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THE NAVY ELECTRONICS LABORATORY
PILLBOX ANTENNA AND ITS EFFECT
UPCHN ATC RADAR BEACON INTERROGATTON

SUMMARY

This report describes the technical evaluation of the Navy Electronies
Laboratory Fox II 15-foot folded pillbox entenna when used in the ATC Radar
Beacon System.

The radiation pattern messurements made on the pillbox antenna agreed
with the data supplied by the Navy Electronics Laboratory. The amplitude of the
s1de lobes was 38 declbels or more below the level of the main lobe. This level
is considerably less than that of the side lobes of the AMB Type 2.3NS3 18-foot
beacon antenna. Reduced side-lobe interrogation can be expected when the pillbox
antenna 1s used.

Initiasl tests wilth airborne pulse ccunters to determine the number of
interrogations per antenna scan at wvarious ranges were disappolnting, because
there was little indicated difference between the two types of entennss.
Photogrephic time exposures of an imdicator displaying transponder replies
showed similar levels of interrogation when either antenna was used; however, a
marked difference in the distribution of the side-lobe interrogetions was noted.
A clear side-lobe pattern was visible on the photographs when using the 18-foot
entenna, which was not evident on the photogrephs when using the pillbox antenna,
indicating that interrogations by the pillbox antenna were of = randem nature
and were due to reflections of ithe mein lobe. Photographs of an sirborne A-scope
display connected to the transponder video circuits showed the presence of re-
flections. Both the level and delay of the reflected interrogation signels
were recorded during orbatal flights at a six-mile radius.

Effective entenna patterns were measured wath a high-speed recorder
in the aircreft as the pillbox antenna was rcotated. Direct and reflected sig-
nal levels were recorded during each rotation of the antenna as the aircraft was
flown on a six-nautical-mile orbit around the antennsz.

Although the pillbox antenna has lower side-lobe levels, there was
no significant reduction in interrogation duty cycle, since the reflection of
main-lobe signals by objects near the ground antenna at the Technical Development
Center is sufficiently strong to offset the improvement in the antenna pattern.

INTRODUCTION

Initial tests of the ATC Radar Beacon System showed a high interrogation
duty cycle or large numbers of interrogations per antenna scan at short ranges due
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to Lbe antenna side ldbesol Thas excessive 1nterrogation by side lobes causes
interference to other ground installations callad nfruit."e Also, in areas vhsre
mapy interrogators are operated, the combined side-lobe interrogations can exceed
the duty cycle of airborne transponders. By use of beacon video defruiting equip-
ment, most of the interference can be prevented from reaching the PPI display.
Howvever, when the transponder duty cycle is exceeded, the transponder cannot reply
to every interrogation received from the ground interrogators. Under these con-
ditions; the delay-line type of defrmiting equipment, whach regquires 2 successive
replies for single-defruiting operation and 3 succegsive replies for double-
defruiting operation, may reject the signel from en aircraft. Thus, the use of
this type of defrulting equipment increases the possibility that beacon signals
may be lost due te over-interrogetion by side lobes.

In May 1956, the CAA Technical Development Center (TDC) recelved a
15-foot pallbox antenna for evaluation as part of the ATC Rader Beacon System,
through arrangements made by the Air Wavigation Development Board. This antenna,
designated Fox II, was designed by the Navy Electromics Laboratory (NEL) for
minimum side-lobe level. Theoretically, the use of such an antenna should reduce
side-lobe interrogations significantly and permit the use of greater gain in the
receiver portion of the interrogetor to increase target reliabilaty.

This report descrihes the results of interrogation tests made with the
NEL pillbox antenna to date. Addational tests to evaluate the performance of
the antemms on the reply patk are planned amd will be reported at a later date.

TESTS AND RESULTS

Antenns Pattern.

Pattern deta supplied by REL showed the maximum side-lobe level to be
38 decibels (db) below the mein lobe. The pattern submitted by NEL is shown in
Fig. 1. Because of the low side-lcbe levels of the pillbox sntenma, a clear
antenna range is necessary to obtain an accurate measurement of the radilation
pattern. The antenna was mounted on a 60-foot tower, and patterns were recorded
with the transmitting antenrps installed at several different azimuths. The
presence of another taller radar tower only 75 feet away mede 1t impossible to
cbtain any single pattern which wes free from reflecticns. By recording radiation
patterns with the test oscillator located at several sites, on different radaals
from the pillbox antenne, it was possible to separate direct antenna respconses
from those due to reflecticns. One pattern recording is shown in Fig. 2. The
measurements made et this Center confirmed the pattern measured at NEL, and steps
were taken to proceed with the evaluation program. A pattern of the 18-foot
antenna shown in Fig. 3 was recorded under the same conditions.

1pevid S. Crippen, Tirey K. Vickers, and Msrvin H. Yost, "Initlal Tests
of the ANDB L-Bend Secondary Radar System in Typical Terminal Area Traffic Operatiomns,”
CAA Technical Development Report No. 268, September 1956.

Joseph E. Herrmann, Jr., "A Study of the Air Traffic Control Radar Beacon
System Characteristics," CAA Technical Development Report Bo. 329, October 1957.
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If frec-space propagetion conditlons are assumed, the interrogation
characteristics of each antenna can be predicted. The fcllowing gein and lose
conditlons were assumed:

IR output power (measured) 62.7 dbm
Transmission line loss {measured) -3.60 db
Pillbox smtenna gain 22.50 db
Aircraft antenna gain 0.0 db
Aireraft transmission line loss -3.0 db
ATC trensponder sensltivity -74.0 dbm

The maximum calculated range of anterrogation under the conditions noted above
is 528 nsutical males.

Table I lists the calculated reserve interrogation path gein at various
ranges.

TAELE 1

RESERVE INTERROGATION GAIN

Reserve
Interrogation

Range Gain
(Neutical Miles) (dp)
52.8 20
29.7 25
16.7 30
9.4 35
6.0 39
5.3 4o
3.0 45

The effective horizontal beamyidthk can be defined =e the total number
of degrees over which the main-locbe and side-lobe amplitudes exceed a predeter-
mined level duraing ome complete antenna scan. From Teble I, the effective antenns
beamwidth et a range of 29.7 nauticel miles may be represented by the total number
of degrees over which the main- and side-lobe responses are greater than those 25
db down from the nose of the main lobe. The effective antenna beamwvidtbs of both
the lB-foot and plllbox antennas are shown in Fig. 4. These calculations are
based od actusl antenna patterns recorded at TDC. At all ranges less than 14
nauticsl miles, the pillbox antenna should result 1n superior interrogation per-
formance under free-space conditions. The better performance of the 18-foot
entenna at ranges greaster than 20 nautical miles is due to the relative widths
cf the main lobes. By design, the mzin beam of the pillbox antenna 1s wider than
that of the 18-foot antenne. For comparison purposes, the 9-foot antenna pattern
was recorded and the effective beamwidth of this antenmna is shown on Fig. 4 alsoc.
The 9-foot antenna should cause interrogation of transponderz at a higher duty
cyele than either of the cther suntennas, regerdless of range, because of 1ts
greater beamwidth.



Interrogation Pulse Counts.

The effective beamwid:in of the pillbox antenna was measured by countiag
the vumber of interrogations of an airborne transponder for selected intervals of
time. A serazes of flight tests was made at several altitudes and radials from
the interrogator site. For comparison purposes, an 18-foot antenns was alternated
with the pillbox antenne during the tests. The same interrogator was switched
between the two antennas, each radial flight was repeated, and interrogations
were recorded in the gircraft. The gain of each antenna system ves measured and
the two systems were balanced witbin 1.5 db. The unbalance of the twe antennas
was corrected in the plotting of recorded data. Additional flights were made
using the 9-foot antemnna and the results compared with the previous data.

Results of the tests of the 18-foot antenna were close to predactions.
Counts of the interrogetions made in the test aircraft generally exceeded the
expected rate, and the effective heamwadth 1s shown in Fig. 5. However, the
pillbox entepna interrogation duty cycle was almost identical to thet of the 18-
foot antenna. A large discrepancy existed between the predicted performsnce and
the results of the tests. Resulbts of these tests and of the tests mede with the
O-foot antemms alsc are shown in Fig. 5. Close agreement between the predicted
and measured performance of the 9-foot antenna was cbtained.

Photographic Time Exposures of FPFIL.

In order to determine the azimuthal dastribution of the interrogations
by each antenna, a photographic technique was devised. The interrogator antenna
under test was rotated at a constant rate and the PPI sweep was synchronized with
the rotation. The transponder replies were received on a separate fixed antenna
peinted at the ailreraft and displayed on the FPI. A 35-mm camera was used to ob-
tain time exposure pkotos as the sircraft was flown along selected radials. All
flights were duplicated so as to obtain a direct comparison between the two types
of antennas. Figures 6 and 7 show the results of & test flight mede at 5,000 feet
gbove ground using the 18-fcot and pallbex antennas, respectively. After making
system gain corrections, the results agreed with the sirborne interrogation
counts previously recorded, but a marked darfference in the photogrephs was evi-
dent.. The photographs show s clearly defined side-lobe patiern when the 18-foot
antenna was used, but the pillbox photc pattern shows a random side-lobe
distrivution, indicating interrogation by refiected signals.

Photographs During Each Artepna Scan

An examination of interrogations during each scen of the antenna
revealed that the trensponder replies in the side-lobe sreas were being delayed
by verylng amounts of time. This condition is shown in Figs. 8 and 9, which are
photographs of replies received during single antennsa scans. It 18 evident
from these date that the main-lobe reflections of the pillbox sntenna were
causing interrogations, since some of the replies were displayed at ranges be-
yond that of the alrcraft. This same condition probably is true for the 18-foot
entenna, except that the side-lobe signals arraive at the aircrafi before the
reflected signels. The transponder will reply to the first psir of properly
spaced interrogation pulses, and in all ceses the direct side-lcbe sigrals will
precede the reflected signals. Because of the higher side-lobe level of the
18-foot antenna, there were fewer interrogations by reflected signals.
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By measurement of range displacemeats, it was possible to separate
the direct interrogation replies from the reflected interrogation replies. Thir
methed was used to reduce data taken cn a test flight, and the results are shown
in Fig. 10. However, the percentage of interrogation by reflected signals shown
for the pillbox antenna did not correlate with the results predicted. It was
obvicus that meny of the reflected signals were delayed very slightly but could
not be identified as such on the film.

Photographs of Interrogation Fath Reflections.

A more preclse method of measuring the delay of reflected signals was
tried with satisfactory results. Photographs of an A-scope display were made in
the fest aireraft. The video output of a wide dynamic range receiver was applied
to the vertical input of the A-scope. Synchronization of the A-scope sweep was
accomplisked by transmitting a synchbronizing pulse from the ground on a different
frequency, preceding the interrogation pulse. A block diegram of this scheme i1s
shown in Fig. 11, Measurements of direct- and reflected-signal strengths end of
reflected signal time delays were made. A4 typical recording made in the saircraft
1s shown in Fig. 12.

The results of flight tests wmade on a six-mile orbit about the pillbox
antenna are shown in Fig. 13. Both peak levels and average levels of reflections
are plotted. A curve showing the relative duty cycle, or percentage of time when
reflections were present at differert delays, 1s included. The calculated re-
serve lnterrogation gain of the system 1s 39 db, as shown in Table I. Reflections
whose peak levels exceeded the minimum required for interrogation are present,
up to 11 microseconds after the direct signel.

The average level of all reflections received during the 6-mile orbat
would not be suffacient to cause interrogation for delays exceeding 1 micro-
second, however;, by referring to the reflection duty cycle curve of Fig. 13, it
can be seen that reflections heving delays of 1 microsecond or less occur G0
per cent of the time. Reflections having 5-microsecond delays were present 50
per cent of the time.

A reduction of interrogator power or transponder sensitivity would
nct change the relative performance of the two antennas. An over-all improve-
ment of i1nterrogation duty cycle would result from either change, but the degree
of improvement would be the same for both anterna systems. Figures 14 and 15
are time exposures showing relstive performance of the 18-foot and pillbox
antennas when the ftransponder semsitivity was reduced by 12 db.

Effective Pattern Recordangs.

When energy radiated directly from the antemns 1s combined waith
reflected energy, a resultant rediation pattern 1s formed which may be called
the effective antenna pattern. The reflections may origanate from the earth's
surface or bualdings which fall within the direct radiated field. The resulting
pattern will change with distance, azimuth;, and altitude of the mircraft with
respect to the antenna. In order to measure the effective patterns under wvarious
conditions, it 1s necessary to record the antenna patterns when the aircraft is
at varions distances, azimutks, and altitudes.
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Several sirborne patterns were recorded in the Indianapolis area as
the test aireraft was flown on a six-nautical-mile orbit around the interrogator
antenna. A 25-watt, continuous-wave {cw) transmitter was substituted for the
normal interrogator transmitter apd adjusted to a freguency of 1,030 Me. The
P1lltox apntenna was rotated at 15 rpm as the test alreraft orbited 1,000 feet
above ground. The signal received in the aircraft was recorded by a high-speed
recorder. Figure 16 1s a sample of the recordings obtained and includes three
scans of the pillbox antenna. During each scan of the antenna, the aircraft
moved a distence of epproximately 1,000 feet along the orbat. Thls was an
angular change of approximetely 1.6° per scan. Reflections are clearly shown,
and 1t 1s evident that the over-sll pattern changes spprecisbly from scan to
scan. The calibration scale indicates the relative strength of the signals.
From the patterns made previously on the pillbox antenna, 1t is kmown that the
maximum side lobes are 38 db below the level of the main lobe. Saignals ap-
Pearing between the main lohes which exceed the measured side-lgbe level are due
tc reflections.

CONCLUSIONS

The NEL Fox II pillbox antenna 15 an advancement in the stete-of-the-art
because the side lcobes of the rzdistion pattern are of very low level. The eval-
unation program was concentrated on a determinetion of the effects that such an
antenns would have oh transponder interrogation. The results of the tests clearly
indicate that very little improvement in system interrogation characteristies can
be gained by use of an antenns having very low side lobes at installations where
reflections are equal to,; or greater than, those near TDC. Reflected maln-lobe
signals cancelled the interrogation duty-cycle improvements which were expected.
It 15 felt that a significant 1mprovement could be obteined at better sites.
However, results of site surveys completed at some of the major ailrports indicate
that little, if any, improvement can be expected.

Additional tests are planned to determine the effects of the piilbox
antenna on the ATC Radar Beacon System replies.

RECOMMENDATTIONS

It is recommended that the problems arising from signals reflected
from cbjecte near the ground antenna be given due consideration in the develop-
ment and evaluation of side-lobe suppression end beam-sharpening systems. If
the systems are not designed to minimize the effects of reflected signals, the
improvements 1n system performance will be impeired and siting restrictions
will be increased.
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FIG. 7 PILLBOX ANTENNA INTERROGATION PATTERN
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