Reference 3, and a summary of the major aspects of

! the effort is included here as Appendix D.

3 4,2 Tracker Performance
E The ARTS tracker acquires or accepts assigned target informstion
from tl.e detectnr. The smoothed data from the tracker is com~

pared with the detector output on a per scan basis; the track

status is determined from this comparison. Targets not satis-
fying a specifi~d set of criteria are initially assigned an
active r~nast status. If these targets are not reacquired by

the tracker within a certain number of scans, they are then

e i y
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relegsted to a tabular coast status and track must be reinitiated
by the controller. (Manual insertion is also required for all
non-discrete code targets.)

A track correlation ratic may then be defined by3

T, + A
19 £ %

i

=]
"

number of targets tracked

'1'i = number of scans in tabular coast for track i

A1 > number of scans in active coast for track {1

Si = pumber of scans in systeam for track i

The track correlation ratio {8 therefore the ratio of the num~

ber of scans a8 track correlated to the number of scans it is
tracked.

Track correlation dependence on the degraded beacon environment
is sumsirized in Figures 4-1 for fixed width targets and in 4-2
for veriable width targets. All tracks considered had discrete
mode 3/A codes and altitude reporting on Mode C. The fixed
width targets were 4 degrees wide (16 hits) and the variable
width targets ranged in run length from 0 to 26 hits with an
average of 16 hits. The tracker was operated in the cases

mmmmw AL s L R e P RN 3 I DR - 0

shown with the set of parameters used in the Chicago ARTS 111
System in July 1971. Performance improvemen:s associated with

a more recent choice of parameters are summarjized in Appendix D.

The data in Figures 4-1 and 4-2 are the same as given in Appendix

A except that they are replotted on a semilog scale in order to

4=3
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better illustrate relative effects and rates of degradation
regardless of the magnitudes of the values., A constant rate
of change in track correlation for a fixed incremental change

in the reply probability would plot as a straight line on this
scale for example,

Fixed Widch Targets

Track correlation dependence on decreasing transponder reply
probability is illustrated in Figure 4-1 for fixed targets in
fruit environments ranging from 0 to 50 thousand replies per
second,* It can be seen here that Tc remains above 90 percent
for low or modest (up to several thousand replies/second)
values of fruit until the reply probability falls below 85
percent. Below this point, however, the rate of performance
deterioration is very rapid as indicated by the slope of the
curve for 0 fruit. In general, increasing fruit rates degrade
performance for a fixed reply probability, but the sensitivity

to this effect i35 not as pronounced as it is to a decrease in
reply probability.

Although a lower btound on a track correlation ratio tolerable

to the controller cannot be fixed without an extensive human
factors study, it would nevertheleas appear that reply probabili-
ties sbove 857% and fruit rates below 30K replies/second would

be necessary for effective control activities, With this

thought coupled with the indicated rates of decay, it seems
evident that concern with the system condition should occur

when Pr falls below 907, and the fruit rates approach 20K
replies/second.

*These fruii :tates correspond to the input conditions to the
defruiter,
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Varieble Width Teggets
The fixed width targets just conasidered are repreasentative of
the ideal case that might be enjoyed through improvemsnts in
the interrogator elevation plane coverage and dusl antenna
installations on the airborne fleet, These assumptions were
made in the above case in order to isolate the effects of the
interference environment on an otherwise perfect system,

Such a circumstance does not prevail in today's enviromment
and, indeed, the data used for target width variations in the
similations were obtained from monitoring target widths at
Chicago. The performance indicated by Figure 4-2 is therefore
more nearly representative of expected conditions without
improved antenna coverage.

Comparison of Figure 4-2 with 4-1 shows, first of all, that !
Tc is degraded by the fluctuating target widths that occur
during aircraft maneuvers, Secondly, it may be noted that the
rate of deterioration in Tc (with a degraded interference
environment) is more rapid in this case than it is with the
assumed ideal coverage. In general, system tolerance to inter-

ference i8 sharply reduced in this more practical representation
of circumstances,

According to Figure 4-2, 8 value of track correlation above

90% can be expected only for modest fruit rates &nd reply
probabilities above 0,95. An average value of Tc of at least
807 resulte, for example, oaly for Pr greater than 0.90 aud a
fruit rate less than about 10K replies/second. It would seem
that these latter values might serve as appropriate alarm levels

for the interference environment under these rather practical
coverage conditions,
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2y  TPX-42 PERFORMANCE DEGRADATION
- The TPX-42 detects and displays the two dimensional position
of beacon equipped targets on a scan by scan basis, Jdentifi-
. cation codes and altitude information are also displayed for
Mode 3/A and Mode C reporting equipment, Although tracking is
not employed in the basic TPX-42 coneidered in this study, the
displayed information for each target so equipped includes the

presence and position of the target as well as the detected
. code.

P e il i . it s il

A Monte Carlo simulation was again used with statistical repre-
sentations of the transponder reply probability and the incident
fruit rate. In addition to these two independent variables,

the target run length (or number of hits), the sliding window
detector parameter settings, and the influence of failure to
reply to an interlaced mode was examined. As outlined in

1 A OO S RN T 4 S D ORELT D G s T A s N R

i o

Appendix E, and more completely reviewud in Reference 4, the
detector parameter settings and the target run length were
based on the best available estimate of the Ai{r Force choice
of these variables,

RO L - T T

5.1 Summary of Results
i The reply probability was equally incremented between values of

s ot bl i

1.0 to 0.65 for fixed fruit rate levels for each set of Monte
Carlo rumns. Fruit levels from 300 to 30,000 replies per

second were used. Since confidence level settings of either

CL = 0, or CL = 4 are under consideration by the Air Force,

both settings were examined in a degraded environment with a
detector window length of eight, A mode interlace of 1, 2,
3 was used which m'ght represent 8 military unit operating on

o SRR S W I

Modes 3/A, C, and 2. Data were collcctc? for all zsdes res-

[T VR A

ponding, and for one mode absent as would be the case for a

dilbinim

civil transponder {ailing to reply to Mode 2.
5-1
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Typical taxget wvidths of 16 hits wers comsidared as wall as
wers wesk targsts as representad by euly 9 hits. Scwe date

_wexe also collected for run lemgths of 30 hits to illustrate

hov an extremely wide target relative to the detector window
length might behave.

The following output characteristics were used to typify system

performance: ]
*  Probability of detection
*  Probability of code validstion given datection i
* Jitter in the azimuthal angle meagurement
*

Probability of target split

General response of theae characteristics te the input variables

is summarized in Table 5-1. Inspection of the rows of this ;

sengitivity matrix shows that the transposder reply probability ,.) |
1s much more critical than is the fruit rate. The action of { ‘
fruit is to decrease the probability of code validation, while

{
the reply probability has a relatively strong fnfluence on

all output features. Of the operating parsmeters axaninmed,

the target width and confidence level were of much greater
relative importance than was the miseing mode impact. The |
columms of this matrix suggeat that all the output character-

istics are degraded by worsening fruit and reply probabilities,

but code validation is rerhaps most sensitive to this envirom-
ment.

5.2 Figure of Merit

TPX~42 performance under the circumstance of all interlaced
modes responding is summarized in Appendix E. Cade validation

is found to be most sensitive to a degraded enviromment for

thie circumatance. A tolerable level of system degradatiom

in this case should therefcre be closely related to the

5-2 -
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TABLE 6-1
! SENSITIVITY OF PERFORMANCE PARAMETERS TO CHANGES IN ENVIRONMENT

INCREASING INCREASING
INCREASING | INCREASING | CODE VALI- PERCENTAGE
DETECTION AZIMUTH DATION OF TARGET
ENYIRONMENT PROBABILITY | ACCURACY | PROBABILITY sPLITS
SE. YIGURES® 2.2 THAU 2.7 THRU 213 THRY 218 THRU
28 210 27 220
' INCREASING : 0 0 2 0
FRUIT _
INCREASING +3 2 +3 -2 .
TRANSPONDER £ |
REPLY RATIO 3
4
lNcaEASlNG -.2 ‘.2 *‘ -a 1
CONFIDENCE
LEVEL
INCREASING +3 3 +3 +3
HITS
INCREASING +2 + [ 0
MODE REPLY
mno

SENSITIVITY RATINGS:

PLUS (+) POSITIVE CORRELATION

MINUS () NEGATIVE CORRELATION
SENSITIVITY LEVELS:

0 UNAFFECTED OR MILDLY AFFECTED

1 MODERATELY AFFECTED

2 STRONGLY AFFECTED

3 VERY STRONGLY AFFECTED

*FIGURES REFER TO HAZELTINE FINAL REPORT NO. 10773
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importance of identification and altitude read out in the ATC
-function eince the other facets of the detection process are
not significantly deteriorated. As shown in Table 5-1, this

‘cendition is chiefly dependent upon the reply probability ,
of the transponder. :

o |
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It should be noted, however, that a missing reply condition
in the mode interlace alsoc resduced the probability of detection
as well as reduced azimuth accuracy. The concept of a figure )

of merit is introduced in the following in order to quantify
an aggregate condition resulting from the degradation of
several aspects of the aystem,

5.2.1 Merit Concept

Informatica displayed to the controller by the TPX-42 consists
of:

LAl oy

1. Presence or absence of A target, or probability of
~ detaction, PD.
2. Alrcraft identification and altitude, or the con-
ditionsl probability of code validation given detection,

P(V|D).

3. Target position uncertainty, or azimuth jitter, o

o S o IR AR W S CHIUIR O . SANMEE T A

o' . §'
Range jitter as well as the probability of target split

are also important but their magnitudes are small in
comparison to the angle measurement.

An overall index of system performance, Q, wight then be formed
by the weighted product of these different factors. Thus, if

g is tha gelected weighting function for each patsmeter, then

' Q -[gD (PD)] [gv (P(VID))] [g‘ (ao)] (5.1)
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;hin quantity is a messure of how the composite informatcion
presentation compares to some standard which is determined

GARE U o L L . 1AM
IR .

by the weighting functiona. A reasonable choice for 8p and

8, is unity weighting, 1.e., equal importance is assigned to

. the presence of the target and to the display of the proper
altitude and code. In this {instance,

Q “["n P(Vlo)] [%(%)] (5.2)

and degradation of any of these quantities reduces the resulting
value of Q, Although this may at first appear somawhat arbi-
trary, it does have the advantage of indicating the likelihood

of having all the required information svailable.

Treatment of the angle uncertainty may utilize two liaiting
caaes.8 Firet, it is desirable that the terget jitter be small
anough so that it is not a nulsance to the controller, and
second, some penalty should be paid 1f this jitter should

become 50 great that it prevents minimum separation of traffic

at the maximum range of the unit. These determinations

are to gome extent subjective since controller tolerance

o G A LB PR UM R W SR

may vary and since the penalty for greater than minimum air-
craft separation should reflect the system demand.

b

For our purposes, however, suppose that & 3 OO jitter of no
greater than 1/4 inch 1s unnoticed by the controller. (That
is, the gtandard deviation is slightly less than 0.1 inches).

I1f the display and the interrogator are collocated, then we
way form the ratio

R(3o¢) R
_— (5.3)
1/4 inch 11 1inches

5-5
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wvhere R {s the target range and & 22 inch CRT is assumed. This
Tesults in c.‘§ .44 degrees or 1.8 pulse repeatition periods

for the conditions simulated. The corresponding weighting
function would then have unity velue for values of o, lese

_ ¢
than 1.8 prp since jitter of this magnitude would not disturd

the controller.

Target noise greater thar this would degrade system operation
to some extent, however, and a sufficiently large magnitude
would require greater than normsl aircraft separation for an
acceptable level of safety. Consider s 3o target position
jitter of three miles, which might provide a safe minimum
separation of gix miles. If ti:is standard is maintained st

s maximum range of 130 1ilns, ther the associsted sa’muth

angle jitter 1s o, = 0.6 iagroes of adbout 2.3 prp.

Exponentially degradiuvg system utilitv from tha point where
jitter bacomes noticesble (1.8 prp) to s velue of SO effec-
tiveness when the jitter incresses to 2.3 prps results ia a

linsar plot on a semi-log scale. This form of presentation

has the additional advantage of enabling piecewiss linear
approximate fits to the sinulation output data.

5.2.2 Application to Output Data
TPX~42 pertformance with all interlsaced modes rasponding is
in Appendix B and it cao be noted that code validation is,

ia chig case, the chief cauge of system degradation. A com-
parivon of the syetem states of health is not as directly
evident, however, when the transponder fails to reply tc one
of the interlaced modes since the various aspacts of displsyed

data degrade at different rates for different conditions.
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The notion of the figure of merit developed above does afford
a means of normalizing these conditions for such a comparison.
Figure 5-1 shows the concept applied to tha simulation output
when 16 hits occur over the bean dwell interval anu a velue of
Cl=0 is employed. Other detector settings are the same as
previously listed. A fruit rate of one thousand replies per
second is assumed 2nd the results are presented as a function
of the trausponder reply probability.* The basic data obtained
from the simulation are the probability of detection, PD;
probability of code validation given detection, P(V|D); and
she ezimuth angle measurement jitter, o’. This J<,¢ term is
indicated by the weighting function, g¢ with the break at Pr -
0.8 occurring when o¢ = 1.8 prp end the relative value of

0.5 at Pr = 0.7 occurring when 00- 2,3 prp as diecussed above.

the

The curve designated by PDP(VID) represents the probability that
the target is detected and the code is validated. If target
position nnise 18 of no concern, then thie curve is a fair
messure Of performance. The additional requirement on the
angle measurement results in the overall index, Q, shown as

the product of PDP(VID) and gQ. Initial deterioration in
performence i8 du~ to code validation which falls below the

90X levi:l when Pr + 0.87. A slight decrease in PD also occurs
at this point, but the general condition of the display (except
for poorer code validation) does not change appreciably until
azximuth jitter becomes noticeable, On the bagis of the
standards used here, the displayed quality of information ig

* Parformance 18 much more sharply dependent upon P, than on even

reasonably high fruit rates as indicated by Table 5-1 and discugsed
more fully in the appendix.
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7about 40X poorer at a value of Pr' 0.75 than it is for a value
of Pr of 0.9 or better.

A comparison with this circumstance is indicated in Figure 5-2, '

which represents the same case except the detector confidence

level parameter is selected as Cl=4 rather than the value CL=0

previously used. Here we again note a deterioration beginning

: Pr = 0.9, but this time due to a dacreased probability of
detection. The onset of azimuth jitter limitations do not

begin until the reply probability has fallen to 0.75. General Vs
quality of the display for thie point ie 55% of the desired

quality, however, as indicated by the value for Q.

Thiv:, although little overall differencs in performance is |
noticed batween choices of Cl=0 and CL=4 when Pr > 0.8, it
would seem that a choice of CL=4 might be preferred in an

environment typified by a transponder reply probebility lower
than 0.8,

Proceesor performance with weak targets is indicated in the

nuxt wo figures, Conditions in Figure 5-3 are the same as

those repregented in Figure 5-1 except the target width is
only 9 hits rather than 16, Although azimuth jitter is never

a problem over che range of Pr indicated, the overall system

figure cf merit suffers from a low P(V|D). Lose in the pro-

bability of detection causes a sharper drop in performance

with values of Pr below 0,9 as shown by their joint effect, Q.

A change of confidence level setting to & value of Cl=4 results

in the variatione shown in Figure 5-4. Here the probability
Although

of detection is the performance determining factor,
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both asimuth jitter snd code validation remain scceptable,
tha overall chesracteristics represented by Q are worse than
with a choice of CL=0,

5.2.3 Tolerable Limits
Establishment of acceptable limite on the degradation of the
TPX~42 displayed information was beyond the scope of the

preseat effort. This determination would involve human factors
consideration of controller stress levels under a variety of
circumstances as well as an analysis of work load effects
attributable to the poorer information quelity.

Indicated values of the figure of merit, Q, may be assigned

a gtatistical eignificance, howsver, even though this is some-
what short of the desired goal of determining a lower bound

on tolerable performance. I1f Q denotes the average probability
of successfully obtaining a desired condition on a particular
scan, the probability of the failure to achieve this condition

in n successive scans, f(n), 1s given for statistically indep-
endent evants by

£(n) = (1-Q)" (5.4)

Thig probability c¢f failure for n succesaive looks is shown in
Figure 5-! for values of Q ranging from 0.9 to 0.5. Use of
thage curves is 1illur :rated by supposing Q = 0.9; the proba-
bility of failing to obtain & success jn two successive scans,
f(2) is then 0.01, A veduction of the figure of merit to 0.8

would degrace this probability of two successive faillures to

0.04., Treatment of the probability of successfully displaying a

specified percentege of the targets on each scan might slso
use this approach.
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. 6. IMPLICATIONS OF RESULTS %

Utility of any analytical or simulation effort is determined by

the level of credibility imparted to its output. Field neasure-

Sl 1

ot il AL Tl

ments and corroborative experiments usually determine this
credibility when possible. The present evaluation effort has é E
reflected this attitude. Additionally, it has attempted, when ;2 :
possible, to formulate the representative inputs and output ! .
. characteristics in terms that have already achieved a level of :

accepted usage. Although the effect of mutual interference on

ATCRBS has been isolated as far as possible from other system

o i e

malaiies in this effort, an attempt has been made, nevertheless, )
1
to examine how these interference related effects behave in

concert with other ATCRBS problem such as target fading. 1

T B}

[P

On the basis of this evaluation, several judgments regarding

ATCRBS performance may be made on a more quantitative basis thsn

was previously possible. Certain of these points are describea

in the following section: an integration of the analytical

model, experimental measurements, and the simulation outputs is

|
next employed to yield a guideline type forecast of ATCRBS '
capabilities.
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6.1 General Comments

Analytical results, supported by the experimental data, have
indicated the interference conditions are more critically depen-

dent upon the effective interrogation population tnan they are

upon the traffic count. This seems intuitively apparent since

the interrogators act to degrade the reply probability on the

uplink as well as increase the frult rate on he downlink for a

-: i fixed traffic distribution. Moreover, the fraction of the traffic

within the interrogator minor lobe response range contributes

much more gignificantly to the net fruit rate than doee traffic

6-1
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~ viewed only by the ccanaing main beam. In euch a case the use

of side-lobe blanking instead of synchronous defruiting should be
considered.

A complete assessment of the behavior of transpondecs was not
possible during this task, but the available data suggest that
other factors may be &8s significant in influencing performance
a8 is the busy condition caused by current uplink interrogation
and SLS rates. Response to etray single pulses (e.g., Pz puises
radiated on the suppression antenna) and possibly the relative
properties of the SLS radiation characteristics at typical sites

are exauples of these other potential sources of performance
degradation.

Several inferences may also be made concerning interrogator imple-

mentation and discipline. Restraining the proliferationm of inter-

rogators has enhanced system performance and should be continued

with diligence. SLS implementation has been effective in reducing

the uplink iaterrcgation rate on Modes 3A/C, and the power

reduction program seems to have reduced the average SLS inhibit

rate. It should be evident also in this regard that any unneces-

sary use of Improved SLS should be avoided. In addition to this,

furthes attention to the P2 pulse radiation characteristice may
be warranted.

No evaluation of the effects of signal fading on the ATC system
due tc¢ nulls in antenna coverage was intended in this program.
However, since the ARTS tracker {s influenced by such effects,
it was considered necessary to examine how this target width

variation influenced the anti~interference capabilities of the

system. Similarly, data were also collected on the weak tsrget

6-2
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response of the TPX-42 since thie could impact the best overall
choice of operational settings of the detector parameters. Hence,
while these results should be regarded as only tentative, it is
perhaps worthwhile to offer a few guidelines on the relative
effects of signal fading and interference induced degradations.

Figure 4~1 for fixed width targets in ARTS Ili shows that the
track correlation ratio, TC’ remains above 0.9 for low fruit rates
and reply probabilities above 0.85; signal fading imposes a more
stringent limitation on PR for TC 2 0.9 as indicated in Figure
4-2. Here we see that reply probabilities greater than .95 are
needed for equivalent tracker performance. Comparison of Figures
5-1 and 5--3 for the TPX-42 with CL = 0 and one mode missing in

the reply train show siwmilar behavior for strong targets (16 hits)
and weak targets (9 hits). In this case fcr & common fruit rate
of 1K replies/sec, it 18 noted that Q value above 0.7 obtains for
16 hits when PR i8 above 0.8 while a value of PR 2 0.9 is required
for the same lower bound on Q with 9 hits on the target.

As a general recommendation, an improvement in the elevation plane
coverage of the interrogator ancenna should improve both the
signal fading problem ia the system as well as provide a means of
reducing the impact of interference on the ATC systems. Wh'‘le both
aiccraft and interrogator antenna improvements are needed, a

major link improvement would result from a reduction in interro-
gator coverage null depths since this would enable the system to

better tolerate aircraft antenna shielding occurring at these null
location angles.

6.2 Forecasting

Measurements obtained in the test program support the initially

assumed analytical model in all respects except for the slightly

6-3
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lower reply probability associated with the measured uplink
soviromment. Later ssasurements, however, indicate tat wach

of this discrepancy can be accounted for and so for our present
purposs ve will suppose that the suggested model {s adequate for
representing system beshavior from the point of viev of interroga-

tion and 5LS rates. Under this circumstance and for typical
system parameiers, we may write

Pr o e-lO 4V1

(6.1)

where ;S is assumed to be about one third the value of vI. Sub-~
stitution of

v, ® Vn

-4
I 360 (6.2)

into this relationship yields

174G a =&
P> e 10 (v a 3.5) (6.3)

which expresses the reply probability in terms of the iaterrogator
population characteristics.

The downlink fruit rate was found to be closely approximmced by
the reiationship

ve = 0.1 M vy (6.4)
which becomes
vex103 %
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using Equation (6.2) and ¢ = 4°. Moreover, if V = 270Hz, then

ve > 0.3Mn (67.6)

vhers, ic.gaucl, M 48 the traffic count and n 1is the interrogstor
‘count. These same assumptions in Equation (6.3) result in

4

4.2 X107
[ ]

E ) , Pp = (6.7)
Equation. (6.6) and (6.7) provide coupling relationships between
the sources of the interfereace condition and the average levels
of this interference under typical conditions. Figure 4-2 depicte
how these average valuas of p, and 3} affect the ARTS I1II output,
the track correlation ratio. From thie cuvve we may read the
varfous combination of P‘ snd :& which combine to produce a
constant level of Tc. A fawmily of these curves of constant

values of Tc may thus be constructed and, by use of Equations
(6.6) and (6.7), these consctant contour relationships may be

>

r

LR T L L i e

.~

plotted in terms of the population of interrogators, n, and the
traffic count within view, M.

Figure 6~1 1s the result of such an exercise. Limits on the
average traffic count for a specified interrogator population

and minimum permitted value on the average track correlation ratio
are shown in thia plot. A value of Tc » 0.85 with an interrogator
count of n = 40, for {nstance, would permit a muximum average
value of M =~ 2,000 aircraft. The slope of these curves is also

- e
R T i o o et P

of interest since it indicatea chat system perforsanc- is more
critically dependent upon the nuaber of iaterrogators than it is

uvpon the traffic count. These limits are only those irposed by
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‘the asynchronous interference effects considerad here and do not

include other possible limitations such as synchronous garble.

Values ol TC corresponding to a variation in n for fixed values of
M may be read from Pigure 6-1 in order to determine how system
behavior is& influenced when the traffic cbunt, M, 48 the parameter
examined. 7TIwo cases, M = 300 and M = 1,000, are indicated in
Figure 6-2. We may note here that T, = 0.9 €for a typical busy

C
condition todsy of M = 300 with n = 40; if this same level of T

18 to be 1etained for M = 1,000, then n must be reduced to aboug
twenty-five. As a matter of interest, it might also be observed
that changes 1in TC associated with changeas in M for fixed values
of n are performacce changes induced by different fruit levels.

On the other hand, changes in n for fixed valuves of M correspond
to variations {n both the reply probability as well as the fruit
level. This accounts for the increased slope of the curves and

for the greater geparation in them as n increases.

Performance characteristics shown in Figure 6-2 may also be
related to available traffic forecasts in order to approximately
assegs future system limitations. Such traffic forecasts are
available for the New York, Los Angeles, and Chicago terminal
areas.” If a nominal radius of 50 to 60 miles defines this ter-
minal area, then the cumulative distribution of Figure 3-1 shows
that about 60X of the total traffic in view (indicated here by
M) 1g within this area in New York. The curve in Figure 6-2
labeled M = 1,000 thus corresponds to a terminel area count of
about 600 transponder equipped aircraf. for a similar distribu-
tion. A terwminal area count of about 600 aircraft, or M = 1,000,
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is expected in New York in 1995, in Chicago in 1980, and in
Los Angeles within a ysar or so on the basis of the referenced
forecasts. R '

Stanley R. Jones
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SUMMARY AND CONCLUSIONS

Mgtually,induced interference conditions in an ATCRBS téfﬁinal area -
have been examined on an integrated basis in this program. Synéhré&:
nized meﬁsureﬁents enabled the isolation of uplink aﬁd,db&nlink
intcrferenqe_phenomena'alohg with simultaneous estimatioﬁs’of the
sources of this interference. Average values of these méasuremenfé
as well as many'burst characteristics corfobotated the résults'of an
analytical model coupling the environmental features to theif effecté
on the surveillunbé_system. ~Parallel simulation efforts,enabléd dn'
association of this 5nViroqmental degradétion with deterioration in
bpcrformance of the ARTS [I1 and. TPX-42 processors. Subsequent com-

- bination of these results provided an o&erall asséssment‘of the impact
of system ioading (interrogator and transponder équipﬁed traffic
populatiors) on the output characteristics of these ATC systems.

These results should prove useful in forecasting and in system

.planning efforts. -

Measured weekday afternoon conditions in the areas of New York and

 Boston are summarized below.

1. Mode 3A/C average interrogation rates of 110 interrogations/second
have been measured at an altitude of 8K ft. in the vicinity of New
York City. It has been estimated from FAA records that this
uplink condition was produced by a visible pqpulatinn-of approxi-
mately 40 interrogators. Similar mecasurements in the Boston area
with an estimated interrogator count of about 25 have indicated a
total interrogation rate of nominally 65 interrogations/second.

2. Average side lobe suppression rates monitored 1n.the above
environments were about one third the interrogation rates in New
York and about equal to the interrogation rate in the Boston

area, Qhere many of the mcasurements were made in the immediate

vicinity of several interrogators.

L-/0O



3. Monitored fruit rates near JFK averaged about 1,700 répliéé/
second. Associated airborne counts of approximatelyvlso,beacon
equipped aircraft were radially distributed on a cumulative

basis. Average fruit rates in the neighborhood of 300_teplies/seé

were recorded near Boston with a similar distribution of about 40
aircraft.

4. Average values of the above parameters were in reasonably good
agtcemen;,-whether computed from measurements made over the 38ms
beam dwell interval or from integration over the 7-second antenna
scan period. kThESG averages are bésad on smoothing intervals
Vafyingvfrom 10 minutes to about one hour. Measured short term
features are well répiesented by statistical models of the envi-

‘- ronment.

The following conclusions may be developed from an analysis of these
results in terms of an analytical model of the interference eaviron-

ment.

1. Recorded traffic distribution associated with the fruit
measurements_indicaCe that the major portion of these unwanted
replies were produced by traffic within the interrogator antenna
minor lobes rather than from traffic located in the main beam.

2. The.experimentally derived probabilities of reply garble
associated with these fruit rates are closely approximaﬁed by a
Poisson model with an event interval time of 25 to 35 us; This
factor is consistent with the detector degarbling characteristics
employed in the data collection.

3. 1Initially measured transponder reply probabilities were some
five percent lower than values expected on the basis of the proba-
bility of'the transponder being busy with another geply or being

suppreséed when interrogated. Later measurements with a

L= (f



modified decoder indicate that transponder response to uncounted
interfering single pulses appear to have produced this effect.
This performance degradation due to the random pulse suscepti-
bility of thé unit employed in the tests was more serious than
was the degradation attributable tc the measured interrogation

rate.

4. SLS implementation and the power reduction .program have re-~

duced the uplink average interrogation rate and the aﬁerage number
of side 1obe inhibits. ‘ |

5. Avéragé”uplink and downlink interference conditions are
closely represented by statistical models.
6. Measured average characteristics were in agreement with the

theoretical model.

Simulation of the ARTS III and TPX-42 performance deteribration in an.
interference engitdnment was accomplished by statisticall& representing
the input conditions, rather than by the more commonly used traffic/
interrogator moéel generators. This enabled parametric variation of

" the transponder:reply probability and fruit rate in such a wéy that
system sensitivity to critical conditions could be determined. Break-
down conditions‘thus determined could then be related to the
environmental conditions through the experimentally measured results

and use of the analytic model.

The following conclusions result from this assessment of the ARTS III

performance properties:

1. The basic ARTS III system performance will degrade under con-
ditions of increasing fruit and decreasing probability of reply.
Under the assumptions of the study, which used the system parameters

and logic of the Chicago ARTS Ill operational program as of

G\J
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January 1972, it”appears that tracking performance will dégrade
nqticeébly‘whenvthe'reply probatility drops below .85 nnd_fruit
rate'inpu; to the defrniter is greater than 30K‘per second.
2. The quantitative results presented heré are applicable only
- to the ARTS III detection and tracking péramecérs used for this
vstudy.. More judicious choices:of system-parameters plns field
téstedllogic improvements have been shown to-improVé system
: performance under field conditions.
, 3. In an environment of high reply probability and low asynchro-
‘nous fruit the surveillance performance of basic beacon-level
_ARTS'is limited by the existence of narrow-width targets engendere

by antenna shielding and vertical lobing effects.

A comparison of the results of this study related CO‘fixed and
variable~width tacgets predicts that substantial benefits are to be
gained through stabilization of the target widths. Not -only would
immediate improvement to current performance‘levéls result, but also
the susceptibility to future environmental degradations would be

~

lessened.

Similar conclusions may be drawn from the TPX-42 study with the onset
of rapid deterioration in the output quality for a reply probability
of.about 0.85. Performance is generally more critically dependent
upon this parameter than upon any reasonably expected ftuit.rétes.

As with the ARTS III, the affect of weak targets is to accentuate

this rate of performance degradation with interference.

A forecast of the ARTS III tracker output variation based on the
results of this'program indicates that a reduction in the interrogator

population by a factor of almost two (~.g., 45 to 25) would be



required if the»samé,ievel of performance was maintained for a

. o/
. traffic count within view which increased from 300 aircraft to 1,000

aircraft. This latter figure corresponds to about 600vaircraft in

the terminal area.

Assuming approximately 45 interrogators and the current traffic

-~ forecasts, the results of the measurements, analysis, and simulation

show that thé ATCRBS reply probability and fruit rate will degrade
the present ARTS III tracking in Los Angeles in a year or two, in
Chicago in 1980, and in New York in 1995,
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RECOMMENDATIONS

1. Further evaluation of the transponder reply probability should
be undertaken. Particular attention in these efforts should be
directed towards decoder recovery times and the influence of random
single pulses on the unit's behavior. It is recommended that a
survey of existing transpenders be conducted to determine the extent

of the problem uncovered by this program.

2. Further measvrements should be conducted to obtain a greater
sample of envirummental situations. Tests in the Los Angeles area,
with its continuai report of abnermally high interrogation rates,

would be worthwhile.

3. The resulis ov! the analyti. .’ methods developed in this task
should be incorporated in a complete assessment of a congested area,
such as Los Angeles, to predict when intolerable degradation would
eccur and what actions would be most effective in forestalling it.
In this recommended study, in addition to the asynchronous inter-

ference treated here, the problem of synchronous interference should:

also be considered.

4. The results of this program show promise for utilizing the data
collection and reduction features of the ARTS-III in the task of
inferring the basic causes of system degradation. It is recommended
that a short study be undertaken to assess the validity and utility
of this approach, as part of the. ATCRBS Monitoring Program.

5. Constraints on interrcgator operation and proliferation should be
maintained to assure adequate system performance because the number
of interrogators has a greater impact on system performance than the

number of aircraft.
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6. Side lobe blanking should be considered as an alternative to
synchronous defruiting, especially in terminal areas with concentra-
tions of traffic near the interrogator. It is recommended that the

program to investigate receiver side lobe suppression be re-emphasized.

7. Further analysis and experimentation is needed to quantitatively

determine the effects of a degraded beacon environment on the control-

ler. It is recommended that such a program be established using the

simulation facility at NAFEC.

8. It is recommended that the various modeling efforts now being
conducted by the FAA be compared with the approach used in this

program to disclose advantages and limitations of each, and to reveal

possible areas of simplification.



APPENDIX A

INTERROGATION ANALYSIS
The probability, Py > of a transponder being busy replying to

another interrogation when a desired reply is elicited may be

expressed as

Py = p(SIi)pi (1)

where

probability of another illuminating beam over-

- P
i
lapping the desired illuminating beam

p(s|i) = conditional probability that another inter-
rogation in the same time interval will
overlap the desired interrogation given that

an overlapped beam illumination has occurred.

For asynchronously related interrogation repetitions at an average
rate of v, the conditional probability above may be estimated on a

duty cycle basis with the result that

aXrt

p(s|1) = —T-—I- (2)
v

where

1)
]

average number of overlapping beams, given that an

overlapped condition has occurred.

1, = interrogation lock out time = 80 us

v interrogation repetition average period -'%
v

~
[}



If A is the average number of randomly related overlapping scanning

beams, then

A =ap, (3)
Substitution of these relationships into Equation (1) yields
=\ Vo (4)

which expresses the probability of a busy condition in terms of the
average number of beams illuminating the target, A, the response
time for a feply, T and the average rate of interrogations over

the network of illuminating units.

Now the probability that no beam will overlap the desired beam is

just
Po =1 -p, (5)

From the Poisson distribution for an average number of over-

lapping beams given by A, we may write

ALe-A

where p(L) is the probability of L overlapping beams. With L = O,
p(0) = p, and from the above,

p =el (7)

The probability of no overlapping beam in a network of n indepen-
dently related beams with an average width of ¢ degrees can also

be expressed as.



n
- (- 7%)

Equating Equations (7) and (8) results in

)
A = -n In (l-m> (9)‘

Values of ¢ are cyp;cally four degrees so that 3%6 << 1 and the

relacionship for [Z{<<]l given below may be used,

2

In(1-2)=-2z-1/222-1/323. .. (10)

Equation (9) then becomes

2
~ 2 2.
A~ n [ 360+ 1/2 <360) + .. } (11)

which is closely approximated by the first term only, or

Azn':s-g% (12)

*With this result in Equation (4), the probability of the trans-
ponder being busy is just

~ =
Pp> " 360 ¥ "1 a3

This expresses the busy condition in terms of the illuminating
interrogator network properties and the transponder response

time. Neglecting other link characteristics, the transponder
reply probability may be expressed in terms of this last relation-

ship since in this case,

A-3



PR =1-p (14)

So,
.~ ] oo =
PR = 1 -n 360 ° 1 (15)

It is of interest to note the agreement between this formulation
of the problem 5nd;thc simpler one based on the assumption of

random arrivals at a rate'VL which yields

PR = e V1’1 (16)
which, for VIII<< 1, is approximated by
Ppp=1L1 - v i (17)

Equations (17) and (15) are identical when 3& is interpreted as
the average interrogation rate resulting from the n interrogators,
or

= N ad T
vi=n 360 v (18)

This development of the model has the advantage of providing esti-
mates on the burst characteristics of the uplink condition, since
'the'probabilfty of any L overlapping beams may also be computed.
The resulting impact on P, is then just a straightforward exten-

sion of the procedure outlined above.



APPENDIX B

LIST OF SYMBOLS

Average number ot looks by typical interrogator in time, T

Effective radiated power (dBW)

Average probability of clear look due to the influence of a

single additional interrogator
Receive antenna gain
Trausmit antenna géin

Total traffic count within view
Minimum threshold level
Number interrogators within view

Probability of ciear reply
Probability of detection
Probability of garbled reply

Conditional probability of m, given occurrence of j
Average probability of clear look for n interrogators

Transponder reply probability
Receive power

Transmit rower

Probability of code validation given detection \
Average probability of illumination for a single unit
TPX~-42 performance index

Minor lobe range in miles
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L3

Mainbeam range in miles

ARTS 111 track correlition ratio

Sedn period ot instrumented interrogator

LY

Fraction ot aiv trattic within minor lobe range

Minor robe volume erticiency

tactor determined by radiation

Average cusber ot beams simultancously illuminating target
AV Ty rvﬁﬁtiLiun rate otointerrvogator population

4
*

Average truct cate (repfics/ses)

.\;:,'t‘l‘.l)',e_‘ iptink interrogation rate
Average reply rate of transponders (sum of Modes 3A and C)
Average SLS inhibit rate

Weighted sum of Vv, and ?l

Vi

scan period ot typical interrogator

Aziruth weasurement jitter

Average be.am dwell interval

Bracket pair interval

Effective beaswidth of interrogators (in degrees)
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APPENDIX D

ARTS 111 DEGRADATION

This appendix has been separatcly published as:
"Executive Summary: ATCRBS/ARTS 1I1 Performance in High Fruit and,

Low Probability of Return Environment", by J. E. Freedman, K. M. Levi:,
“and J. A. Keenan 1[1, MITRE MTR-6212, dated 13 July 1972

© A mniore detailed‘descrip:ion of this simulatiorn task is given in the

final report:
""ARTS 111 Detector and Tracking Performance as a Function of Degraded

Beacon Envirqnmeht", bv J. E. Freedman and K. M. Levin, MITRE WP-8579,

The program was directed in Department D-44 by J. A. Keenan, III.
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EXECUTIVE SUMMARY

BACKGROUND

l.1 Study Objective

The objiectives of the work documented by this paper have been:

L, To determine the range ol sensitivity of the
basfc ARTS [l! performance to environment degrada-
tiens. . '

2. Provideé a fanily of parametric curves (over
the range of sensitivity) relating key ARTS III
pertormance measures -to degradation in the
environment,

3. To gencvraily relate sys em -legradation to
increase workload experienc: oy controllers
using th. system.

To pursue thesec objectives the primary tool has been a set of
computer programs collecti'cly called the MITRE "Basic ARTS III
Surveillance Model".

Terms used in this dccument are defined in Pezza, A, T., "NAS
Glossary and Acronyms', MITRE Working Paper 8124, Revision 2,
Washington, D. C., 29 September 1971. (U)

1.2 The ATCRBS/ARTS [Il System Combination

On a radar video dispiay (plan view display) basic ARTS 111 adds

alphanumeric identity and flight data to targets representing

ATCRBS beacon equipped aircraft. This data reduces, for the
radar controller in the Terminal Radar Control (TRACON) rcom,

the workload associated with maintaining flight strips containing
that same information. The association of identity data with
one particular beacon target in the auto tracking area occurs
automatically 1if the aircraft {s utilizing a discrete (12 bit)
beacon code, has flight plan information within the computer

data base, and if that beacon target is unique. If any of these
three conditions is not met, the association of alphanumeric data
with a displayed target can be initiated manually by the control-

-ler (if the target is in the auto-tracking area). Furthermore,

1f the data and target become disassociated, a manual action is
required to re-initiate i{f any of the three conditions are again
or still not met,

D=2
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Basi: ARTS 11Ii automatically associates (lfode C) altitude data
with any beacon target representing an aircrafc transponding

to altitude inquiries. The altitude data can be displayed as
alphanumeric data automatically at che option of the controller.
This capability can reduce both controller and pilot workload
and substantjally reduce the use of air-ground voice comsunica-
tions related to alticude (status) determination. The intro-
duction of basic ARTS 111 has made possible a fuller utilization
of ATCRBS capability rhan has been coomon in the TRACON prio: to
ARTS 11{, since the Mode ¢ duts has not been conveniently avail-
able to controllers without ARTS 11!, Further details of the -
ARTS LILl*unctional capability are found in Levin, K. M. "System
Descripticni<iutomat. g Radar Terminal! System 111 (ARTS I1I)",
MITRE Technical 8vpest oo, Washington, Do C., 3 August 1970,
This document v aveii e trem tine FAA as SPO-MD~600, (1)

An eahan ewent aeoecloemest s underway for ARTS 111 which is
planned o mmplemene adariienal functional and technical features
onte the Yo AR T, Theratore, results in this paper which
relate. to wso o ARS D) repsesent o Jower bound on expected

ARTS (LD poovoo oo ‘

do3 Ik docao ARTS UHD cuarvelliance Model and 1ts Validation

- . ot = - . s = miem—

A set 0! compuler programs collectively referred to as the MITRE
"Basic ARTS 111 Surveil!lince Model" has been used to support this
study. It was developed toe support svstem implerantation engi-
neering associated with ARTS Li!; it has been mudified slightly

to meet the nevds of thin study. Tne model architecture comprises
the folluowing tive medule~t an aircraft traffic generator; a
target synthesizer; tiic ART.S beacon target detector; the ARTS
tracker; and a stativti. ol ooalve:w nackage.

Veritictation of the durveillance Mudel has included successful
comparisons ol model prudictions with actual field test measure-
ments pertormed during the ARTS II1 Engineering Performance
Assessment Tests ot Chicugo in 1971, Further validation has
included successful comparison of operational site (Chicago)
tracking performance with model tracker performance using the
same target data (which had been recorded by the ARTS III opera-
tional program Jdata extractor). The detector and tracker models
are regarded as reasonably tuithful representations of the actual
ARTS LIl functionas. :

The range of environmental conditions tested and used for model
verification has been limitud to a high-reply-probability, low-
fruit environment typical.for an ARTS 111 site. The emphasis

in this study, however, nas been to extrapolate the performance

-3
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predictions to degraded environments (i.e., low reply probability,
high fruit), a region where the model has not yet been validated.
Since such environment degradations do not presently exist in
practice, (and may never be as hostile as the limits tested),
validation in this region is difficult. A rigorous verification
would require the use of some special preprocessing equipments

to randomly remove incoming target replies and insert random
fruit replies to represent the full range of environmental con-
ditions of interest. This type of model verification has not
been done. Nevertheless, there is no indication that the model
is not reasonably valid even in the extremely hostile environ-
ments used for parts of this study.



VARIABLES EXAMINED

Generally {t is not possible in a system as complex as the
ATCRBS/ARTS I!l combination to control any variables indepen-~
dently in the pure scnse, thus considerable post-experimentation
- analysis has been required to separate and relate the dependent

and independent viriables, Independent Variables 3 and 4 (below)
were identiticd as appropriate variables to consider after the
studv effort started and therefore are not explicitly identified
in the vrigina! study objectives.

2.1 lndependent Variables

The cvjedctive inaepender o carciabies for this study have been:

Yoo Beaoon dvvrveamertal Asynchrorous Fruit Rate -
Thwe anuantesd aseacnienous beacon transponder replies
Lol are rescived aroag with the desired true replies

bty otwsSt oy,

. sooabeity ot Pendly = The probability that the
s der wil! reply re o detected interrogation,

o tiective Anpgular Widith - The angular width
ove:r wiica both tte !ransponder is capable of
devectin, interrogati~ns and the ATCRBS receiver
1s capabie ot detecting the vreplies., A variable
target width distriburion, as shown in Figure 2-1,
is used to approximate the present transponder and
interrogator/receiver antenna combination. For
certain simulation runs a fixed target width was
used (4 degrees) to conzider o limiting case 1f
transpondet and interrogator/receiver antenna
improvenents werc made.,

4. The ARTS IlI Logical Design and Parametric
Operation - The performance of ARTS III under
several conditions of different operational
proypram logic design and of different operational
parametoer sceteings.

2.2 qucndeﬁr Variables

The objective dependent variables have been:
1. Probability of Detecticn - The probability

that a reccived beacen signal will be detected
by the ATCRBS/ARTS I1] combination detector,
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2. Failure to Discern Mode C - The probability that
a target which is transponding to Mode C interroga-
tions will not be identified as a "Mode C" target.

3. Probabilitvy of Code Validation -~ The probabilicy
that at leaot two identical consecutive, ungarbled
altitude or identity codes will be received from

a target.,

. Probahilise or Erroneous Code Reports - The
provgbiitly that an erroneous altitude or identity
vode will he reported for a target.

5. Fraction of Targets Classified Weak - The
percentupe of! targets declared which have a

run length bhelow the weak-strong thregshold
setting. 'his characteristic is less important
with the reviged tracking logic which uses weak
as weil anosireag torgets for auto-acquisition
and secen?! saos recorrelation, This is included
because @ Ui results which are related to the
carlier A%:- 11l logic design which did not so
fully i .:¢ weak targets,

b, Probability of Target Splits - The probability
that a single target wili he reported as more
than one target,

7. Distribution of Azimuth Errors - The relation-
ship of azimuth errors to an independent variable.

8. Processing iime Utiliczation - The percentage
of available computing time used.

9. . Track Correlation Ratio - The ratio of the
number of scans a track correlates to the number
of scans it is tracked (sometimes this has been
called tracking blip/scan).

10, Probability of Track Loss - The ratio of
the unumber of tracks which disassociated at
least once to the total number of tracks.

11, Number of Aircraft Tracked - The number of

aircratt actually tracked at least once during
an exper iment run.
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1.2, Controller Workload - The amourt ot work
required of the controller to maintain status
and tracking of aircraft under his control.
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MAJOR RESULTS

3.1 Detector Pertormance Results

Ot the cight detector performance measures examined (items 1
through 8 under ...} the two which were most affected by the
postulated environmental degradations, hence those having the
greatest adverse impact on the svstem performance, were the
probability ot detecticn and the probability of erroneous code
report. It was tound that degradations in the reply probability
chivtly resuleed in lowered detection probability (Figure 3-1)
while the major eétfect of an {ncreasing asynchronous fruit rate
witsi an increasing number of erroncous code reports (Figures 3-2
aat 3-3). Since. the tracker requires both code and position
cerrelation fraom the acu regport, a degradation of the tracking
performance ensues from cither or both of the above conditions.

The delector performiance curves presented in portions of this
paper pertain te performance attained when the base set of
Jetector paramdters are used (as was the case in July 1971),
There ibas been and is an eftort underway to refine system per-
tormance by mproving the cheice of parameters. This exercise
~as heen wompleted at Chicago where the new parameters are now

in operat iona’ usc. The new settings selected for Chicago
basically reflect the chuice of a lower threshold im order to
provide improved detectlon of weak targets (i.e., those incurrimg
antenna shiclding or verti:al lobing effects) and a shorter pro-
cessing window for improved azimuth resclution. The lowered
thresholds were permitted by the low occurrence of false synchro-
nous targets at this particu’ar site.

To provide an example {!lustrating the impact of using the
improved settings some additional simulation runs were made
with these settings. The probability of detection curves for
the diffcrent settings are shown in Figure 3-4. A comparison
of the curves shows the improved settings (in use on January
1972) to have markedly less sensitivity to degradations in

the reply probability. The use of the base set (i.e., those

in use during July of 1971) of detector parameters in this
study can therefore be considered as leading to pessimistic
estimates of performance (when there are few synchronous target

problems) .

Note that in the portion of the curve descriptive of most actual

field sites (¢.g., PR=,95 to .99) the improvement is not spectacu-

lar. However, at the limits of system performance (e.g., PR=, "5
to .85) substantial improvement can be seen. Based upon this
observation, it can be said most of the detection performance
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limiting characteristics identified in this report can be expected

;0 ;:prhvo as innovations and enhancements ore implemented in the
ie

3.2 Tracker Verformance Results

The ARTS 111 Tracker is sensitive to enviroumental degradations.
Two primary tracker performance measures, Track Correlation Ratio
ant Teack Loas Probobilitv will degrade with increases in fruit
levels and decreases ia the replv probability. The tracker is
wmore seasitive t deoreases an the reply prebahility than to
increases in frurr rate.  Thin occurs because, as probability

ot reply decreases, the probability of derection also decreases
(See Figure 3=-T%; this in turn provides the tracker with less
information (r H,sm,, tatpet reportad,  lucreased fruit rates

cause the dee taration of targets with cither erroneous or garbled
Goatew s This wroe r mav oy omav sot cause the tracker to fail te
o et !

. e - , O A

Fer targets of i v i width (16 hits or 4%), it appears that the

tracking systen egrades most noticeabi, below .80 reply prob-
ability and above 30K fruit per sceond (See Figures 3-5 and 3-6).
For this study fixed. wiuth tareget results represent a theoretical
situation in which transponders . ad interrogator/receiver antennas
have been substantially upgraded. Variabie width targets (00-6°)
represent the current state of transpouders and antennas. The
distribution of target widths is based on a sample of targets

from Chicago (Se:e Figure 2-1), The tracking performance for
varial.le target tracks is alwavs below that fer ixxed target
tracks (compare Tigures 3-5 uand ?-h with Figures 3-7?* and 3-8%).
‘This is due primarily to the difference in probability of detec-
tion tetween fixed and variable targets. For variable targets,
the performance appears Lo degrade most noticeably below .85

reply probability and above 30K fruit per second; this is true
ever. when weak targets are utilized for recorrelation in the
"process unused beacon” (PUB) routine of tracking (See Figures

3-9 and 3-10). Tables 3-i and 3-2 show the increased number of
aircraft tracked when weak targets, as well as strong, are used
for auto-acquisition and recorrelation of discrete tracks. Figures
3-9, 3-10, and 3-11 plus tables 3-1, 3-2, and 3-3 show the general
improvement in the tracking performance when improved logic and
parameter settings dare used. Thus, the results identified in this
study as original July 1971 data should he considered as a lower

bound on tracking performance.

®

The anomalies in these curves (specifically, the lower end of the
50< fruit éprves) are due to the combination of sample size and

reduced tri&ck life for the sampled tracks.
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It does not appear that tracking~related processing time is
adversely affected by envirommental degradations. Lowered
reply probability is expected to result in less tracking-
related processing since there are less reports with which to
correlate, Increased fruit levels are expected to require

more tracking-related processing because of additional garble
and code checks,

3.3 Controller Workload Effects.

It is felt that the sredominant factor affecting controller
workload, as the envivonment degrades, will be the manual
acquisition or veacqui ition required when tracks do not
auto=-acquire or when r . disassociate. The idea of defining

a system breakdown po :: as a function of environmental degrada-
ticns has been feound (o ve in exercise heavy with subjectively,
unless extensive additionul studies are performed. For the pur-
pose of this study, it is suggested that the knee of the track
loss probabiiity curve be considered as an operating point
beyond which substantial centroller objection would be noted.
This th.n becomes an operating condition to be avoided. As can
be notec trom Figures 3-9 and 3-10 this point Is about .85 prob-
ability of reply for variable width targets (current environment)
and about .80 for fixed width targets (the hypothesized improved
ATCRBS environment). = Bv ncting the 'number of aircraft tracked"
columns in both Tables 3-1 and 3-2 it can be clearly seen that
controller workload due to manual acuqisition is reduced if weak
targets (as well as strong) are used in the auto-acquisition
process. Again, thesc limits can be expected to improve (i.e.,
the knee move to lower probability of return conditions) as
improvements are implemented in the next several years.

This study does not attempt to relate the workload required to
determine which of several identified targets 1is the true target
and which is a target resulting from synchronous fruit (side
lobe, veflections, etc.). Since ARTS III identifies only one
target, it any, the workload associated witl: this controller
effort is not appronriate for this study.
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ARTS IIT Tracking Performance For Variable

TABLE 3-1

Width Targets, Zero Fruit

Conliderini The Utilization of Weak Reports (or not) in the

tracking logic.

Number of A/C

Track Correla-

Percent

Rgply.Prob;bil§(2, Tracked

tion Ratio Track Lost

Qaae 1,n0 weak fhrge;s used:

.65 2 .04 100

.75 22 .28 64

.85 56 ' .67 20
Case 11, weak as well as strong targets used:

.65 58 .09 98

.75 58 4. 52

.85 58 .74 7

i
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TABLE 3-2

ARTS III Tracking Performance For Fixed
Width Targets, Zaro Pruit

Considering the utilization of weak targets (or not) in the
tracking logic

‘ . Number of A/C Track Correla~- Percent
Reply Probability v Tracked tion Ratio Tz Lost

Core I, no veak targets used:

65 o 0
70 3 .075 100X
75 17 .543 242
80 44 .745 9.12
85 | 57 .872 1.82
90 58 .958 2
95 59 .993 0x
100 | 59 9991 0%

Case 1II, veak as well as strong targets used:

65 49 .197 962
75 | 58 592 21%
80 - L .765 5.1%
85 S8 .886 1.72

D-13



TABLE 3-3

NS IIl Tracking Performance For Variable
Width Targets, Zero Pruit

Considering nev detection and tracking parameters and new tracking

logic
. Number of A/C Track Correla- Percent
Reply Prnbabil;gy«%: Tracked tion Ratio Track Lost
Case I, 01d trackigé"logic, tracking parameters and detection
parameters 3
.65 . 2 .039 100
.75 | 22 .282 64
', 80 ' - 41 .526 37
.85 ' 56 .666 20
.90 57 . 802 9
.95 58 .878 | 5

1,00 58 919 0

Case II, New tracking logic, tracking parameters, and detection

_ parsmeters
.75 | 53 .701 17
.80 54 .784 11
.85 57 .848 A
.90 57 - ,886 4

95 : 58 916 3
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1.0F VARIABLE-WIDTH TARGETS WITH MODE C
ALL CODES DISCRETE

=™ m @ =« ALTITUDE CODE
eommmmsen IDENTITY CODE -

i by o Aol W 5y it

.uﬂlw.mw,‘ e A s i Sl it i,

4

PROBABILITY OF ERRONEOUS CODE REPORT GIVEN DETECTION
QTR L A TR TR S LA % SO
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Lo

ASYNCHRONOUS FRUIT RATE (PER SEC)

o Do k] G L il 1
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FIGURE 3-2
PROBABILITY OF AN ERRONEQUS CODE REPORT VS. FRUIT RATE AND
REPLY PROBABILITY FOR VARIABLE-WIDTH TARGETS
(INCLUDES ALL VALIDITY LEVELS)

la o
o s i ¢ o i Ko i ot Yo S MR 4 | o 00 ol ot

D-16

s AR . . 3 g i b, i

it A o

)l s .
e ndikBins




TP TV Ty . e

haumls el Ll

PROBABILITY OF ERRONEOUS CODE REPORT GIVEN DETECTION
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1.0
FIXED~-WIDTH TARGETS WITH MODE C
ALL CODES DISCRETE

.8} === owe ALTITUDE CODE
e———— [DENTLTY CODE

0 10K 20K 30K 40K 50X

ASYNCHRONOUS FRULIT RATE (PER SEC)

FIGURE 3-3
PROBABILITY OF AN ERRONEOUS CODE REPORT VS. FRUIT RATE AND
REPLY PROBABILITY FOR FIXED-WIDTH TARGETS
(!{NCLUDES ALL VALIDITY LEVELS)

D-17

I LA L LN T, "o e i PG
MJW Wy T3 o T L i
o L () v
1l il Ll | — . ' " .
A

LI

ma

A 5 AR R

RN RS T T TR ¢ TR



s , . ,,h,i, i |
, - |
, ‘ ;
I
|
1
NOILYAVYO3IA INIWNOHIANI OL SHILIWVHV4e NOILD3L3ad 540 |
ALIALLISNIS NO SHI13WvHYd NOI1LD313d 40 3DI0HI 40 3ONINTANI i
#€ 34N914 i
I
¥;  ALIT19VHOEd A1dTd !
, J
| c* 9- L g 6 01 :
: E
SIA9¥VL HIQIM-3TEVIEVA - t
J 3a0 = -~ {
9 AAOH-NON =—— — 7° |
i
|
.
) i
2 T |
=3 |
I ll
e ﬂ
o i
3 |
o ,
[ i
-} 1
o i
u i
=< WW
I
!
7
:
,;
:
|
I
i
|

By L e i e b b e e Rl S p e s e a B L



) Mg ,ggq:_gﬁ% .%é Rk :,,,

GNOJ3S H3d LINY4 ANV A43H 40
AL1718V80OHd NOJV3I8 30 NOILINNS V SV OLLYH NOILVIIHHOD NIVHL
St 3H4NOII

aINDIV SAIVEL ON,
A143¥ 40 A11719VE0dd

€9’ oL° 17 08’ S8 ° 06° S6° 0°1

T T L ¥ T r v 0

(1£/1) si@l=weieg 111 SLYV oBed7y) // %0T
(%) 3218 uy paxy) aie siaBiey 408

3 3POH 23310STP Pie SRVEAT [V A0S

A L ™ B e ol L sl L i e et R ——

OI1Vd NOILVII¥¥0d 3OWVHl

b-19

| VUP



GNOJ3S H3d LINH4 ANV A11718VB0Yd AVd3Y
NOJV38 40 NOLLONNY V SV AL11118V804d §SO7 MoVl

9t 3UNDI

ALIT19VHOYd AT
S%- 0L Sl 08° 13 06" §6° 0°t

e

- T

LE Lo v

%06 T
(1¢/L) sid13mered 111 SLYV o8e21Y) g
(%) 22IS 11 paxy4 aae s1331g]

L)

5 IACH 331310STQ 218 §ydeil [TV

0

‘T

ALTTIGVHOUd SSOT AOVHL

D-20




,;,s§§ag§§gif;

!

!
4

e =

e T L NP

RPN T

T NSO T SIS W IOV, s TR i 5 GBI 2 LRSS o ™ GRS W

T .!%éf ks

GNOJ3S H3d LINYJ ONV Ad34 40
ALI'THEBVBOHd NOJV3IE8 30 NOLLONNY V SY OI1L VY NOILY?23HHOD NIoVHL
L€ 3HNO

ATd3d 40 ALITIAVEONd

s9° oL’ SL° 08° ¢8° 06° S6° 0°1

L v T

(12£/¢) sasysmeaey 1171 s1yv oBeayyy

(o9 - J0) Z¥s uy alqeriea aie siadiel

D 2POW 3321381p 31 SHIEIF [TV

4 P, T

OILVY¥ NOILVTIIW40D AIVHL

[t

s LT TS 0 S e

D-21

R

g "l

'




, ]
M
| k|
§ i
|
E ONOJ3S 834 LINYS ANV A 1434 30 AL1IGYBO0Ud §
NOJV3Q 40 NOILINNS vV SY AliHEv804d SSO1 AJvHiL ,,w
i &€ IHNOI4 |
i
4

! ATdI¥ 40 ALI119VHO¥d

If

; $9- oc- <L 08* g 06" €6° 0T

m T T T r r 0

i

w_m .
! ~ z e
| L
ﬂ ¢

: O

- . 8

i &

I3 Qo

il w

A N Y [

| 3

! B 9" 2

| >

oo

i &

V - 8- M

(T1¢/t) sia1emereq 111 SI¥v oBesyyy
(.9 - .,0) 32T uy a[qejiea aie s333ie
_Je ¢ 20) i 2°1

, J 3dCK 3181381q 218 swaerl [V

i
i
f

A O AL bl ol o Wt Bt i e e e s e o " '




e e ARG T RN

W

g,_,, ,;_@: LDyl It bl LR S o il s
g
I

i

=y EETI SRR

S1HO43Y NV3M 40 NOILYZ(LN
3HL 30 NOILINNA v SY IONVWHOIHI¢ ONIITVYL Il Sidv
6€ 34NYI4

==

,,, A14T¥ 40 ALITIEVIOU4

59° oL’ St 08" 11N 06° S6° 01
1 ' 1 1 ) | ] 1
...... (1]
NN
\ SSO1 WVl
\
. 40 ALIT1dvEORd - 2
N\
FAYMD
ST¥0JAX IVam HIipa S
LEYAVL TIAVIHVA . A
40 HOIIVIOAVAIXZ ... rv.w
1Ind4 oNaz m
‘SImOdT AVam ON1ISN =
SIZOFVL TTAVINVA =~ = — - m
L .-
11084 O¥3Z ‘S1¥0473 9
V3N ONISN ION
SIADUVI TTIAVINVA e
e ol N
OLLVE NOILVIZ¥NO0D NIvul .

0°1

PRETO R




R

I

rm s —— o A ———" 1} %" —

T SO T LT T T 0" ,,,‘,,,é%,”,,,., IR U ,i%ﬂtﬁénijjgaﬁiijés i

VId31143 NOILLISINDOY 5NVY3IWONOYLS SNSHIA
$130HVL HLIQIM G3XI1d 3ONVIWHO3d3d ONDIDVYHL 1)) SLUY
0L-€ 34NN

11438 40 AIITIZVHOdd

S9° oc: 1Y 08° s8° 06" S6° 01

Q
\
~
N -
N s
>
0w
Qisn Fyv =
SLIOUVL Wvim 47 SilNSTY == 3
-
a3sa LON Huy /
SIADEVL ¥vix 41 SLINST ™
7
/
/
4

—yq-0

SS01 WOVHL a0 A11119vE0dd

et e ot S o W Tl kb i bl e i, s BB s

R L Tk L

D-24

TR T T R O




ONIIDVY1 ONY 21501
'NO1103130 O3A0YIWI LNOHLIM ONV H1IM 1INY4 OH3Z ONV
S13DHVL H1OIM 3718VIHVA IONYWHGIYId ONIIDVY 1) SLYY
11-€ 34NOI

AldT 40 ALITIGVHOdd

SLEIDUVL AVAM SN'1d SYILINVEVA

ONIXDVEL ANV NOILDALIQ
TAACUIWNI INISN SITINSTH - =

S1EYvL
V3™ ON ARV SYILINVHEVJ
ONIXDOVEL QNV NOILIDF13a
TVNIOTHO ONISH SITINSTE =

.lvo

,mgf _5 , . ,%yii

i i b A3, Va1 ot WP A e Wit DN b

ALIT14VdO¥d

D-25




CONCLUSIONS

1.

The basic ARTS III system performance will degrade under
conditions of increasing fruit and decreasing probability
of reply. Under the assumptlons of the study, which used
the system parameters and logic of the Chicago ARTS III
operaticnal program as of January 1972, it appears that
tracking p~rformance will degrade noticeably when the reply
probability drops below .85 and fruit is greater than

JOK ser second.

The quantitative results presented here are applicable only
to the ARTS 71I detection and tracking parameters used

for this study. More judicious choices of system parameters
plus Tield tested logic improvements have been shown to

improve system performance under field conditions.

iw ap evvirenment of high reply probability and low
asyuchronous fruit the surveillance performance of basic
beacon-!cv:  ARIS is limited by the existence of narrow-width
targets en..odered by antenna shielding and vertical

wbing ~fiars,

A comparison of the results of this study related to

fixed and variable-width targets predicts that substantial
benefits are to be gained through stabilization of the target
widths. Not only would immediate improvement to current
performancc levels result, but also the susceptibility

to future environmental degradations would be lessened.

All measures of detector performance, with the exception

of the target split probability, were found to be sensitive
to environment degradations. However. processing time
utilization and azimuth accuracy exhibited only minor
sensitivity. Degradations in reply probability will
primarily result in lower probability of detection. As
fruit increases, the percent of erroneous codes 1ncreasga.
As the number of targets declared increases, detection
processing utilization will increase linearly.

All measures of tracking performance are sensitive to
environmental degradations as a result of the tracker's..; -~
dependence on detector performance. The tracker performance
is primarily dependent on probability of detection, on
failure to discern Mode C, and on erroneous Mode 3/A code
reports.
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No statement can be made on the basis of this study with
regard to system degradation due to: 1) synchronous fruit
produced by side lobe replies or reflection replies or 2)
with regard to synchronous garble,

No quantitative statement can be made about when system
btreakdown would occur due to controller workload increaaes.
-Subjectivaly, the knee of the probability of track loss
(PTL) curve is believed to be a regsonable first order
4pproximation of the point where subgtantial controller
objection would be noted (1.e., .85 probability of return

for the current target width characteristics and .8 for
the fixed width targets),
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5.  RECOMMENDATIONS ,%
-4

1. Consider the expected impact of a degraded beacon eaviron- o i%

.- ment on the enhanced ARTS III system which includes |
supplementary primary radar, improved beacon signal 3

processing, and multi-gensor vadar/beacon coverage plus

\ improved algorithms and parameter settings. i
2. Perform analysis and experimentation needed to determine é
quantitatively the effects of a degraded beacon enviroa- =
ment on controller workload, stress, and traffic safety k

3.

Study the effects of synchronous fruit (reflections and
side lobe replies) and main beam synchronous garble on
the performance of the ARTS III system.

%;a e cmne p r%“i’”‘“ /4/ /Z 04%\

V
//7U A. Heenan J. E. Freedman . Levin
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APPOMDIX £

TPX-42 DECRADATION

This appendix (s the Executive Summary from the Final Report:
“"AN/TPX-42 Target Processing Simulation Study™, by §. M. Weinstein
and A. Borelli, Hazeltine Corporation, Report #10773, November 23,
1971, The program was directed at Hazeltine by J. H. Gutman.



A, AN/TPX-42 Svystem Description

The AN/TPX-42 Interrogator Set is a complete secondary sur-
veillance radar ground interrogator, prccessor and display system. It
can be used at both fixed and mobile ATC installations for the terminal
control of aircraft equipped with beacon transponders. The Interrogator
Set provides for rhe transmission, reception, and processing of signals
as specified in tﬁ&*u, S. National Standard for the IFF Mark X (SIF)/
Air Traffic Control R;dar'aeacon System (ATCRBS). The AN/TPX-42 normally
operates in association with a primary radar system and provides special

beacon positicn symbols, anc aircraft identity and altitude numerics on
a traffic controller's PFI display.

Cermpconents of the Interrogator Set pertaining to the beacon
precessing functiun are the defruiter (interference blanker) and the
Beazon Aepl Processcr (BEP). The defruiter cnly passen a reply pulse
when it is svnchronous with: a reply received on the previous interrogator
pulse repetirion peric’ fur the same mode. The BRP accepts replies
from the Zefrui::r and processes these replies to produce a digital re-
port for each aircraft on every scan of the antenna. This target report
contains aircraft position coordinates (range and azimuth)._identity
code or codes and altitude data.

The AN/TPX-L2 is capable of operating with the beacon/IFF
modes i, 2, 3/A, and C using a variety of interlace patterns. Operation
with various primary terminal radars is expected to result in a minimum
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of 9 and a maximum of 20 interrogations per scan on a target. The
governing AN/TPX-42 specification (DOD-AIMS 65-527(B)) indicates

that an average number might be 14 when operated at a pulse repetition
fr!huency of 360 interrogaticns per second and a 4 second scan period
(1S RPM). The specification requires coperation in an environment con-
taining a maximum of 128 targets within 200 NM of the radar. Further-
more, the equipment must be capable of processing up to 32 targets
simultaneocusly within the beam of the beacon interrogator antenna.

B. Beacon Processing Functions

The AN/T?R;Q2 beacon processor uses a statistical decision
device called a "sliding window" for the detection and azimuth center-
marking of beacon targets. A sliding window is simply a shift register
of fixed length (LW) into which a binary "one"™ is enterad if a bracket
cecoded reply is present at the range of interest on a particular
pulse repetﬁticn pericdé (prpl; otherwise a "zero" is entered. On
successive prp's the ores and zerces shift through the register. When
the number of crne:s in the register reaches a preselected "leading edge”
. (LZ) threshold, the varget leading edge is decliared at the associated
Prp. Trailing edge determination is made when the number of ones falls
below a preselected trailing edge thnreshold (TE).

o Target Detection is a function performed to determine
whether or not a series of replies received within a given
range limit on successive beacon interrogations (of all
modes) constitutes a set of replies from a true target.

The declaration of leading and trailing edge is one compon-
ent of target detection. The other is confidence check.

o Confidence Check is a fur.tion performed to screen and
discard spuriocus false targets by requiring that a minimum
number of bracket decocdes (replieg) be received out of the
defruiter durirg a given scan across the target. The pre-
selecte? confidence level (CL) must be met or exceeded in
order to allow targets (whose leading and trailing edges
have been declared) to be transmitted to the display processor.
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Code Validation is a function performed to extract and re-
pert the most provable correct code value from the set of

codes (cf a giver mode) received on a given scan across the
ue employed in the AN/TPX-42 processor

twc consecutive replies
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C. Method
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¢ Analvsi

in the analysis of the AN/TPX-42 is an

existing, Hazeltire Zovelcped, cczputer nocdel of the beacon processing
functions. This mciel was exercisec :n a Monte Carlo sxnnlation to
study. the impact of var.cuz envirernments on target detection, code vali-
2ation and azimuth erterma:king accuracy. The environmental factors
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accommodated by the model are:
Trancsponder Reply Ratio - (TRR), the probability that a
nmain beam interrogation will elicit a transponder reply.

This protability is a function of many factors including the

number an: lecaticn of feaccn interrcgators, their coverage,
transnitted power and interrogaticn rate, use of side-lobe
suppression, aircraft antenna patterns and detailed transponder
suppresiicn charazteristics.,

Fruit Pate - The average rate at wnich asynchronous beacon

azzr of interest. These
ransponders in the en-

Y otner than the interrc-

This rate Jdegends on the number and location

rorcnders, the TRR cf the transponders

lrterrogations transmitted as

-~y tcvans the target. This de-
rate, interrogator prf and
4% (resulting from the detailed
n2 side-icte-cuppression char-

of interrogation link inter-

cgater cperating in the coverag:
a ~ chronsus with the prf of the in-
$ inverec:. The interference zanifests itself by

e g R e

ing irvterrzgat:sr “capturing™ the transponder for a
ion periods, thereby denying
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service ¢ the interrcgator of interest. This burst error can
be charactericed by its period (in prp's) and the probability
of its sccurrence on a garticular target scan.

Target Tetectcr Tarareters - the sliding window length (LW),
the leading and traiiing cdge thresholds (LE, TE) and the
confidence check level (CL} in the model are variable over the
full range of possible AN/TPX-42 beacon processor settings.
Mode Interlaze - the particular modes (1, 2, 3/A, C) used for




interrogation and the sequence in which they are used, con-
stitute the mode interlace pattern of an interrogator. The
A

the trancyunisr.  Tne mogel san isconmslate changes in the
interrsgator mode lnterliace a:c well a3 alliow selection of

the modes ¢~ whickh 31 transponder will reply. . .
Thg iz;act 3¢ the variatisn Iin thece factors (representative

o difrerens eng;“c:me:t;) L;on sysven jer:armance (target detection,

Sty La . wauminel bty performing a4 para-
metric invertogation, That 1., 3 paramete. was varied over its ex-
t v ratio frew 0.€5% to 1.0) while

others were neld constant o »viluate sensitivity of system performance

Tre model ~ons.ccn of tws parts, 2 2atae generator program,
2l 2 DeACSr targeT priiel.iio (rogram. he liata generator provides

(1) the targer reply Ristiiy 7o sejtznce of ccdel replies/no replies
cased on transpender rceply ratlia) () a syperimposed burst error
condition and (2) en_:ded froi: replies and associated garble conditions.
dom aumber ceneratcrs which are
.ate the ccsurrences o eve..ts in accordance with the
deslreﬂ protadility (in a manner consistent with detailed equipment
. The teaccn target procescing program operates upon
e siiding wincew to determine
sult in letected targets, (Z) whether
e azimiin centermark cf the target.

Yt oT oL iier anil.c . . Lu.Led @ simulation since
the statiszical results are Zathered by repeating an experiment.
This exzeriment icxzists of cenling a rerlily sejuence from the data

r 'ng the result. This is

generatcr into the Leassn processs i

repeated ANy times with farying rerly seq'eﬁces and the results are
e ecticn, etc. In designing

the simyiaticn experimen: ana in lrawving conclusicns from the data ob-
mportan~ o reccgnize the ivplication of using a partic-

averaged tc cetrermine the prababilizy =i de

=)

tained, it is 1
ular number =& iteratisns. The number used permits one to associate

a certain degree :f confidence with the data accumulated and hence on



the conclusions drawn from that data. The greater the number of
§teratians, the more confidence one can place in the results. However,

" “computer costs and availability of computer time place an upper bound
on these iterations. One hundred iterations wereused in this program
since it appeared rTo be a reascrnable compromise between -onfidence in
the results and the number cf different cases which could be simulated
within the available time period.

. Maio

MITRL representatives suggested ‘that primary emphasis be:

place2 on gathe 'h;_-t tistics using the "most likely"” settings for

the sliding windew beascn provesscr. Although cefinite settings will

£5% be selected untlil CCﬂ;le~.‘“ o: a planned government test progran,
Al Ferce evaluaticn of the AN/TPX-42 will

ngth (LW) cf 8, a leading edge threshold (LE)

'.
f I, a trailicng ~:;r thresheld (TEZ) o2¢ 1, and a confidence level (CL)

it is our understan:ing tha-s

ng consicdered. A three ncde interlace (2,3,
3,0) would ;écbe:lv te used and between 9 ard 16 hits per beamwidth
iy, the maicrity of computer runs was performed
“wing these seztircu. he transronder veply ratio (TRR) was varied
fro2 0.65 te 5.91 ang fru.t rates cf 320 tc 30,000 reply trains per
second were sivulated., Certain runs were rade with 9, 16 and 30 hits

are expected. Acrorilng

per scan.
1. Acceptable lLevels or Performanc

The perfcrrmance of the beacon system is ultimately judged
by iis ability o ccocntrilute to the process cf aircraft separation and
contrcl. The air traffic controiler is becoming increasingly dependent
upoa the ATCRES fcr aircraf* ;ositicnai, altitude, and identity infor-
mation. Accerdingly, “he ideal eacon system should display continuous,
reliadle, accurate information on all beacon equipped aireraft. This
translates intc a set cf ideal beacon processing performance character-

- istics nanmely:
et a. 100V prcbability of detection to ensure a beacon
report on each target on each antenia scan (consist-
ent with acceptable false-alarm rate).
b. 100% probability of code validation for each beacon
’ mode on each antenna scan to eneure the presence of
identity and altitude information for each target.
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¢. perfect azimuth centermarking; beamsplit azimuth
standard deviation of zero degrees.

d. zero probability of target splits (range and azimuth)

' such that a single (rather than multiple) accurate

Fosition/-ode report i

target.

Unfortunatelily, t.e. 2 ideal

simultaneously in practice. This is due Iin par’

displayed for each beacon

characteristics cannot all be met

to the environmental

effects (fruit and *ransponder reply pr-tamility), which force a com-

promise between detectin: rrobability ana fa
ing AN/TPX-u42 gpeciiicat:ion (UoL-AIMI n4-817
g |5

aforementioned beacorn Lroccosing

&

[

Lo

Lerm rate. The govern-

(k)} does not specify the

per:ormance Trobabilities. Therefore,

a set of nominal mirnimum (maxinmum) acceptable levels of performance

are suggested for evaluation «of
on (1) a review f upeciilnuric
ors (2) the spe-iti. . r ~o: 1t

to provide beacon Jatva to the LAS

Hazeltine's judgmert pred’zated
of beacon/IFF syste s, The $01
Digitizer parameters aii thuse
tion.

A/

ns

»

o

yore

TPX-4s processing. These are based

for certain

Sont o PAAS L

~lasslfied beacon process-

Tommon Digitizer used

Enrou.e Contrcl Centers, and (3)

vn years »f exposure to the spectrum

lowing table shows the specified Common
{ se ror AN/TPX-42 evalua-

TABLE £-1

BEACCH FROCLICZCE PERFORMANTE TARAMETERS
Lrn-Puoute
Parameter Coemor civizer: AN/TPX~-42
Probability of Detecticn’ 4Gt 30%
Probability of Codle %Y:ilcatiun A 0%
Azimuth Accuracy?:3, $,269 11 hits per mode f*1 to 2 prp's
$.62% 235 hit- per mode | *.25%to .S°
Percent Azimuth Spli*: 0% (.1 lt. par mode) 1l to 2%
i% (23 hitc per mode)

- e

Note 1: At C.7¢ transponder reply n

Note 2: Target Detection

Note 3: 83% of wurge

ferformed

r-bhability
o:. Mode 3/A only

cthin

The

rthese limits
value for AN/



To the controller, a 90% probability of detection means that
there is only a.1% chance of failing to get a target report on two
successive antenna scans. Likewise, a 900 probability of code valida-
tion means a iV chance of missing code (or altitude) information ¢n
TWwo successive antenna scans. The cccurrence of azimuth splits can
be related to the total number of targets to be processed or to the
number assigned to a controller. Thus, although 2% azimuth splits
means about 2 to 3 splits per total 360° antenna scan (2% of 128
““targets), a controller responsidble fcr say 10 aircraft would, on the
average, only gee.a target split every 5 anterna scans.

The reader: 'is reainded that the values suggested for evalu-
ating AN/TPX-¢2 performance are no- ‘ovcrnnent specified, but repre-
sent a Hazeltine judgment. They are used only tc provide a basis for

evaluaticn of results.

The rqsu1t§ herein are based on 100 iterations for each data
reint. That (s, in generating an estimate cf an output parameter,
cdata from 103 independent scans cf the target was provided to the
rarget detector.

2. Prchability o5f Tarset Detection
The cozputer simulation was used to study the effects
of transpcnder fgply ratio, fruit rate, confidence level, and nuamber
of hits per scen cn probability of target detection. Figure S-1
sunrarizes the major results. The suggested nominal minimum acceptable
level Zor probadility of detection is 908%.
a. With 16 hits cn targe: and a confidence level of zero
(CL=0), the prcbability of detection meets or exceeds
908 for fruit rates up to 30,000 reply groups per
second and for transponder reply ratios as low as
0.65.
b. With 16 hits on target and a confidence level of four
(CLzw) probatility of detection meets or exceeds 90%
for fruit rates up to 30,000 as long as TRR exceeds
' 0.75. Below TRR of 0.75, the probability =f detection
falls belcw 90V even for fruit rates as low as 300
reply grou s per second.
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C. With only 9 hits on target and a fruit rate of 1c00,
the probability of detection falls below 908 when
TRR is about .8 (for CLz0) and when TRR is as great
as about .9 (for CL:=w).
3. Code Validation

The éonpu;er sinulaticn was run with a variety of con-
ditions 1o study the code valiidation properties of the AN/TPX-42. The
erforaance was generally poor (below 90% prcadility of code valida-

t )

tion) for all_caSes at low (less than 0.8) values of TRR. Figure S-2 -
shows the resilrs fcr the 1§ hit case with the processor settings

anned fer use §E~;nu.gcvernment est program (namely LwW=8, LE=2,
=l and CL=C, three mede interlace). It is apparent that even for
ruit rates as icw as 270 reblies trains per second, the probability of

N

.
-
z

T ¥

)

¢ validation falls telew 308 for TRR bSeicw 0.85,

4, Azimuikh Ac-uvacy

Target cer-ernarking accuracy was studied as a function
oI nlts per scan, confidence level, and fruit rate. The suggested
sorinal raximum accertable level ©f stancdard deviation of reported
farget azixuth .s Jire repeticicn periciy {2 prp's) which represents
aocut 0.8° at o gr 60 and a scan rate of 1% RPM. See Figure S-3.
a. Azimuth TS err-y ls acceptatle (at or below 2 prp's)
for the 1€ hic case for fruit rates between 1000 and
30,000 for ccnf:dence levels of 0 and 4 even for
transponder repiy ratios as iow as about 0.7.
b. With 9 hits the azimuth error is less than 1 prp
for CLz0 and &~ for a fruit rate of 1080. (Recall how-
ever that with 9 hits, prodadbility of detection is less
than with the 16 hit case). ‘
c. When the number of hits is increased to 30 (CLs0, &,
Fruit = 1000) the azimuth accuracy degrades (errors greater
than 2 prps) with TAR as high as .85. When TRR falls
to 0.65 the centernarking accuragy is about 4.5 prps
(greater than 1 degree).
d. The occurrence of target azimuth splits with 16 hits
on target was simulated with CL=20 and fruit rates be-
tween 300 and 30,000. For values of TRR below 0.8,
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azimuth spliv- resulted for more than 2% of the targets
as shown in Figure S-%4. However, because of the small
sample tize associated with this particular estimator,
7o accurate probability of splits can be assigned.

when the TPX-42 performance was examined in an en-
vironment of 30 hits per scan in contrast with 16

(all other parameters remaining unchanged) azimuth

accuracy and target split performance uas cignificangly
degraded. ‘

§;;N0ther esults

The computer simulation was alsc used to study the impact
of bcth burst errors and transponders replying to only two out of three
modes (missing mode) on system performance. In general, the results
indicate that burst errors with probability of occurrence of 0.1 seem
to have no rore degrading effect than that experienced by an equivalent
reduction in transpender reply ratio (TRR). The impact of a transponder
with a missing mode was a reduction in probadility of detect.on and
azimuth accuracy at lower (0.65) values of TRR. '

An analytic investigation of false alarm rate (false target)
generation due to the presence of fruit was perforaed for the AN/TPX-u2
beazon processor. A suggested acceptable level of performance used is
one (1) persecond which is approximately the same as the Common Digitizer
(CD), whose allowable false alarnm rate is 0.4 per second (i.e., fcur per
ten second scan). The analysis shows that with a confidence level of
zero (CL=0) less than onea false alarm per second occurred with a fruit
rate of 20,000 trains per second and adout 6 false alarms per second
occurred at a 30,000 fruit rate. A confidence level setting of four
(CL=u) resulted in satisfactory performance (less than 0.4 false alarms
per second)with fruit rates up to 30,000 per second.

E. Conclusions

A Monte Carlo simulation of the AN/TPX-42 target detection and
code validation operation was performed with the following nominal
detector parameters:

o Sliding Window length (LW): 8

o Leading edge threshold (LE): 2 :
o Trailing edge threshold (TE): 1
o Confidence level (CL): o
© Hits per target scan: 16

E-14
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- Results of the simulation study indicate that under these nominal
operating conditions, satisfactory performance (as measured by suggested
criteria included herein) is obtained for all performance parameters
of interest except code validation. With regard to code validation,
performance is below acceptable levels when the fruit rate is as low

B as 300 per second and TRR is less than 0.85. Fruit rates of 30,000

' reply trains per second can cause unacceptable performance (i.e. leas

than 90% probability of validation) even when TRR is as high as 0.95.

l In addition to determining the levels of performance under

nominal operating conditions and environment, the sensitivity of T

system performance tc various envirenmental parameters was determined.

Table S-2 gives a qualitative summary of these sensitivities. It can

be seen from that table that transponder reply ratio (TRR)and number

of hits per target scan have the greatest effect on performance. Prob-

ability of detection and eode validation are the performance para-

meters ui0st sensitive to changes in environment.

Parallel measurement programs and computer modeling efforts
are under way to characterize the present and postulated ground and
airborne environments. These programs, when coupled with the results
i presented herein, wi.l provide a base for assessing beacon system

performance as a fungticn cf actual operating environments.

——— -
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TABLE $-2
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T3 mya _“WERLE

SENSITIVITY OF PERFORMANCE PARAMETEIRS TO CKANGES IM ENVIRONMENT

INCREASING INCREASING
INCREASING INCREASING CODE VALI-~ PERCENTAGE
DETZCTION AZIMUTH DATION OF TARGET
EXVIROINMENT PROSABILITY ACCURACY PROBASILITY SPLITS
See Figures -2 thru 2-7 thru 2-13 thru 2-10 thou
-6 2-10 2-~1? 2.20
INCREASING ] 0 -2 [} .
FRUIT
INCREASING +2 2 .y -2
TRANSPONDER
RIPLY RATIC
INCREASING -2 2 3 -3
CONFIDENCE
LEVEL
INCREASI:G +3 -1 3] 1)
RITS
INCREASING .2 *] ] [
MODE REPLY
RATIO

Sensitivity Ratinge:

Plue
Minus

(+) Poajtive correlation
(-) Nagative correlaticn

Sensitivity Levels:

0 Unaffected or ei{ldly affected
1 Hoderately affected
2 Strongly affected

3 Very atrcngly affected
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APPENDIX F

; DESCRIPTION OF EXPERIMENT

This appendix contains Sections Il and III as well as part of Section
1V from the Final Report:
"“"ATCRBS Measurement Program - Final Report (Measurements in the N.Y.C.

Metropolitan Area)," by G. L. Glatfelter, W. P, Goldberg, R. Rubin,
and 1. R. Smith'', MITRE MTR-2334, Vol. 1 & 2, 24 March 1972.

Other results from the expzrimental program are contained in:
"ATCRBS Measuremen. Program - Interim Report (Measurements in the

Bedford Area),” by 1. R. Smith, MITRE WP-4216, 18 February 1972 and,

"Trandponder Decoder Performance in an Interference Environment',

by G. L. Glatfelter and I. R. Smith, MITRE WP-4332, 19 June 1972,
The last flight - PR = 98%

The experimental effort was directed in Department D-81 by R. C. Renick.
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Geographic l.ocale

To obtain data in a high air traffic density terminal area, the
experimental measuremente were carried out in the vicinity of John

F. Kennedy Airport, New York City. Floyd Bennett Naval Air Statjion

was chosen as the interrogator site because of its proximity to
three major airports, John F. Kennedy, LaGuardia and Newark, and

because of its faverable terrain, availability of primary power and

facilities for securing the site. A map of Floyd Bennett Naval Alr

Station showing the {nterrogator lucation is given in Figure 2-1 and
the relationship betwecn the test site and the surrvourdin;, airports

is shown in the mar in Figure 2-2.

Interrogator Configuration

A block diagramatic representation of the interrogator/receiver

is shown in Figure 2-3, The major equipment consists of two AN/UPX-6,

transceivers, an antenna rotator AB/221-TPS-1D with dual rotary joint,

directional antenna AT-309 and omnidirectional antenna AS-177. One

AN/UPX-6 is used to transmit the sidelobe suppression puise, P2, via

the AS-177 antenna and the second one is used to transmit the Pl and P3

pulses and to receive transponder replies via the directional antenna

AT-309,

The UPX-6 transceivers are driven by a modified coder-decoder, KY-274

and KY-275, supplemented by a PRF and trigger generator. The combina-

tion of KY-274, KY-275 and PRF generator is capable of generating
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Modes 3/A, C and D either separately, or interlaced in pairs on a one

to one basis. Interrogations can be performed continuously or, under

the control of the data procesaing equipment, in a burst transmission ”2
mode as the antenna beam passes the azimuth of the target. The video

output of the decoder is processed by the data processing equipment

and also displayed on two UPA-35 PPI displays. The unprocessed video

i
|
3
¢
]
g

output of the UPX=6 recei{ver is available for display as are various 03

other signals and functions. 1n order to provide a clear display

L

for photogruphic purposes, the output of the decoder is defruited
by a Defruiter AN/GPX-27. Both the defruited and undefruited outputs

é are available for display. One UPA-35 is provided with a Centrol

Indicator C-2055 which generates an area gate. The area, or tracking i3
gate 1s displayed on the PPI displays and is used to generate varfous
: other gates and timing signals as described below.
: To assist the operator in tracking the aircraft, the unpreccessed

video output of the UPX-6 receiver, that i{s received during the

tracking gate, is integrated and presented on a slow uﬁeep storage

APTY Bmin Ay

tube display. The storage tube also displ.y: the gates generated by

the data processing equipment showing the opzrator the relative

position of the aircraft and the tracking gate.

b

: Voice communications with the test aircraft is obtained by means

of a VHF equipment manufactured by Comco and consisting of a 779

receiver, a 778 transmitter and a 780 power amplifier. The power

o g .

output is 50 watts. The communication channel 1s used for becth voice

b
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communication and the trunsmiseion of synchronizing signals to the air-
brrne portion of the measuring equipment. The synchronizing signals
are a 400 He and a 2000 Hz tone which modulates the transmitter at
appropriate times under the control of the data processing equipment.
The complete interrogator station is mounted in a 31 foot trailer

as shown in exterior view and several interior views in Figures 2-4,

2-5 and 2-6.

Operational Considerations

Referring to Figure 2-3, it is instructive to trace some of the
more importunt signal flows that occur during tracking operation. To
avoid interfering with the normal operation of the ATC system, the
FAA specified a repetition rate of 258 interrogations per second to
be maintained throughout the tests. This repetition rate is generated
by an adjustable PRF generator that forms part of the modified coder-
decoder and 1is used as the basic timing signal throughout the system.
The coder section of the KY-274 accepts the trigger pulses from the
PRF generator and produces drive pulses for the Pl/P3 transmitter and
the P2 transmitter in accordance with the mode selected by the Mode
Selection Switch. Three modes are provided; Mode 3/A, Mode C, and
Mode D with spacings between P1 and P3 of 8, 21, and 25 us respectively.
The P2 pulse is always two us after Pl' By means of a selector
switch, the coder can be made to interrogate continuously or in a short
burst, once per revolution of the antenna.

The azimuth at which the interrogation burst occurs 1s determined

by the position of the azimuth cursor on the PPI display. The position
F-7
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of the cursor is controlled by means of a joystick which also controls

e UW““‘\“‘W‘F”“" W“WH“MN

the range of a range gate. The joystick azimuth and range information

are inserted into the Control Indicator which combines then to produce

L [EE =

an area gate. The area gate consists of a sequence of approximately
30 range gates each about 40 us long, spaced at the reciprocal of
o the PRF. The length of the range gates and the number of range gates
£ are both adjustable by means of range and azimuth gate width controls
in che Control Indicator. Since the area gate tends to have a some-
what slow rise and fall time on its leading and tracking edges, 1t is
processed further by the data processing equipment before use as a
final tracking gate. The data processor also reproduces a set of
pre-triggers which are returned to the KY-274 coder to produce the
. burst interrogations. For these teats, the burst interrogations and
- interrogations used for acquisition purposes were always on Mode D.
Replies frem the target aircraft are received by the PI/P3

receiver and decoded by the KY-275. Reply Code 4000 that 1s not

normally used in the N.Y. ares was employed to segregate the target

W A S e

alrcraft Mode D responses from all others. The decoded replies are

Y S

displayed on the PPI and also passed to the data processing equjipment

for further processing, as described below. The signals displayed

R T

on the PPI are the primary means by which the tracking operator keeps

the area gate centered on the target. To further asaist in maintain-

R

ing a good track, the operator is also provided with second display

T

which, in effect, expands the azimuth scale. The raw video from the

F-11




P1/P3 receiver is gated by the area gate, integrated and presented

on a slow sweep storage tube along with the tracking gates generated
by the data processing equipment. The resulting display shows the
operator the relationship between the target and the gate and permits
him to make appropriate, small, azimuth corrections.

The decoder output consists of two types of signals: each pair
of bracket pulses spaced at 21.3 uys produces a narrow pulse output;
the correct code produces a wide pulse output. The data processor
recognizes narrow pulses as fruit and wide pulses as legitimate
replies ro Mode D interrogaticna. Since the Mode D reply code is not
usec by any other aircrafc, the ratio of Mode D replies to Mode D
interrogations gives a measure of round reliability.

At periodic intervals during the test, a traffic count i3 recorded

photographically. This is accomplished by interrogating on Mode A
over several complete scans and photographing the PPI display scope.

To make the task of counting traffic on these photographs somewhat

easier, the fruit is eliminated from the PPI by passing the decoder

output through a defruiter before display. - =
In the data processor, the Mode D re) ies are gated by the pro-

cessed area gate. The data processor, in effect, splits the azimuth

portion of the area gate into an early gate, a dwell gate and a late

gate. It accomplishes this digictally by counting PRF ctriggers. The

number of triggers contained in the early-late gates and the dwell

gate are adjustable by means of thumb-wheel switches. The purpose

F-12
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cf this arrangement {s to provide guard gates around the dwell gate

to {nsure that the data in the dwell gate is valid 1i.e. that

the interrogations and replies occured on the peak of the antenna

B o o e A b, L S

beam and not on the steep sides of the beam where the data could be
invalidated by low signal strength either in the interrogation or
the response. As an illustration, assume the antenna rotation rate 1is

10 r/min. Since the nominal beam—width is 2.5° and the repetition

rate {s 258,

—— 60 —
10 x 360

X 258 x 2.5 ~ 10 {nterrogations per beam-widcth.

BRSSO A VARG . L A I S s SRR e

1t

e B RN QR B & il

are produced. The azimuch gate is then set wide enough to provide

30 interrogations and the early-late gates and dwell gate are sec

for 10 i{nterrogations each. A tracking criterion is then set in the
data processor, by means of a thumb-wheel switch, whereby the early-
late gates must have some specified number of replies, e.g. two

out of thc ten interrogations (m cut of n), before the data in the
dwell gate is accepted. If two replies are not present in the early-
late gate, the dwell gate data {s tagged as invalid. This system
insures that poor tracking will not be mistaken for poor round

reliability. If the tracking operator does not keep the tracking

gate centered on the target, there may be missing replies in the
é dwell gate due to low signal strength, howéver in that case, the
early or late gate will not pass the tracking criterion, two hits

out of ten, anc the data will be tagged as invalid.

F-13
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In Figure 2-8, the timing relationships between the various
waveforms are shown for the case where the cursor {8 centered on the
target. In Figure 2-8(b) the azimuth part of the area gate, or sector
gate is shown. For an antenna speed of 10 r/min, this waveform is
about 120 milliseconds long. The early, late and dwell gates
produced by the data processor are shown In (c), (d) and (e) and the
relationship to the burst interrogations is shown in (f). The reply
from the target is shcwn in (g) and the integrated video displayed
on the slow sweep storage tube is shown in (h).

{round Station Data Processor

A simplified functional block diagram of the ground station data
proccsscr 1s shown in Figure 2~7. This data processor generates the
gates which are required to qualify, count, and record the data
cullected during an interrogator scan. In addicion, the data pro-
cessor generates programmed interrogacion pretriggers which are sent
to the interrogation coder input. These triggers are used to generate
Mode D interrogations over a controlled angular scanning sector.

Sector _and Early-Late Gate Logic

The time re’ationships of the various signals generated by the
data processor are shown in Figure 2-8 for the case where the manual
tracking cursor 1s centered on an aircraft transponder reply signal.
The corresponding angular relationships are depicted in Figure 2-9

showing the plan position indicator (PPI) tracking presentation.
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Figure 2-8 OROUND STATION TIMING DIAGRAM
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In Figure 2-8 the beginning and end of the sector gate is

synchronized with the system PRF pretriggers to produce a synchronized
sector gate. This gate 18 centered about the tracking cursar. Sub-
sequent pretrigger pulses are used in counters to divide the sector
gate intec a precision early gate, dwell gate, and late gate. The
widths of these gates can be set to an integral number of PRF pericds
by using front panel thumbwheel switches. The begiuning and end of
all gates coincide with the system pretrigger and therefore will not
split synchronous responses from the aircraft transponder. Adjustment
of the relative widths of the early, late, and dwell gates determines
the total number of programmed interrogations during the sgector,
Figure 2-8(f), as well as the number of interrogations which occur
in each gate. The gate widths are normally adjusted for a given
antenna scan rate so that the dwell gate spans the 2 dB points of
the beam while the early-late gates are adjusted so as to provide
tracking and data qualification information to the data processor
and tracking operator.

Figure 2-8(g) shows the area gated reply video (range and angle
gated) from a target centered on the tracking cursor. This video
1s box-carred as shown in Figure 2-8(h) and displayed along with the
angle tracking gate, Figure 2-8(i), on a storage scope. This display,

along with the PPI scope 1s used for tracking operator information,

F-18
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Ground Station Data

E g The ground station functiocnal block diagram, Figure 2-7, indi- %
% é cates the type of data which is collected during one interrogator %
E é antenna scan. All data is converted to digital data and is sent via %
[ &
E % a digital multiplexer to an incremental magnetic tape unit. The data %
i % are written in a fixed format on a seven track 1BM compatible tape %
3 § at 200 bits per inch. This tape is compatible with most computer :
% systems.
b % Data recording is initiated by the end of the sector gate. All

of the data is recorded for every scan. Various flags are used to

TR L TR TR

mark data and/or qualify it for subsequent data reduction programs.

The data are described briefly relow:

Ll e e

Manual Inpuis -~ This data is written as a header on the tape

and consists of the date, time, and various system operating parameters.,

Analog Inputs - Coarse range and azimuth analogs are derived

ARIESYT T 4B R S eI S RIS AR

from the UPA-35 PPI scope tracking circuits. Peak signal is the

maximum level of the box-carred video that occurred in the sector gate.

ot A e AT VAL .

Data Flags - The Bad Data and Data Log flags can be wmanually set

by ~n operator. They are used to mark data for subsequent action by

i Lol %,

data reduction programs.

o L

The Off Target flag 18 automatically set by the early-late gate

logic when the dwell gate is not centered on the target 8o as to meet
a fixed tracking criteria. This criteria consists of m replies out

of n interrogations in both the early and late gates.

s L ol 1, ) Lo

adl W

F-19

b
A

g




TR TTTTE RO % YOI TS TR . wanms p— - - Tlk reoll S =0  Ya e e — o

Interrogations Per Dwell - The number of interrogation during

the dwell gate.

Scan Counter - Counts the number of antenna scans and is used

for data indexing.

Elapsed Time - Recorded as hours, minutes, and seconds to the

nearest second. The clock used In the tests is stable to better than

gy

one second per day. It is started and synchronized with a similar
clock in the aircraft at the beginning of a flight.

Fruit Per Scan - The fruit per scan is derived from the bracket

output of the decoder. The brackets are deghosted and degarbled as

shown in the examples of Figure 2-10. 1In Figure 2-11 the resetable

el e it b R ALk AL ﬂ‘m

one shot multivibrator does not begir ite output until the trailing

edge of the input pulse sud 1: verimed with each new input pulse.

i The 1 s one shot mult{vibrator {s alzo used as a ghost window,
t The output from this logic is counted as fruit.

Fruit Per Dwell - The degarbled and deghosted fruit 1is gated by

the dwell gate to produce fruit per dwell.

Mode D Reply Word - The Mode D replies are processed by a 36 bit 3

shift register. The register is stifted once per interrogation. A ;

dwell gated Mode D reply during the PRF period sets a ONE while no

i reply sets a ZERO. Thus the pattern of replies is recorded during
the dwell gate on a per scan basis. This data is qualified by the

applicable flags described above.
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Afrborne Equipment Configuration

The test aircraft employed is a twin engine Cessna 310, N6839T.
It carries a full complement of navigation and communication gear and
is normally equipped with a standard ATIC transponder. For these
tests, the aircraft's tra sponder was replaced with a modified unit

to respond tc Modes 3/A, C, and D. The ATCRBS antenna already on

the aircraft was used.

The aircraft transponder selected for this program is a NARCO
Model AT6-A trape~nnder with an extra coder-decoder panel unit. The
transponder | as passed Technical Standard Orders (TSO) tests by
designated toest ng agencies and was selected for the experiment
because .1 tts ease of modification and ready access to certain
signal circuits required for the purposes at hand.

4 simplified functional diagram of the modified transponder
car igaration is shown in Figure 2-12. It is seen to consist of a
stana. rd remnat: unit (RF and video circuitry) a standard panel unit,

and a .vodlfied panel unlit.

o

Tre _emore ur..t was not modified except to pick off the AGC and

"
|

reply .1te ana.og sl'gnals.

The standard panel unft decodes and recponds to normal Mode A

‘mmwmf

or Azue € intervogartirns with Mode 1 identity code set in on its

panel switches. This unit wds modiffed by adding the gates shown in

F-23
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rigure 2~12 to pick off data and to inhibit its own operation when
toe other panel unit was replying to a Mode D interrogation. Other-
wise its operation is normal.

The second panel unit was modified to decode and respond to 2
Mode D interrogation. This was accomplished by disabling the Mode A
decoding circuitry and changing the Mode C (21 us) decoding circuitry
to decode Mode D (25 us). The Mode D response was then changed so
that it replies with the disabled Mode A identity switch setting.
Other changes include adding the logic gates shown in Figure 2-12 to
pick off datz and to inhibit {ts own operation when the standard
panel unit respounds to Mode A or Mode C.

With the exception of the cross-inhibits both units function in
their normal manner, the standard unit replying tc Mode A or Mode C
interrogations normally while the modified unit replies ou'- to Hede
D interrogations with its own identity code. The adde. . .:. .. . ‘es
only to pick off the required signals which are sent to .- =;: ;rne
data processor and in no way interferes with normal panel unit logic
operation.

The mydified transponder and the data processing and recording
equipment are mounted in a single carrying case to permit rapid and
easy ingtallation. A photograph of the aircraft is shown in Figure
2-13. The airborne equipment is shown in Figure 2-14 and installed

in the aircraft in Figure 2~15.
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Alrborne Data Processor

A simplified block diagrem of the airborne data processor is
shown in Figure 2-16. The purpose of this unit 1s to collect, qualify
and record data which are derived from the airborne transponder.
Comparison of Fiiﬁrv 2-7 with Figure 2-16 shows that the ground and
\ airborne data processors gre similar in their operation. The purpose

here is to synchronize the airborne data with that taken on the

ground so that interrogation~reply compariscns can be made.

| Airborne Sector and Early-Late Gates

The airborne riming diagram is shown in Figure 2-17. 1t is
required that the alrborne dwell gate, Figure 2-17 (e), be eaactly
aligned with the ground station dwell gate shown in Figure 2-17(a).

Ir this mfanner both data processors collect and qualify dats on a

pulse by pulse basis from the same sectior of the scanning antenna

pattern,

Sector gate and early-late gate circuit operation in the airborne

unit 1s identical with that on the ground except that the airborne

e e g A I e el -

. Iﬁ' w,mm‘,w e

gates are derived from a pulsed 1 ms clock. This clock i3
pulsed on by a secto: gate which is derived from a two-tone signal
sent to the aircrafc via s dedicated channel on the VHF communication

link. The asirborne dwell gate width is s»t to equal the givuud dwell

gate width. However, the airborne esrly-late gate width is slightly
shortened as ghown in Figure 2~17(c) so as to ac. unt for various

circuit delays through the synchronizing channel. Experience has

F-29
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shown that ground to air dwell gate alignment can be maintained

(within + 0.25 ms) cver the useful dynamic range of the synchroniza-
tion link.

Similar to the ground station, track qualification is accomplished
by counting the number of Mode D reply pulses which occur in the
tracking gates: Qualification requires m out of n replies in the
carly gate and‘alsﬁhtheilate gate. Therefore, the airborne data may

be disqualified . by the ground tracking operator being off target,
low signal level or it will be disqualified due to false airborne

sector gates being generated by interference on the communications
channel .

Airbcrne Data

Airborne data are derived from the outputs of the special air-
borne transponder. As noted, the transponder is a NARCO Model AT6-A
suitably!modified to respond to normal interrogations as well as
Mode D iﬁterrogations. All data is converted to digital form and
recorded on a high environmental incremental magnetic tape unit via
a digiial data multiglexer. The data is recorded in a fixed format
on & seven track IBM compatible tape at 200 bits per inch.

A111data 1s recorded for every scan and 1is described below.

Mandal Inputs ~ Used as a header on the tape for data, timé and

various operating system parameters.

AGC and Reply Rate - These are analog voltages corresponding to

the transpbnder reply rate. The AGC is derived from the reply rate

F=32
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voltage {n the NARCO AT6-A transponder and is not necessarily a
function of signal strength.

Data Flags - Bad Data and Data Log flags can be manually set
by an operator. The airborne off-target flag is used to qualify data
against ground tracking or synchronization link interference. All
of the data flags are used to edit ..ta by subsequent data reduction
programs,

Dwell Gate Width - Records dwell gate width in milliseconds-

used as a check against the ground station dwell gate and communica-

rion link interference.

Mode D Reply Counter - Counts the Mode D replies cduring the

airborne dwell gate,.

A/C Replies Per Dwell - Counts the Mode A or Mode C replies

during the airborne dwell gate.

A/C Replies Per Scan ~ Counts the Mcde A or Mode C replies

between airborne sector gates (corresponds to one scan less the sector
width).

A/C/D 5LS Per Dwell - Counts Mode A or Mode C or Mode D sidelobe

suppressions during the aivborne dwell gate.

A/C/D SLS Per Scan - The above for one scan.

Scan Counter — Counts the number of sector gates (scans) uged

for bookkeeping and communication interference checks.

F-33
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I Elapsed Time - Time into the {light is derived from a crystal

controlled digital clock accurcte to better than one second per day.
The airbofhelclock and ground station clocks arz startad and synchro-
nized at the béﬁinnlng\of a flighkt. Time is recorded in hours,
minytes, and seconds to the -nearest second.

Reply Word Shift Register - Records the Mode D reply word.

Tuo-Tcne‘Ground to Air Synchronization Signals

The purpusc of the ground to air tone signal is to synchronize
data taken by the airborne data processor with that taken by the
ground data processor. The dara from the two sources are compared
or a interrogation to response basis in subsequent data reduction
programs.

The ground to airborne timing relationships for the case where
the ground tracking cursor is centered on an aircraft response are
shown in Figure 2-18. The VHF transmitcter is turned on about 0.2
seconds before the grouni sector gate and {s turned off about 0.2
seconds after the sector cate. Two tones are used to modulate the
VHF carrier as shown {a Figure 2-18(b), a 400 Hz tone which {8 used
as an interference prozection gate for the synchronizing signal and
a 2000 Hz tone which 18 tne synchronizing cignal.

The two tones are separated in the airborne unit by f{ilter
circults whose outputs are shown in Figure 2-18(c) and (d). The
400 Lz filter cirvcuit has a 28 Hz bandwidth followed by a 0.1 second

post detection integrator. The equivalent narrow bandwidth of this
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filter is gsed to protect against interference and 1mpulsevnoise on
the VHF communication link. The 2000 Hz signal has an equivalent
brndwidth of 1000 Hz with a 400 Hz notch. Its output is used to
derive the airborne sector gate. This signal is gated by the 400 Hz
protection gate. The various signal levels and the filter thresholds
are adjustéésép that if the 400 Hz output gate is present, the
;i:borne séctor‘é;te‘will not vary more than + 0.25 ms due to signal
to noise ratio over the uééful dynamic range of the VHF link. Con-
riruous audio ﬁonitoring and gain control adjustment by an airborne
aperator throughout these experiments provided reliable operation
of’this cvitical synchronizing link.

The airborne sector gate is used to pulse a 1 ms clock iﬁ the
airborne data processor. Early-late tracking gates and the dweil
gate derived from this clock are used to track, collect, and qualify
data in the airborne processor,

Equipment Parameters

Table 2-1 1lists the nominal parameters of the airborne and
ground radar equipment. Figure 2-19 shows the sidelobe suppression
characteristic of the transponder as a function of input level and

Figure 2-20 gives the effective bandwidth of the transponder.
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Table 2-1

TRANSPONDER
Minimum Triggering Level
Power Output
SLS Dead Time
Mcde 3/A, C & D Inhibit Time
Transmirter Frequ&dcy
Response Delay - Leading Edge of P3

to Leading Edge of Fl

INTERROGATOR

F1/P3 Transmitter Frequency

P2 Transmitter Frequency

Pl/P3 Power

/

PI P3 Pulse Width

P2 Power

P2 Pulse Width
Repetition Rate (Specified by FAA)

!

VSWR P1/P3 Line

VSWR P2 Line
PI/PJ Receiver Sensitivity
P, Receiver Sensitivity

PI/P3 Receiver Plus Decoder Sensitivity

F-39
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-72 dbm
240 watts peak

15 us

58 us, 70 us, 94 us

~ 1091 MHe

3 us

1030 MKz

1030 Mhz

1200 wvatts peak
0.9 us

1600 watts peak
0.9 us

258 N2z

1.15

1.10

=91 ddm

-90 di;

-84 dBm
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SECTION Il

FLIGHT PLANS

Lxperimental Requirements

The selectioﬁ of appropriate flight patterns for ATCRBS perfor-
manse data ac;uisig;on i1s poverned by a number of considerations.
RO \on:trnlutgxip the New York metropolltaa area, including the
dewiv implemented %;?minlGConlrol Area (TCA) concept, motivated the
svicetim of VFR flights to provide a sufficient degree of flexibility
o tifht planeing. Implicit in the selection of VFR flights 1s the
T oiairement of aveidding the penetration of the TCA volume during the
filtebe towts. Ta simplify target tracking and to ob;ain a relatively
staticuary signal amplitude, constant speed, experimeutal interrogator
centered, circular flight patterns were selected as being wmost appro-
rriate. To avoid severe loes of signal caused by auntemna pattern
vertical 1gbe nulls (destructive interference of direct and multi-path
retlevted signals), flight radius and altitude combin;tionl were chosen
corresponding to the vertical lobe peaks.‘ To complement the circular
flipht centours, radisl flight paths were added to the flight plans.
The directions of the radial segments were selected to 'be parallel
to the existing approach and Jdeparture corridors of the nearby JFK
airport to maximize the mainlobe fruit collected. Horizon coverage
and transpeonder antenna aspect angle conaiderationa were taken into
daeceunt in the selection ¢f the range, altitude and speed of the

test flights. Two major flight pattern geometries were chosen.
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One geometry consisted of flighte beyond the maximum redius of the
TCA at a range of 36 n.mi. and at an altitude of 7500 feet. The
second geometry réqulred flying above the top ~f the TCA at an
altitude of 9000 feet at a range of 18 n.mi. In the latter flight
regime several iétive interrogator sites SLS coverage regions are

penetrated dﬁfihg\the flight. These are regions within which detect-

<.

able sidelobe 1nterroglilona_are likely.

Aircraft Considerations

From a data acquisition viewpoint it is desirable to collect as
manv measurement samples as possible during an interval in which the
ATCRBS environment is essentially stationary. It can be shown that
signif{cant changes in the angular distribution of air traffic occur
in intervals of from 5 to 10 minutes. A vehicle which could follow
the centroid of a localized cluster of air traffic would be ideal
from the standpoint of parameterized dats collectién i1.e. data
collection over intervals where one or more system parameters are
held steady to observe the effects of ?he remaining paraaseters.
Alcthough it is not possible, in an unantrolled experiment, to pre~
dict the details of general air traffic movement it was felt that
an experiment aircraft which could keep pace with the traffic would
be sdequate. A four seat Cessna 310, capable of cruising at 130 knots
with dual controls and space for the logging equipment and a tech-
nician, was selected for this experiment. The operating ceiling, for

the Cessna, which 1s unpressurized is approximately 12 to 14 kilofeet
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above sea level. Flight altitudes were chosen on the basis of
vertical lobing considerations rather than the maxisum attainable
altitude, Duc to fuel capacity, maximum tracking range and flight
origin constraints 1t was felt that a maximum of 2 to 2 1/2 hours

of trecorded flight data could be obtajined during each flight.

Detatled Flight Patterns : : -
Figures 331,%3-2 and 3-3 depict the time-position history or
lrnJCClOry'hf the e;perimcntal aircraft during the three flights in
the New York me:ropolit;n are;} The wumbers along the trajectories
vut s espond to the time (hours, ainutes and seconds) into the flight
test. The first flight occurred on Wednesday February 9, 1972. Its
traicetory, tlight pattern A, coneisted of & 18 n.mi. semi-circular
arc with radial extensions parallel to JFK airport - runway 22 as shown
in bigure 3-1, at an altitude of 7500 feet that was flown first
in the counterclockwise direction then retraced in the clockwise
direction. On Friday February 11, 1972 the second flight occurred.
Its trajectory, flight pattern B, consisted of a 36 n.mi. 200 degree
circular arec, with radial extensions, at an aititude of 8500 feet,
as shown in Figure 3~2. The third flight occurred on Wednesday
February 16, 1972, Itl trajectory flight pacttern C, as showm in
Figure 3-3, consisted of a combination of the previius two flight
patterns. Two semi-circular arcs were flown in the third flight,

one At a 18 n.mi. radius the other at a radius of 36 n.mi. In
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addition two circuits around two known active interrogator sites,
Newark airport and Floyd Berinett field, were included in the flight
plan to {nvestigate tha characterietics of SLS interrogaticns tcken

at close range.
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SECTION IV

w1

DATA COLLECTION, REDUCTION AND ANALYSIS

Lok B

Datu ncquiuitton events vere scan otrdered in s periodie feehion.
For 24 convecutive scans, burst~1ihe sequences of Mode D {nterrogattons

vere transmitted at a PRF of 258 1ps during the intarval vhen the

L . P

1n:errogazof*bg§m and the afrcraft target croseed. Every 25t" scan

vas devoted tc the collectfon of fruit Jata in 17 twenty degree sugular

sectors. In the e{ghteenth 3cctur. which contaies the target sector,

At ol o

frofe collection is omitted since fruit per dwell messurements are

nade n that sector. In tha sequence of 24 consecutive scane the ;

e sl

Mude D faterrogation bursts are subdivided into three sets of 10

wterrogations each. The three time intervals cootaining these sets
of interrogations are rcferred to aa the early, dvell and lace gates,
respectively. Replies to the Mode D interrogetions occurring in the
early and late Rates are subjected to m out of n threshold tests both

at the van and in the aircraft to establish the validity of dwell

P e R A

gate centering within the mainlobe-target crossover interval. Scans

o

fn which catly and late gate threshold tescs are fatied in either the
van record, the air racord or both sre deleted from the processed

tecords.  The recorded data which relates to events occurring during

the dwill gates include:

1 I w0 NG .k B0 S0 e . Rl e

A
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Van_Tape

Mode D interrogations per dwell

Fruit per dwell.

Van track status flag
Target range

Tatget azimuth

reak literrogator receiver video

Tuterrogator roply word sequence

tadividual: replics)
Aircvott Tape o .
AviT Voltage

Teausponder mode U replics
Mode IA/C replies per dwell

Stdelobe .suppressions per dwell

Atrborne track siatus {lag
Muel ! pare width

Traueponder reply word seyuence (asynchrcnous)

(presence or absence of

in the intertal belween successive dwells the following scan

related dat. are recorded:
Van Tape

Fruf: per scan
S.an number

Llapsed time in hours, minures and seconds

At Tape

Mede JA/C replies per scan

Sidelobe suppressions per scan

Scen number

Flapeed time in hours, winutes and seconds

In the 25th scan following the sequence of 24 consecutive Mode D

interrcyuiion scans the van tape recorder records,

Fruit pcr angular sectlur
- Sector azimuth
Data Status flag

Flapsed time in hours, minutes and meconds
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The rav van and air tape recordings which are written in s
mixed binarv and BCD format with an irregular packing density are
unpacked from tne tapes with a compatible sssembly language routine.
A PDP-8 minicomputer listing ef the raw data tape recordings is made

inftially for quick~look anelysis and estadlishing the segments to.be

koM i 4 ot oot 4 A siie b D B - L

subjectedlfq:furthet processing on the IBM 370/155 central processor.

The sequence of major. I M-370/15% processing steps includes; sssembly

é
languagé unpacking of dual fapes. sorting of sector data for snguler 3
fruit distriburion analysts, filtering out poor and ° ‘ronecus dwell i
data based or track criterion threshclds, data quality flags, time 2
coreespondence and spurinus air tane frames. Spurious air tape frames %
22 a-235icuallv generatec by compunicatiosas channel interference N
which cause the false triggering - e dats logging units. A sample -é
of filtered data is shown in Table entitled Van Data Elements and 3

in Table 4-2 entitled Airborne Data Elements. After the data filtering
cperation a series of statistical analysis operations are performed
which produce sample cumulative probatility distributions, sample
statistical moments (mesns, standard deviations, etc.), correlation

coefficlents and linear least mean square regression analysis for each

ot the following eleven measured or derived ATCRBS varisbles:

Transponder reply ratio (up-link performance parsmeter)

Round reliability (two way overall performance parameter)
Interrogator population count

Mode JA/C replies per scan
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Sidelobe suppressions per scan

Fruit per dwell

Mode 3A/C replies per dwell

Sidelobe suppressions per dwell

Effecrive interrogation rate

“narbie tdo@n—link interfercnce)

Frui: per scan

‘he interrogator popularion data, are generated from a geometric
At vsis subroutine which identifies and sums the number of interro-
Aot .o within the horizon coverage of the aircraft at all positions

iuterest.  The effective {nterrogation rate {s another derived

AU HHS variabie whileh is extracted from a sampled transponder AGC
svstem voltage lével {called the reply rate voltage) which has been
calibrated previously against uniform interrogation rate tes:t signals
Jurine initial transponder laboratory bench geéts. .The garblé
variable is inferred, rather than directly measured, as the difference
between transponder Mode D replies and interrogator Mode D decoded
replies per dwell. A comparison of interrogator, transponder and
garble (derived) reply word sequencas for a segment of the 2-9-72
flight is made in Table 4-3.

Further statistical analysis. of 1 ‘sured data is performed in
the form of hypothesis testing procedures which determine whether
a given ATCRBS variable may be characterized by a known stochastic

process. Three hypothesis distributions are used in these tests:
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TABLE 4-3

COMPARISON OF AIRBORNE, VAN AND GARBLE REPLY WORD SEQUENCES

FLIGHT:

VAN REPLY WORD

1110110110
1it1l11111
1111110101
GOlillilil
S111i11111
1110001011
111111l
4116111011
SIS RN R
Ciiiilinl
Vitlieilont
2111110110
Lripiinnl
PITLLLLOLL
11112110l
Q111141111
1111100111

010111191

21:1101101
1041111001
liiltillll
1111111110
1ilolll0ll
D11Lil1l11ll
0101010110
1111111111
1111112101
1111111110
1301111110
0101011111
1110111111

L1L111111L

1111111111
£111100110
GOlLl110111
1111111111
1111111110
0111111111
1110011010
1010101011

2-9-72

%
A/C REPLY WORD

TIME SPAN 0:16:08

111110111
111111111
111111101
011111111
1131111111
010101011
111111111
111111111
011110111
110111111
111111111
111111111
111111101
111111011
111111111
111111111
111100111
111111101
111101101
011111101
111111111
111111112
111111011
111111111
101010111
111111111
111111101
111111111
011111110
101011111
110111111
111111111
111111111
111100110
011110111
111111111
111111111
111111111
110011010
010101011

GARBLE "

001000001
00000C000
000001000
000000000
000000000
000100000
001000000
101000100
006000000
000000010
0001+:0120
000001001
000060000
000000000
00n000010
000000000
000000000
100000000
000600000
000000100
000000000
000000001
001000000
000000C00
000000001
000000000
000000000
000000001
010000000

- 000000000

000000000
000000000
000000000
000000000
000000000
000000000
000000001
000000000
000000000
000000000

*A/C and Garble words show last nine bits of a possible 10 bit

sequence due to an offset.
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the normal distribution, the Poisson distribution and the binomial
distribucion. Hypothesis testing results reported on in this paper
can be a significant aid in ATCRBS simulation and modelling studies.

ATCRBS Physical Environment

At 10 minute intervals during the recorded protions of each of
the three test flights the sequence of unique Mode D interrogation
pursts was 1ntefrup;ed and Mode 3A Qnd C interrogations were generated
continuously fér several scans. During these intervals two photo~-
graphs of the PPI scope displ;y, showing the defruited replies to
vz Mode 3A/C interrogations, were tagen. Periodic photographs were
taken both at the Floyd Bennett Field test interrogator site and at
the display console in the(JFK Internationsal Airport tower. The JFK
airport tower display is cerived from the defruited output of the
JFK interrogator. Two range scaies were used on the van PPI scope
photographs, one covering a range of 50 n.mi. with five 10 n.mi. rings,
the other covering 160 n.mi. with eight 20 n.mi. rings. The JFK dis-
play covered 50 n.mi. with no scale markings. A comparison of the
Mode JA/C beacon-equipped air traffic, targets, as seen by each 0-50
n.mi. interrogator display 1s shown in Figure 4-1 for the flight of
Wednesday, February 9, 1972. The origin of the time scale corresponds
to 1345 EST.

The radial distributions of air traffic in the 160 n.mi. radius,

which were monitored on the van interrogator PPI display, during four

periods, each of which was approximately two hours long, on Wednesday
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February 9, 1972, Friday February 11, 1972, Wednesday February 16,
1972 and Iuesday_February 22, 1972 are shown in Figures 4-2, 4-3,

4-4 and 4-5. There exists a marked similarity among these graphs

in that the median range is about 50 n.mi. on each plot. Equally
significant {s the observation that 30 to 40 percent of the air
traffic is contained within a 30 n.mi. radius of Floyd Benne:zt Field,
tirgh is fhé'region from which fruit replies, occurring in the
antenna sidelobés, originate. Although most of the air traffic lies
cutside of this region it is more likely that the observed peaks in
riie angularly sampled asynchronous fruit replies, collected by the
interrogator receiver (see Figures 111 threugh 121 in Appendix III);
are caused by the chance multiple flluminction by other interrogators
of the targets within ‘the sidelobe region of the experimental interro-
garor than by the simultaneous illumination by several interrogator
beams of the saﬁe target region.

With a data bank of known interrogator geographic positions it
was possible to write a computer program to determine the number of
interrogators which are within the horizon coverage of the instan-
taneous experimental aircrafc ﬁosition. Aircraft position is deter-
. mined from the recorded altitude, range and azimuth. The latter two
quantities are extracted from the tracking range and azimuth gate
positions on a scan-by-scan basis. Due to probleme with the azimuth

encoder, shaft coupling slippage, only ;he 2-16-72 flight contained

reliable azimuth estimates and hence reliable interrogator population

counts and reliable angular fruit distribution measurements. Interrogator
F-56
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pepulation counts averaged over 10 minute intervals during the 36
n.m.i. semi-circular portion of the 2-16-72 flight were between 34.1
and 44.9

The randoin spacing and interference of the ensemble of Mode 1,
2, JA/C interrogation pulse trains present at the transponder antenna
input terminals occasionally simulate Mode D interrogations which
are othetwise unique in the environment. The transponder agecoder
which is programmed to respond to any pair of pulse-like signals
with a 25 us, Mcde D, Pl to PJ pulse scparation, {s likely to
erroneously indicate the presence of a Mode D interrogation when a
pairt of spurious pulses caused by TACAN or other L-band transmissions
dlrive at the transpender with the proper spacing. The time history
of the excess Mede D replievs due to spurious Mode D Interrogations
cullected during the filtered antenna dwell pe:riods for the three

tlights in the New York area is summarized in Table 4-4,
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