1T e e T
) ]

ACR Feb. 1943

_ . NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

" WARTIME REPORT

ORIGINALLY [ISSUED
February 1943 as
Advance Confidential Report
NACA RADIO GROUND-SPEED SYSTEM FOR ATIRCRAFT
By Charles E. Hastings

langley Memorial Aeronautical Laboratory
Langley Field, Va.

NAcA

WASHINGTON

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

1

}
¢
}

L - 77



http://www.abbottaerospace.com/technical-library

i T "iIIIIIllI"I'Il'IIIIIIIllI

3117601

NATIONAL ADVISORY COMMITTEE FOR AERONAUTIOS

ADVAYOE OONFIDENTIAL REPORT
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By Charles E. Hastings

SUMMARY

A method that utilizes the Doppler effect on radlo
signals for determining the speed of an alirplane and the
distance traveled by the alrplane has been developed and
found to operate satisfactorily. In this method, called
the NACA radio ground—speed system, standerd readlly avall-
able radlio equipment is used almost exclusively and ex—
treme frequency atability of the transmitters 1ls not neces—
sary. No complicated equipment need be carrled in the
airplane, as the standard rddio transmitter is usually
adequate.

Actual flight tests were made in which the method was
used and the results were consistent with calibdrated air—
speed indications and stop~watch measurements. Inasmuch
a8 the fundamental accuracy of the radio method 1s far
better than either of the checking systems used, no check
was made on the limitatlons of the accuracy.

INTRODUCTION

A number of different systems can be used to measure
the speed of an ailrplane and the distance the airplanse
travels by the use of Doppler effect on radio signals;
but the greater number of the systems are either inaccu—
rate or difficult to use, except at exceedingly high
speads. The most obvious method of measuring speed, for
example, 1s to use a frequency meter to measure the change
in frequency due to Doppler effect as the distance 1is
varied betweon the transmitter and the fregquency meter.
This system requires a frequency meter of extreme sensi-
tivity and & transmitter with unusual stability. Suech
transmltters and frequency meters have not been developed.

An improvoment, which is still not satisfactory for
accurate measurements at normal speeds — that 1s, speeds
less then 750 miles per hour — 18 to measure the beat fre—

quency between the moving transmlitter and a similar trans—
mitter at either station when the distance is varled between
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the two transmitters. The required frequency stability
would st1ll be unreasonavle for accurate work.

Another system 1s to measure the aprarent beat frequen—
ey in the airplane, which is moving between two synchronized
transmitters, This system has several disadvantages that
would make 1t difficult to use. Complicated equipment to
synchronize the transmitters is required, and the telephono
line used to synchrorize the stations has to be extremely
free from noise. A small amount of distortion results in a
phase shift or even a swing of several cycles per second in
the frequency of one transmitter. This effect 1s due to
the fact that the synchronizine frequency tranamitted over
the telephone line is multiplied many times to obtain the
radio frequency. The measuring equipment hae to be in the
moving object, which is an advantage for some uses, but
for apircraft research work 1t 1s usuaslly more convenient
to have the measuring equipment on the ground.

A fourth system consistes in transmittinsg a slgnal from
one station and receiving this signal in a second station,
dividing this frequency by a sultable multivibrator, and
retransmitting the resulting signal to the original source.
The returned signal 1s then multiplied and compared with
the original signal. The beat between the two slgnals 1is
proportional to the velocity of one station with respect
to the other. This system can be operated either by send-—
ing the signal from an airplane to the ground and having
a harmonically related signal sent back to the airplane
for speed determination in the alrplane or by sendlng the
signal to the airplane from the ground and having a har-—
monically related signal sent back to the ground. This
syetem 1is complicated and involves sending and receiving
harmonically related signales without feedback or blocking
of the receiver.

Another system is to measure speeds by picking up
signals reflected from the airplane itself, vhich in this
case needs no transmitter, and comparing these gelgnals
with the originally transmitted signals. This measure—
ment probably can be made with radar type of equipment if
it is available.

The system that appears most satisfactory for the
present purnoses and that is believed to e orlginal 1is
described in the following section. In this method,
called the NACA radio ground-speed system, standard read—
ily avalilable radio equipment is used dlmost- exclusively
and extreme frequency stability of the transmitters is
not necessary. No complicated equipment need be carrled
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in the airplane, as the standard radioc transmitter 1is
usually adequate. This system has been adapted to the

- accurate measurement .of .the speed of airplanes and opera—

tion has been quite satisfactory.
DBRSORIPTION OF METEOCD

A transmitter in the airplane of which the speed 1is
to be measured tranemits a continuous—~wave radlo—frequency
signal, which 18 heterodyned by a ground station. Re—
ceilvers at each end of the flight path receive this heter—
odyne note differently because the frequenocy of the moving
transmitter is apparently increased with respect to the
end of the course 1t is approachling and decreased with
respect to the end of ths course from which 1t 1s receding.

By adding the audio—frequency signals — that is, the
heterodyne notes — received by the two receivers, a beat
frequency that is proportional to the speed of the air-
plane 18 obtained. The heterodyne note recoived at one
end of tho course must be sent elther by wiro or bdy radio
to the opposite end of the course in order that the two
signals may be mixed. The radio transmission allows
greater flexibllity in choosing the course and permits
the use of completely mobile equipment; however, a tele—
phone wire 13 more reliable, requires less equipment, and
does not require a second assigned frequency. Flgure 1
shows dlagrams of these systems,

As an example, the alrplane transmitter on a fre—
quency f, is heterodyned by a ground station operating

on a frequency f_,. The beat note £, - £, must be

between 30 and 6000 cycles per second in order that stand—
ard radlo apparatus can be used, If fp 1is a frequency

equal to the velocity of the airplane in wave lengths per
second of 1ts transmitter, one receiver receives a note

|£, = £, — fp| and the other receives a note |f, — f + fp|.

The value of 2fp 18 obtained from the beat between
the signals received at the two ends, that 18,

'fl_f=+fnl - lfl’fz"fbl = 2fp = 2 X veloclty of airplane
wave length of airplane trenmmitter
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. It should be noted that the first—order effect of
frequency drift in either iranemitter is canceled out.
The value of £y depends on the frequenocy of the trana—
mitter in the airplane; however, variations in ‘this fre—
quency will be less than 0.1 percent even with ordinary
equipment, thus eliminating the necessity for stabllity
of an 1mpossibly high order. The stationary transmitter
can be at eny convenient location on the ground as long
as the slgnal received at both ends of the course does
not differ too greatly in intensity from the aignal from
the airplane. .

As fp 1is equal to the veloclty of the airplane in
wvave lengths per second, each cycle represents a distance
along the course equal to one—~half wave length of the-
moving transmitter. By recording these cycles along with
timing lines, an accurate time—distance record is obtained
from which the speed of the airplane can be calculated.

If the airplane moves ln such a way thet the change
in the distcnce to both recelvers remains constant,
beat frequency will be recorded. This type of flight'.
_would be along a hyperbdolic path with the receivers at
the foci. A family of such hyperbolas, which represent
what could be considered standing waves as far as the
film record is concerned, is shown in figure 2. An air—
plane flying along one of the hyperbolas in figire 2 will
‘produce no beats between the received signals. When the
chango in the distance from the airplane to one receiver
is dilfferent from the change in the distance to the
second receiver by a distance esqual to one wave length of
the transmitted signal from the alrvlane, one complete
cycle will be recorded, This method dllows several vari—
ations in the use of the systen.

PRELIMINARY TESTS oo

The first check of the practicability of the method

wag nnde on November 4, 1940 at Langley Fleld, Va.

The receivers were located approximately 2 miles apart,
The alirplane flew the course once in each direction at an
altitude of 2350 feet and with an sirspeed of approximate—
ly 160 miles per hour. The wind was practically with the
course at 5 miles per hour at the ground. The airplane
tranemitted on a frequency of 3312.5 kilocyclea and the
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ground transmitter was operated on a frequency approxi—
mately 3000 cycles lower. The signals received at one
end of the course were rotransmitted on 4600 kilocyclea
to an additional receiver located at the other end of the
course. The audiofrequenocy signals received on 3312.5
kilocyoles and 4600 kilocycles were mixed and the beat
frequency was recorded on a standard NACA recording galve—
nometer along with lla—seoond timer marks. Sections of
these records are shown in figure 3. .Figure 3(a) shows

a sectlon of a record with the airplane flying against
the wind, and figure 3(b) is a section of a record with
the alrplane flying with the wind. The speeds were cal—
culated to be 164.56 miles per hour and 158 miles per hour,
respectlvely. .

A second test wes made Novemder 7, 1940 between
Langley Field and Big Bethel, Va., a distance of approxi-—
mately 4.6 miles. The same procedure was followed as in
the first test except that the asignals recelived at one ’
end of the course were sent to the other end by a tele—
phone wire. .

-The wind was at an angle of approximately 302 . -
with the course and had a velocity of about 15 to 19 miles
per hour at the Langley Fileld meteorological station. In
order to insure the accuracy of the airspeed indication,
the pllot was provided with a callbrated airspeed indica—
tor connected to a auapended pltot—static head. (See ref—
erence 1.) . .

The pilot also checked his time to fly the course.
Some variation in the speeds as determined by stop—watch
readings and the radio method is to be expected. The
pllot could not hold the ailrspeed closer to 160 miles per -
hour than approximately 56 miles per hour because of rough .
alr. The speed by the radiqo method was determined over
the center part of the course; whereas the stop—watch de—
termination was for the total diatance.

Figure 4(a) shows a section of a record taken with
the airplane flying against the wind and figure 4(d) is .
a section taken wlth the airplane flying with the wind
when the telephone return was used,

Table 1 shows the ground speeds calculated from the
radio ground—speed recorde and from stop~watch readings.
The ground--speed as determined by the radio method and
the stop—watch readings was conslstent with the indicated
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sirspeed and the wind conditions prevailing. A4s a result
of the preliminary tests, it was believed that satis—
factory performance could be expected from the radio
ground—speed systea, .

EQU IPMENT

A permanent installation of the following equipment
has been made: Hammarlund model 110Lx Super—Pro receivers
are used and are mdéunted in suitadble relay racks with the
suxiliary equipment. One small relay rack contalns a re—
celver, sultable filters, impedance matching transformer,
and a power supply for 1l2-volt direct—current operation or
117—volt alternating—current operation., 4 loud speaker is
also instglled in the small rack to asslst the operator
in monitoring the received signal. A photograph of this
equipnent is shown in figure 5. J¥igure 6 is a circuit
dlagram of this installation,

ThHe recording apparatus, as shown 1n flgure 7, is
mounted 1in the large relay rack with the signal mixing
channel, the timer, the receiver, the monitoring equip-~
ment, .end the power supplies. Also Is shown a small re—
lay reck containing a third receiver, which is used if
the signal is transmitted from the far end of the course
by radid instead of by a telephone line. A bdlock dlagram.
of the apparatus in the large relay rack is shown in
figure 8. The antenna receives the heterodyne note (approx.
1000 cps) between the stationary ground transmitter and
the transmitter in the airplane. After detection in the
receiver, the signal 1s flltered and impressed on the sig-
nal mixer in which it is mixed with the similar signal
that comes from the far end of the course. The signal
from the far end of the course is amplified before it 1s
sent to the mixer. The signal amplitudes are controlled
Py a gain control in the amplifier and the sudio—gailn
control in the receiver. A cathode—~ray oscllloscope is
used to monitor the two signals entering the signal mixer.
Figure 9 shows a circuilt dlagrgm of the signal mixer and
the filter channel. The output of tho signal mixer is a
difference frequency between the two input signals and
is recorded on film by a standard NACA recording galva—
nometer. A photograph of the recording galvanometer with
the cover removed 1s shown in figure 10, The film drums
contaln 20 feet of film and are easlly replaceable
through the front grilled doar panel, ‘A film speed of
1/2 inch per second is normally used.
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An ‘NACA chronometric timer is used .to put 1/2-second
timing marks on the film record, Thé recorder also has a

~second timing line operated at line frequency, 60 cycles

per second, 'which does not appear--on-the -original-records.
¥lgure 11 shows later records, one at a higher film speed.

Flgure 12 18 a photograph of a 100—~watt transmitter,
which 18 used as the stationary ground transmitter. This
transmitter 1s used unmodulated for these tests; it 1s
sonetimes used modulated for communication and coordina—
tion of the tests.

¥ormally the transmitter already installed in the
alrplane 1s used and 1s tuned to the assigned frequency,
3860 kilocyclee. A small 15—watt traensmitter is in—
stalled in the airplane 1f necessary or more convenlent,
This trensmitter 1s a crystal—controlled unilt without
modulation equipment, which 18 not neceseary for the pres—
ent purposes, A circult dlagram of thils transmitter is
shown 1in figure 1l3.

VELOCITY CALCULATIONS

If the airplane flies directly between the antennas
of the two recelvers, the beat frequency recorded 1s
directly proportional to the veloclty of the alrplane and
the frequency of 1ts transmitter. Each recorded cycle
will represent a distance traveled equal to one~half the
wave length of the transmitted signal. In figure 14 the
recorded beat frequency and the distance traveled per
record cycle are plotted agalnst the frequency of the
transmitter in the airplane with the speeds of the alr—
plane as parameters for the previously given conditions
of flight.

Yhen the airplane 18 directly between the recelvers
but flying at an angle with the course, the fllm record
indlcates the component of the veloclity of the airplane
along the course. For small angles, the cosine is prac—
tically 1.00, which causes negligible error because of
the inebility of the sirplane to fly a true course,

If the airplane flies parallel to the line between
the receivers but not on the direct 1ine between the re—
ceivers, the distance traveled by the alrplane 1s greater
per record cycle. This case 18 practical because, with
an alrplane flying at a high altitude, the alrplane could
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not usually fly directly between the receiver antennas.
Figure 15 shows this correction in porcent for three
different positions along the course plotted against the
ratio of the altitude of the alrplans to the distance
between the receivers. Plots of this correction are
made for the case vhen the airplane 1% in the center of
the: course, when 'the sirplane is one—$hird the distance
between the receivers from either receiver and when the
airplane 1s one~fifth the distance between the receivers
from either receiver.,

The radio ground—speed sysftem is at present operated
with a distance between the two recelvers of approximately
75,000 feat. A plot of altitude correction applied to
the usual constant of 28 recorded cycles per wave length.
traveled by the airplane is shown in figure 16. TFive
parameters of altltude are plotted. If the airplane 1is
off the stralght—llne course horizontally as well as ver—
tically, the correction will be applied in the same
manner, except that the perpendicular distance to the
line between the recelvers fthe slant height) will be used
in calculating the correction,

The veloclty of the airplane and the distance traveled
may be calculated from the recorded cycles and the timing
cycles, 1f the directlon of fllight and the position of the
airplane are known, by the following equations:

/
v = ni . 1l
% cos VY a b D
Jcita®  JoBrDpE
8 = DA 1l
cos ¥ a__, D
Jc 5+a,iﬁ c¢“+D
wvhere
Y speed of alrplane
| distance traveled by airplane

A wave length of transmitter in airplane
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ch

n number of record oycles
S time w5 e e -
v azinmuth angle between flight path and line between
receivera
c perpendicular distance from alrplane to line between
recelvers .

a and D distance to receivers from point of interseo—
tion af perpendicular from airplane to line
between receivers

It is assumed that the airplane maintains constant alti-—

tude, which 18 not difficult in flight. Any error due to

the flight—path angle 18 very small and the error ap—
proaches zero very rapidly as the angle becomes small.

¥hen the airplane is flying in the center of the
course and dilrectly between the receilvers, the equations
for speed and distance simplify to

ak
2t

=
2

v

These simple equations can be used as long as the alti-

tude is a small percentage of the distance to either re—
ceiver,

If the éround—speed course 1s used to measure alr—
speeds, the veloclty of the wind is, of course, important.

‘Oorrection for the component of the wind velooity along

the course can be made by averaging the-velooclty of the
alrplane as measured flylng in each directlon or by de—
termining the wind velocity at that altitude Py other
meens and correcting for it

For accurate measurements of alrspeed, the tests
should be made only on days when the wind -veloclty is
low. relative to the velocity of the airplane. At high
velocities of tho airplane the wind becomes of less im-—
portance on & percentage basis, The use of this system

for investigating winds at high altitudes has been con—
sldered.
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In the center of the course, when the alrplane starts
the run on the upwind side of the course and finishes on
the downwind side and flies with a headlng corresponding
to the compass course between the stations, the cross
wind has no effect on the speed measurements except for
geometric error when the airplane gets too far off the
course laterally. Oorrection may bPe made for cross winds
by flying the airplane along a true course and the air—
speed can be obtained by dividing the measured ground
speed by the cosine of the angle of drift.

POSSIBLE VARIATIONS OF SYSTEM
Measurement of Velocity of an Alrplane 1in a

Dive or of a Talling Body

The veloclty of an airplane in a dive may be meas—
ured by diving the alrplane directly at one recelver so
that the distance between the alrplane and a second re—
celver is a constant, as would be the case if the second
recelver was a considerablo distance away and at right
angles to the flight path. The proper flight path would
actually be on the surface of a sphere with a radius
equal to the distance between the receivers., If the dile—
tance between the receivers is large compared with the
distance between the airplane and the receiver, however,
the surface of this sphere becomes a plane surface for
all practical purposes. ZEach record cycle then repre-
sents a distance traveled toward the recelver equal to
one wave length of the radio—frequency signal sent from
the airplane.

Care must be taken that the distance to the second
recelver remains constant or ‘changes a negligible amount,
or that the flight path 1is known accurately so that
' proper corrections can be made. The error, for the first
approximatlion, 1s proportional to the sine of the angle
between the flight path and the line between the recelvers.
This error does not gapproach zero as rapldly as when the
error 18 a function of the cosine of the angle, which is
the case when horizontal velocitlies are measured. ZErrors
in the angle of flight path in the other plane, when .the
flight path 18 not directly toward one receiliver but the
distance to the second receiver remains constant, are not
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80 critical because they are proportional to the differ—
ences 1ln a coeine function. - In order to keep the error
below 1 .percent, even when the altitude 1s small in com—
parlson with the distance between the receivers, the .
angle between the flight path and the line between the
reeeivess must not vary more than approximately 1/2°

from 90

Inasmuch as it 1s doubtful that the flight path can
be -established to this order of accuracy, other data may
be necessary to make the correctlons that depend on the
angle of the dlve. One method of obtaining the addi-
tional data 1s to use three receivers in a line and dive
at the center recelver. The horizontel distance traveled
along the line connecting the receivers can be determined
from the bepat between the signals received in the two
outer receilvers, The vertical-dlstance traveled can be
determined from the beat note between the .center and
elther outside receiver. In. thie system as in the other,
a stationary trensmitter is of course necessary to heter—
odyne the eignal transmitted by the alrplane.

Another alternauive is to use a second airplane (or .
an airship) as one end of the course and dive an airplane
between the airplane (or airship) and a ground station.
This method simplifies the corrections and 1s similar to
the ground—speed systen. The signal received in the alr—
plane (or airship) must be sent to tho ground by an addi-—
tionel radio. linky this link can, however, be an ultra—-
high—frequency transmisslon inasmuch as the ground station
would always be in sight. This variation may lend 1teelf
to the etudy of falling bombs.

"It is suggested that, if this method of measuring )
velocities in a dive is considered, a thorough and detailed
study be made to mascertailn 1f the necessary conditions can
be met .

Multiple Syq#eme

By use of two complete radic ground—speed systenms
placed at right angles, the exagt position of the alr—
plane and more tian one component of its veloclity can be
calculdted at any time from the recorded cycles, 1f 1t 1s
assumed thet the position of thé alrplane at one instant
18 known. If 1t 4s poesible to place two additional re—
ceivers on-a vertical line, furthermore, the positlion of
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the alrplane in .space can be calculated from the three
film records. These multiple systems may be simplified
by placing the course lines at angles other than right
angles and by using only three receivers in the two—
coordinate system and four recelvers in the three—
coordinate system. This simplification 1s made dy using
one recelver on tw¢o or more courses, but the calculation
1s more difficult.

GENERAL CONSIDERATIONS

The number of recorded cycles per second 1in any use
of the radlo ground—speed system depends directly on the
frequency of the radlio signal transmitted from the alr-
plane. The higher the operating frequency the shorter
the distance the airplane must travel to obtain the same
numnber of recorded cycles. This fact is lmportant be—
cause a definite number of cycles is required to determine
the frequency within a given 1limit of accuracy. ZIExperi-
ence has shown that, with the apparsatis under normal con-
ditions, the number of cycles can be determined to ap—
proximately 1/10 cycle, which requires at least 20 cycles
to obtain an’ accuracy of 0.5 percent or the airplane has
to travel a distance of about 1/2 mile when operating on
3850 kilocycles. .When the systeu 1s -operated on approxi-
mately 100 ‘megacycles, 100 feet of travel would be re—
quired to give a sufficient number of record cycles, The
nunber of c¢ycles could be determined to a conslderably
higher degree of accuracy than 1/10 cycle without normal
statlc and interference that are always present in some
degree. T ' .

Other considerations, such as obtaining an assigned
frequency that does not interfere with other services,
the adaptablility of standard radlo aspparatus availlgble,
and the natural freguency of the recording galvanometer
avallable, are often the deciding factors in the seleo—
tion of the operating frequency. -

. Theoretically,. it would seem that the greater the
distancse between the receivers the higher the accuracy

of the measurements and the higher the airplane could fly

without using the more complex method of calculating the

velocity of the airplane from the recorded frequency.

This assumption.is not necessarlly true, as the distance
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between tne receiiern ‘auet - 5e.so-liﬁited that the signals
recelved at both recoivena ‘are-the result of direct radi-

......

ation from ‘the airplene and grouvnd trensmitters—and are
not signals reflected from the Kennelly-Heaviside layer.
The paths of such rofleeted signals.-are not constant,
would not bs reliamble, - and might of course have unknown
angularity corrections with theé change in position of the
ailrplane. A second reason that tho length of  course is-
limited is that, as the length of wcourse increases, the
transmitter .power required for scceptabls reception also
increases at a higher rete, It 18 also not generally con—
venient or economical from a practlcal standpoint to op—
erate two receiving stations at a great distance.

The probleman-getting one .received slignal dback to
the rocorder is more difficult as -the distance between
the recolvers is increascd. The problem of the longer
telephone line ie not so eerlous as that of the redioc re-
turn because this 1link is apnroximately twlice the dile—
tance traveled by the other radio signals, which may re—
sult in Jading or a large amount of interference.

CONCLUDIIG REMARKS

The NACA radio ground—speed system for determining
the veloclty and the distance traveled by an airplane
has been developed and operation has been quite satis-—
factory. The ground speed of an airplane could be ob-—
talned to 0.1 percent by a method requirling only a radlo
tranemitter operating on a sultable frequency in the air-
plane; however, 1t 1s doubtful if the geometry of the
course will be known to this order of accuracy.

If thesysteuw is to be used to check true airspeed,
the alrplane need fly only the center mile of the course
in both directions to mllow accurate speed determinations
to be made. It 18 recommended that the tests be made
only on dayes vhen the wind veloclity 1s low relative to
the veloclity of the airplane to prevent serlous errors
due to changes in wind velocity.

The velocity of an airplane in a dive may be deter—
mined by uveing this system. Greater accuracy in flying
a known flight peth is, however, requlred than for hori-
zontal flight; as a result, the possibility of appreci-
able errors in measured velocity le increased.
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Multiple courses may be arranged which give more
than one component of the velooity. Greater accuracy
oould be expected with these multiple courses s2a a rigid
flight path would not be necessary.

The NACA radio ground—speed system would lend itself
to the accurate measurement of distence; or, if the die—
tance were known, the speed of radic waves could be
accurately checked. This system for accurately measuring
distance might be useful for such purposes as charting
bottoms of rivers or for laying bucys and mines in known
positions.

Iangley Memorial Aeronautical Iaboratory,
National Advisory Committee for Aeromautics,

langley Field, Va.

l. Thompeon, ¥. L.: The Measurement of Air Speed of
Alrplanes. T.N. No. 616, NACA, 1937.
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TABIE I. - CALOCULATED GROUND BPEEDS

'-[éori‘-ec';ted. airs:peed.- 'iGb'nigh; wind velooclty, 15 to 19 fn:ph.

and wind direction, 30
Langley Field meteorological station]

to0 line of flight, at’ the

Bon Direction Velooclty calculated | Velocity calculated
of flight from r?dio method from stop-watch
%ob) . readings

(mph
1 N 75°W 141.5 1.5
2 8 75° B 1{3.5 175.5
3 N75°vW¥ 14p.8 1h2.5
4 8§ 75° 176.3 176.2
5 N 75° ¥ 144.9 14,5
6 5§ 75° £ 177.0 181.5
Aversage of runs N 75° ¥| 142.% 142.8
Average of runs 8§ 75° B 175.6 177.7
Average of six runs | 159.0 160.2
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| Figure /.— Diagrams of radro-ground-spesed Systems.


http://www.abbottaerospace.com/technical-library

LN eqeSqoechoch acslanphosioosdean l.l...-‘l.. b....lOLP-I.l.......

\ Recerer ! Recerver 2 /

Flgure 2, - Section of a family of hyperbolas representing the standing wavee
between the recelvers wlith respect to the recorded cycles. For & distance
traveled by the airplane, represented by the distance between hyperbolas, a
definite number of cycles, depending on the radio frequency, 1s recorded,
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(b) Airplane flying with the wind.

Figure 3.- Radio ground-speed records with radio return.
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(b) Airplane flying with the wind.

Figure 4.~ Radio ground-speed records with telephone return,.
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NACA Fig‘. 7
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Figure 7.- Radio ground-speed recorder and auxiliary receiver.
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Figure 8.~ Block diagram of radio-groundéspeed-recorder.
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Figure 10.-

NACA photographic recording galvanometer, cover removed.
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NACA Fig. 11

“—  aw—

W J\/‘f\ﬁMﬂ/"f\/\«i"»’l“«Tﬁ“ " JV

Figure 1l.- Typical radio ground-speed records.
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Figure 13.- Stationary grcund transmitter.
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NACA Fig. 14
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