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EQUIFPMENT

General.

The Bell Aircraft autamatic landing system is comprised of a servo
loop conteining a precision tracking redaer, a flight path compuler, and data
link, &ll of which ere installed on the ground. A data-link receiver, auto-
matic approach coupler, end an automatic pileot are required in the aircraft.
In operation, the radar detecis and tracks the eircraft end furnishes position
information to the computer, The computaer compares this information with the
desired flight path, and passes correction signals in the form of lateral and
vertical commands to the data-link trensmitter, The data-lirk system trans-
mits these correction signals to the aircraft, and the aircraft receiver, in
turn, feeds them to the sutomatic pilot through the apprcach-coupler system.
The automatic pilot performs the necessary corrections in the aircraft
position, thereby campleting the servo loop. Figure 1 1llusirates the
riuciples of system operation,

Rader.

The rader operates at 36,000 Mc and employs a 4-foot parabolic
reflector which produces a beam width of 0.5°. The pulse width is 0.2 micro-
second at a rate of 2,000 pulses per second (pps). A conicel scan at 50 cy-
cles per second (eps) is employed for greater precision in tracking., The
conical scen is produced by feeding energy from the transmitter through a
circular waveguide which is contalned in the shaft of the scen motor., At the
end of the waveguide, and directed at the reflector, is an eccentric sperture
from which the reflector is 1lluminated, The decentered lobe of redistion
thus scans conically ebout the exis of the reflector. The radar traensmitter
uses & magnetron, and the local oscillator uses a klystron., Range, azimuth,
end elevation tracking circuitry are essentially conventional. Primarily
becguse of the high resoclution of the system, it is desirable to install a
small corner reflector (approximately 10 inches on a silde is sdequate) on the
aircraft. This is done to provide a predominate reflection point on the
aircraft., In the sbsence of such & point, the radar is prome {0 cscillate
between two or more points of etrong reflection; for exsmple, between the several
engines of a multiengine aircrart,

During the period of the tests there wms no significent rainfall.
It is reported by Bell engineers that the system operates seatisfactorily in
rainfall up to 10 millimeters per hour. To increese immunity to precipitation
further, a new antenna, which optionally provides linear or circuler polari-
zation, is under development. One case of a completely successful landing to
touchdown in a driving snowstorm was reported by Bell engineers.



Computer,

The computer receives aircraft position In three-dimensional polar
coordinates from the radar with renge information corrected from slant range
to horizorntal range, These dimensions are converted to rectangular form and
corrected for radar offsets from the desired touchdown polnt in all three
dimensions, An additionsl correction may be inserted to compensate for the
height of the corner reflector above the ground at touchdowm. Other fumetions
performed by the computer include limiting the maximum eccomand signals which
can be trensmitted, reducing this meximm limit at a preselected distance from’
the tovchdewn point, andi providing increased sensitivity as the eircraft pro-
ceeds along the landing path toward touchdown., Basically, the computer, an
anslog type, compares the position of the aircraft with the desired track as
determined by the above and other considerations, and sends correction signals
of the proper type to the data-link transmitter,

Data Link.

The type of data link employed is not criticel to eystem operation
and any of several types of data links may be, and have been, employed,
Obviously, 1f the system ultimetely is to be universal, either a standard data
link must be developed or there must be sufficient flexibility in ground data-
link transmitting equimment to accommodete the data-link system imstalled in
the aircraft, The data link employed in thepe tests made use of two trans-
mitters on the ground, tuned to the glide slope and localizer frequencies,
respectively. Redietlion from these transmitters was essentizlly omnidirec-
tional end each was modulaled with the proper retio of $0/150-cps control
voltages as determined by the correction signals from the computer. In this
menner any eircraft equipped with localizer and glide-slope recelvers may be
landed with the Bell landing system. If the aircraft is not equipped with
an automatic pilot, the lending may be performed manuelly by visual reference
to the crosspointer instrument. In addition, it is possable for a ground
controller to "talk down" the pilet s in GCA or PAR operation. In this case,
therc is no data-link requirement other then the voice communication channel,

TEST RESULTS

Flight Teats,

A total of 29 approaches were made on the system, 20 of them with
the Center's DC-3 aircraft N-181, 4 of them in a DC-3 aircraft owned by
Safe Flight Instrument Corporation, and 5 in a Cessna Model 310 airplene, A
nunber of approaches were started but not completed due to tre“?ic wave-offs
end cother causes not involving melperformance of the lending system. Of the
approaches completed, 16 of those pegformed in N-181 were succeasful to
touchdown, 3 of those conducted in the Safe Flight aircraft were succesaful
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to touchdown, and 3 of those conducted in the Cessna 310 were succeasful to
touchdown. The percentages of success are shown in Table I,

TABLE I

PERCENTAGE OF SUCCESSFUL APPROACHES

Approaches Percentage
Completed Touchdown No Touchdown Successful
N=-18L 20 16 L 80
Safe Flight L 3 1 15
Ceasna 310 5 3 2 60
Total 29 e2 T 75.8

There follows a chronological description of the differemt approachea
based on ithe comments of an observer In the aircraft.

RECCRD COF AUTOMATIC LANDINGS MADE ON BELL SYSTEM
AT NIAGARA FALLS AND BUFFALO, NEW YORK ATRPCRTS

The first flight was made August 19 in the Center's eircraft, N-181,
with no corner reflector, using the IIS locelizer frequency 109.3 Mc end
glide-slope frequency 332.0 Mc as the data 1link, 'The firet approach brought
the airplane 75 feet to the right of the centerline of the runway, which
1ndicated that posalbly some of the controls were not aset properly in the
Bell trailer.

The second approach was made at 105 - 108 mph and a succeasful
sutomatic landing wes made to touchdown.

The third approach was made successfully to touchdown, The airapeed
at contact was 90 mph.

During the fourth approach, the meximum deviation of the glide-
elope indicator showed the aircraft to be 2 1/2 dots above the glide slope
over a considerable portion of the approach. Alrspeed over the runway was
96 mph. The automatic pilot was disengaged because the airplane was flared
off epproximately 5 feet gbove the runwey, and then the control caused & dive
vhich might have injured the landing gear,
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On the fifth approach, the maximum deviation of the aircraft was
2 dots above the glide slope, approximately 3 miles from touchdown, corre-
spond ng to 20 feet above the glide slope at that point. The maximum de-
flection of the localizer poinier was one=half det to the right, corresponding
to 30 feet to the right of the runwey. A larding was made 37 feet to the
right of the centerline of the runway.

The sixth approach was made by deliberately intercepting the gate
6N0 feet to the right of the runway. The mircraft coneiatmatly flew 2 to 3
dote above the glide slope. By visuel observation, ithe aircraft appeared to
be epproximately 0.3° 1o the right of the centerline of the runway. Tre air-
creft landed approximat:ly 30 feet on the raght-hend side of the centerline
of the rumway, and a successful lending was accomplished.

Low amplitude but rapid cscillation of the radar antenna was noted
on the ground. The antenna centers on the strongest radar terpget return vhich
varied in random fashion hetween the 1lwo engines amd the nose of the airplane,
On the evening of Augus® 19, a corner reflector, approzimately 10 inches on a
slde, was 1nstalled in front of the airspeed indicator support. The corner
reflector eliminated all of the oscillation on later flights.

On August 20, the seventh approach was made. An oscillaticn of
1 1/2 dote was observed on the glide slope. The locelizer pointer gave a
satisfaclory indication, There waa no flare in the glide slope and the .
gircraft was landed short waith a nard landang, epproximately 1.6 g.

The eighth approach was made with & plua- or minus-1 dot oscillation
of the glide-slope poinler, The aircraft landed 15 feet to the right of the
centerline of the runway, and a very smooth automatic landing was accomplished.

On the ninth appreach, the aircraft was one-helf dob under the glide
slope at contact, An excellent landing was made with the localizer indicator
centered; however, the lending was made 20 feet to the right of the centerline
of the runway. The glide slope was smooth with no oscillation,

On the tenth spproech, the aircraft landed 17 feet to the right of
the centerline of the runway and the maximum glide-slope devietion cbserved
was 1 1/2 dots, corresponding to 15 feet above the glide slope. The localizer
indicator was centered during the entire approach. A successful landing was
made even though the airspeed over the edge of the field was 130 mph.

On the eleventh epproach, touchdown was accomplished 100 feet in
front of the trailer afier leveling off high and dropping down at the last
minute. This was a succesaful epproach.



6

On the twelfth approzch, a successful landing was made; however,
the aircraft landed 50 feet to the right of the centerline of the runway,

e thirteenth approach was wade by disengaging the automatic pilot
and meXing the approach entirely by manual control with the information fed
to the localaizer and glide-slope indicatsrs. The approach on the localizer
was good, however, the glide-slope flare caused ballconing, A succesaful
landing was made,

The fourteenth approach also was made manually. The glide-slope
1ndicetions were savistfectory, the localizer sligimment was good, and & very
smooth landing was made,

Next, flights were made in the Safe Flight eircraft, which was
eguipped with a Bendix PB-10 autometic pilot end =z Safe Flight atiaitude
automatiz throtitle control, Om the fifteenth epproach, *he aircraft was
"locked on" 400 feet to the left of the centerline of the runway at 109 mph,
This average apeed was maintained ‘o contact; however, considerasble oscil-
lation was observed. Excessive amileron control occcurred after pasesing over
the edge of the field, A satisfactory landing was made.

On the sixteenth approach, the fcllowing observetions were made in
order *o determine the effectivenssa of the automatic throttle which was con-
trollir~d by the aircraft attitude. The speed of bola engines was maintained
at 2,300 rpm., The informsbion in Table II was recorded periocdically.

TABLE IT

AUTOMATIC THROTTLE CONTROL APPROACH DATA

Posltion Alrapeed Manrfold Pressure
on Approach (knots) (inches water)

Approaching middle marker - 26
Middle marker 105 16
104 22
102 o5
105 17
100 13
95 21

Inher marker 100 16
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The aircraft let down to an altitude of 2 feet ebove the runway vhen aligned
30 feet to the right of the centerline of the runway. As a cautionary mea-
sure, & landing was not pade., 'The temperature recorded at 1,300 feeb MSL
was 21° C,

7The seventeenth approach was made eatering the gate at b 1/2 miles,
1,500 feet to rhe right of the centerline of fhe runway at 115 mph. The air-
craft mrmediately banked to 4the left and picked up e heading vwhich caused 1t
to bracket the centerline of ihe runway, On the approach, “he maximum devi-
ation of the glide-slope commund signels was 3 dots, 1ndicating the alreraft
was 30 feet above the glide slope, Excessive banking cccurred over the
runway, however, a satisfactory landing was made.

The eighteenth spmroach was made by decreasing the amplitude of
correction signals trensmitned to the alrcraft by a factor of 2 to 1. Thais
reaulted in a much smoothsr approach, with less oacillation and banking. A
very smcoth landing was mede,

The next approaches were made in the Cessna N-310W,

The nineteenth epproach was made intercepting the gate at 112 mph
with 18.2 inches man:fold pressure and 2,300 rpm. The glide was malntained
at 100 mph with 13.0 inches menifold pressure and 2,300 rpm. The aircraft
descended epproximately one dot under the glide slope, with the locelizer
indications aligned with the centerline of the runway. A good automatic
landing wes made with flare on the centerline of the runway.

The twentieth approach was made entering the gate at 110 mph with
17.5 inchea manifold pressure and 2,300 rpm. The descent down the glide
8lope was at 102 mph and with 13.5 inches manifold preasure and 2,300 rpm.
The eircraft lended successfully on the centerline of the runway at 90 mph;
however, the aircraft touched down rather hard.

The twenty-first approech was made entering the gate 2,100 feet to
the right side of the centerline of the runway, The localizer course was
bracke ted without cscillation., The automaetic pirlot was extremely +ight in its
control, end aileron action was extremely fast, This was noted mostly between
two end five miles from the airport. The control was much smoother from two
milea to contact. A very smooth landing was made at 90 mph on the centerline
of the runway.

Approaches 22 and 23 were abandoned due to extremely violent operation
of the equipment, apparently caused by rader or servo fallure in the ground
equipment. This concluded the tests on August 20, -
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On Auvgust 21, the equipment was moved from the Nisgara Falls
Airport to the Buffalo Airport wiere tests could be corducted in conjunction
with the standerd ILS systen.

The twenty-fourth approach was made manually on the IL3, The
localizer sligmuent and glide slope were found to be good.

The twenty-fifth approach was made using the automatic approach
coupler on the IIS from a distance of six miles to four miles, This auto-
matically placed the aircraft in the center of the gate four miles from the
end of the runway. The IIS receiver was changed from the localizer frequency
110,3-Mc chamnel to the data-link chamnel 109.3 Mc at the gate. When this
chanze was mede, the commsnd signel showed two dots down, indicating that the
aircraft was 20 feet above the Bell glide slope, This commend pitched the
aircraft dovnward suddenly; however, the aircraft brackeced the new localizer
course and glide slope smoothly to make a successful smooth landing.

On the twenty-sixih epproach, the same general procedure was
followed; that 13, the automatic pilot was engaged on the ILS six miles from
the mirport and flown to a point approximately three miles from touchdown.

At three miles the Bell automatic landing equipment was engaged and a sudden
down command of approxilmately four dots was given. The glide slope and local-
1zer were bracketed and ihe flare was made; however, the flare was too high
and ihe aircraft tended to pltch downward excessively at the end of the flare.
No contact was mede on this approach.

On the twenty-seventh approach, the automatic approach equipment
waes engaged with the IIS gix miles from the airport. When the gate was
entered at four miles, the Bell system was engaged, the aircreft pitched
dovnward, bracketed the localizer course and the glide slope, and successfully
landed iteelf on fthe centerllne of the runway.

The twenty-eighth approach was mede entering the gate at
epproximately four miles, locking on the Bell system. A very smooth landing
waa made on the centerline of the runway. At contact the command signal
showed that the aircraft was receiving a 1 1/2 dot up commend. This ceused
the nose to be in a nose-high attitude, which accounted for the very smooth
landing somewhat short of the calculated touchdown point.

On the twenty-ninth approech, the maximum deviation of the aircraft
was 1 1/2 dots above the glide slope after bracketing the glide slope and
localizer course. No touchdown was made during this approach because the
eircraft leveled off spproximately 10 feet above thé*iunmay and was at this
altitude when passing the trailer 40 feet to the left of the centerline of
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the runway. A very definite flare was observed; however, the alrcraft
gseemed to fly approximately parailel with the surfece of the runway for a long
time while passing the Bell treiler.

The thirtieth approach was made but no louchdown was acccomplished
because left commands were being received vihen the airplane was approaching
the runway, which would have caused one wheel to land cff the runway.

Approaches were then made in the Cessna at Buffalc, but none of
these was completed duc to a defective radar -mit in the Bell egquipment.
This concluded the flight tesis at Niagaras Fslls and Buffalo.

DISCUSSION

General.

The ground equipment, with the ezceptlon of the bhasic radar and
antennz, was housed in & trailer which alao conizined excellent provisions
for recording continuousiy the performance of various gystem ccmponents and
the actual position of the aircraft elong the landing path in three coordi-
nates, In eddition, en X-Y recorder was used ic provide a plot of distance
versus altitude, Recordings produced by theee devices exhibited close cor-
relation with the observations of persounel in the ailrcraft with respsct to
both roughness end displacements. Command signals fed to the date-link
transmibers also were recorded on the ground in terms of dots up or down and
right or left., The coumernds as received in the aircraft were regcrded simul -
tanecusly, and on one series of flights, range marks were superimposed on the
ground and aircraft recordings simultanecusly by meens of voilce communications.
Using the range marks for correlation, the transmitted command signels were
Plotied on the same greph as the received commend signals to determine the
over-all faitnfulness of the data link., Figures 2 and 3 are grephs of this
type for localizer and glide slope, respectively, for e representative flight.

Acquisition.

Durlng the teste deacribed in this report, initial acquisition of
the aircraft was accomplished manually, The sysiem has more than adequate
sensitivity to detect and track aircraft et ranges up to four miles and the
ecquisition gate can be set anywhere between this distance and distances as
litile es one mile. The procedure followed during these tests was as follows:

1., The pilot was instructed to fly to a point approzimately 4 miles
from touchdown at an altitude of 800 plus or minus 100 feet and requested to
be within plus or minus 1,000 feet of the extended runway centerline.
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2, As the aircraft proceeded at 800 feet alt:tude along the approach
path, an obgerver on the ground, uwiing an A-type display connected o the
radar re.2iver output, positioned the antenna in both aezimuih and elevation
ihrough wwe of calibra*ed corntrol kncbs adjacent to lhe display. Superimposed
on the display was a renge gatz, Vhen the aircralfi terget return wes maxi-
mized and the target was at the leading edge cf this gate, he would operate
a "lock on" switch,

3. Frem this mement on, +he radar antenna sulcmeticaliy tracked the
airreraft, edjusting itself ain both az.muth and elevaticn &3 ~he airrcraft be-

1.

came decentered from the axisl i1nterssction of ihe conical scan, When the
arrcraft wes "locked on" the pilct would be so adviged by volce cammunicetion
end requeated to engzge the putomstic prlot. It 18 not recessasy, of course,
that the aulomatic pilot e engaged in order to provide continuouvs track
inforaa*ion on the aircraft at +ne ground statior; however, fie servo loop is

not compieted until the automatic pilot has been engeged.

Obviously, a seccoud landing aircreft camnot be haadled until the
preceding aircraft eithexr.kas landed or executed z missed approach., Thia
problem can be solved by the insielliation of a second redar and provision for
an edditionel data-link chammel. With an entry gace et four miles, approxi-
mately two minutes sre required from the time the sircraft is engeged wmtil
it 13 releazs=4 a% toucndown. If a higner landing rate is desired, either a
pecond system muet be provlided or the entry gate must be moved closer to the
runway. In actual practice, an a:ircraft can be "locked on" successitlly and
brought to a satisfactory touchdown 1f its lateral positlon at the eatry gate
16 considerebly more thexn 1,000 feet off the extended centerline of the runway.
The amount of offset which can be tolerated depends upon the distance of the
entry gate and the characterisiics of the airplane, & finite time being re-
guired to make gross corrections without excessive overshoot, Since the ac-
ceptable airspace limits of the entry gate are not large, it follows thet &
reasonably accurate guldance system must be provided to insure passage through
the gate prior to the time that the landing system takes over. The CAA ILS
is more than adequete for this purpose, end in most cases, it is believed that
the current stendard short~range navigation systems elao are adequate.

Flare,

A particularly desirable fezature of the Bell leanding esystem is the
provision for a flared landing., By eppropriate adjustment of the flight path
computer, substantial variations in glide-slope angles can be effected. During
all flights conducted during the period of the tests covered by this report,
the following Zlide-slope cenfiguration was employed:
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1, Three degrees from "lock on" to a distance of 2,500 feet from
touchdown, This corresponds to an altitude of 48 feet.

2. One and three-querters degrees from 48 fest altitude tc 16 feet
gltrtvde,

3. Three-~quarters degres from 16 Ffeei altitude %o *touchdown,

Pigure 4 11lustraiesc the specific geometry of ihe glide slope from
e dietance of approximately 1,000 feet to torcadown.

During the flizhts at Duffalo where CAA IIS equipment elao was
avallable, automatic apnrosches prior to arrsival at the =ntry gete were mede
oen the TLS; and when the pilol was advised by the groand controller that the
aircrafl wag "locked on", frequcncies of the glid=-slops ana locellzer re-
cervera vere changed to ihose employed by the Bell sysiem data-lirk *rans-
mitter. In every wnstance, a strong down cocmand was received el this
transition point. This was to be expected, inasmuch as the initial giide
stope of the Bell systiem wes at the same angle as the ILS glide slope, and
both syatems were geb up to employ *ne same touchdown point, Hence, incorpo-
ration of the final flare in the Bell sydtcm mede 1t necessary that the 3°
vortion of the Bell glide slope fell lower in altitude than tne ILS glade
slope, as illustrated in Fig. SA. If coincident glide slopes are owperaticnally
deairable up to the point of the initial Tlare, it would be necessary to move
the touchdown point of the Bell eystem furtier down the runway as chown 1in
Fig. 5B, An alternative method of providing coincidence of glide slopss at
the transition point from cne system to another would be to employ a sligatly
steeper glide slope on the Bell eystem &nd make the transition at the point
of intersection of the two glide slopes as shown in Fig. 50. Im all flights
at Buffalo Airport, the localizer traansition wae very smooth,

Fail-Safeness. CLA

Considering the functions peprPcrixed by *he landing system end its
flexibility and precision, the system is relatively simple, e fact which ghoald
contribute to over-all reliebility. However, a number ol observations made
during this series of tests pointed up the need for some form of monitoring
and introduction of fail-safe circuits where posaible. Specifically, on aone
occasion the servo loop used for tracking the radsr esntenns in ezimuth and
elevaticn exhibited some sort of melperformance., This was during en approach
being attempted in the Cessna 310 aircraft. This malperformance was manifested
on the ground by circular oscillation of the radar dish, and in the aircraft
by very violent up and down commands in rapid successicn. It was repcrted by
an cbaerver in the aircraft that the aircraft ettitude changed from -10° to
+20° almost instantaneously and resulted in a stall-warning indication.
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Fortunately, the aircraft was several hundred feet above the ground at this
time, On another cccasSion, the pilot of N~181 was advised that be wes
"locked on" by the radar when in reality a second aircraft had been detected
and "locked on" by the radar, Almost irmediately 1t was apparent to both tne
ground contircller and the pilet that a migteke had teen made, however,
circumstans s cen be imagined where such a mistake might go ummnoticed.

CONCLUSICONS AID RECOMMENDATTONS

It 18 not possible 2t thig time to errive at other than the most
tentative comclusions; however, cn the basis of the tests herein deacribed,
the Bell lavd.ng system =zppears to possess an inherent precision superior to
that provided by commonly uvsed larding systems coday. Among questions as yet
not erswerad is the practicebility of retaining thas precision throughout the
corpl~te gervo loop, pariicllarly iz the approach coupier ord automatic pirlot
in the eawrcraft, Obv:ously, any new landing syssea imt=nded for use within
the Comson System should be applicable to many types of aircraft., In general
terms, the Bell landing ayctem may be described as a aystem reguiring minimum
alreraft equinment, This 18 vrue only if the majority of already ingtalled
approach couvplers and automatic pilots san contrecl the aircraft position to
the precision required, assuming velid commerd signels are supplied, If ihe
differences 1n existing automatic pilots and differsnces in adjustment of the
same mode:r automatic plliots in differant aijrcraft place a requirement for
slgnificent compensating adjustments on the ground on en indavidual airereft
basis, widespread acceptarce of the system by aircrafb operators 1s mot
likely. However, 1f the majority of autcmatic pilcts and coupler units can
be adjusted to a fixed set of standards compatible with the system, this
technique appears to be practical as an eutomatic landing system.

On the basis of two manusl approaches conducted to touchdown, the
8ystem 18 equal to existing systems in flyability during the earlier part of
the approach path and better at altitudes below approximately 200 feet.
Irplementation as a manual system, although not requiring an automatic pilot,
would require a data-link channel in the aircraft. It appears that this de-
vice could be relatively simple, perhaps operating on a communication chanmel
through existing a-rborne receivers, with e small translator box at the output
of the receiver for converting commend signals to a form suitable for oper-
ating a crosspointer instrument, In eircraft already equipped with IL3, it
18 possible that one of the present ILS channels could be utilized as & data
link similar to the manner employed 1in these teats.

Before firm iecommendations can be made with regerd to civil use of
the Bell landing system, more exhaustive tests must be rerformed end studies
must be conducted to determine the degree to which the service provided meets



13

operational requirements znd represents a substent:al and progressive step
n the solution of the over-zll sir traffic control problem, Particular
emphasies sheuld be placed on determining the susceptibility to precipitation,
tie prectirability of introducing adequate monitoring end fail-safe features,
and ithe probicne associaced with standardization of eprroach couplers. It
15 recommenced that these tests and studies be conducted,
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