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UHF DISTANCF MEASURING EQUIPMENT FOR AIR NAVIGATION

SUMMARY

The common civil malitary program for
navigational aids for use on and off the air-
ways 15 based on a polar coordinate system
from whicha pi1let may obtain his position
relative to @ known gpround location This
navigational information 1s supnlied in the
form of azimuth and distance measurement
from any preselected ground facility

Under this program, azimuth information
15 supolied by the VHF ommrange which 1s
now being installed on a country-wide basis
Development work on the final version of the
other parameter of the navigation system,
viz , the distance measuring equipment, 1s
nearly completed and plans are being made
tc add that equinment to the VHF omnirange
facilities in the near future Addition of the
distance measuring equipment to the instru-
ment landing systemn {ILS) to provide con-
tinuous distance information to the runway
touch-down point also 1s contemplated

The distance measuring equipment,
commonly referred to as DME, employs pulse
techniques and the interrogator-transpondor
or challenpe-reply nrinciple so widely used
in i1dentification equipment during World War
II A portion of the frequency band, 960 -
1,215 Mec assigned to aids to air nmavigation,
15 being used for DME implementation This
report describes the development of several
types of DME and the results of the tests made
on these systems

In operation, the aircraft unit of the
DME, cornmonly called the interrogator, con-
tinuously transmaits a train of short duration
rf pulses These pulses are received at the
ground station, called the transpondor, and
are shaped by swmtable c¢ircuits into trigger
pulses, which modulate the transmitter portion
of the transpondor The regenerated rf pulses
transmaitted by the transpondor, on a different
frequency than the original received pulses,
are1n turnrecelved by the alrborne receiver
section of the interropator
uring circuits within the interrogator measure
the time elapsed between each pulse trans-
mitted by the interropator and the reception
of 1ts corresponding reply pulse from the
transpondor This time 1s directly related to

Electrical meas-

the distance between the aircraft and the
ground station and 1s converted, by suitable
measuring circuits within the interrogator,
into proper voltages for operating the nilot's
distance indicator The 1ndicator is cali-
brated directly 1n miles As many as 50 air-
craft can use the same ground transpondor
equipment simultaneously to obtain continuous
distance information without interference and
with no reduction in pertormance.

The latter part of the report covers a
description of the internationally standard
100-channel DME, system and the basic prin-
ciples used inadopting certain characteristics
The system 15 in agreement with the plans
outlined by the 5C-31 report of RTCA and
provides cansiderable latitude for the design
of future types of air navigation and traffic
controlaids in the same frequency spectrum

INTRODUCTION

/ Many organizations have taken an active

partin the developmentof DME  Among these
are the Naval Research Laboratory, Canadian
ResearchCouncil, General Electric Company,
Hazeltine Electronics Corporation, Federal
Telecommunication Laboratories, U S Aar
Force, and the Civil Aeronautics Adminis-
tration. The earliest operating DME was
built by the Canadian Research Council in
1945, and was designed for operation in the
frequency regimof 200 Mc. Subsequentmodels
ol this equipment are now 1n continuous oper-
ation along an experimental airway between
Montreal, Quebec, and Windsor, Ontario

Earlyin1946, an experimental DME designed
for operation in the region of 1,000 Mc was
completed at the Naval Research Laboratory
by the Combined Research Group The pri-
mary purpose of constructing this model was
to determine whether propagationin this fre-
quency band would be suitable for DME use

With this question answered in the affirmative,
the U, S, Air Force awarded contracts to the
Hazeltine Electronics Corporation and to the
Federal TelecommunicationLaboratories for
the construction of development models of
1,000 Mc distance measuring equipment In
the meantime, the original Naval Research
Laboratorymodel was transferredto the CAA



Techmeal Development and Evaluation Center
at Indianapolis lor operationaliesting InOcto-
ber 1946, this model {together withearly Hazel-
tine and Federal models) was demonstrated at
Indianapolis to representatives of PICAQ (Pro-
visional International Civil AviationOrganiza-
tion ) Enthusiasm, occasioned by more wide-
spread realization of DME potentialities, led
to the establishment of Special Commuttee 21 of
the Radio Technical Commission for Aeronau-
tics The [unction of this commutttee, which met
in December 1946, was to standardize DME
specilications so that all future equipments,
rcgardle s s of manufacturer or procuring
agency, would be capable of operating as a
part of a single standardized system The
sp.cification! preparedby SC-21 dictated the
basic requirements to be met by all future
equipments, but was so designed that indi-
vidual variations in lesser details would be
possible without rendering the 1ndividual unit
incanable of operation in conjunction with
other umits of the system

Shortly after this specification was re-
leased, the CAA placed an order with the
Hazeltine Electronics Corporationfora small
number of ground transnondors and aircraft
interrogators These equipments were ordered
on a specification prepared at the Technical
Development and Evaluation Center meeting all
of the basic requirements of the RTCA stand-
ard In addition, the Navyordered a quantity
of transpondors and interrogators through the
CAA to meet this same specification About
the same tume, the Asr Force requested Hazel-
tine and Federal to modify the units covered
by their contracts to conform, insofar as
possible, to the RTCA snecification Delivery
of the equinments covered by both the CAA
and the Air Force coniracts was completed
in the summer of 1948

E.xtensive laboratory and service tests
were conducted by the Air Force and the CAA
on these equipments The primary purpose
of these tests was to evaluate the relative
merits of two different types of DME chan-
neling At the time of preparation of the
5C-21 DME specification, the requirement
exi1sted that the DME systern be capable of

lRTCA Paper 6-47/EC-4, Report of
5C-21 (Distance Measuring System Standardi-
zation), January 16, 1947

operation on any of 50 independent and non-
interfering channels It was intended to in-
stall a DME transpondor at each VHF omni-
rﬁlnge2 site to provide a complete azimuth-
distance ground facilaty There were to be
30suchomniranges within a 500 male square,
each with a discreet frequency assignment,
(these 30 frequencies would be repeated in
each adjacent 500 mile square, non-inter-
ference being achieved by the geographical
separation} In addition, DME transpondors
were to be installedateach instirument landing
site, there being 20 of the se for each 500
mile square, all with different fregquency
assignments. The means of obtaining the re-
quired 50 channels employed by Federal and
the means employed by Hazeltine were dif-
ferent The Federal equipment provided the
50 channels by assigning discreet radio fre-
Since the DME

1s a two-way system and requires different

quencles for each channel

frequencies for the air-to-ground and the
ground-to-air transmaissions, a total of 100
different radio frequencies were required
In order to nrovide this number and remain
within the assigned DME frequency band, a
high stability system, wherein the individual
frequencies are separated by annroximately
2 4Mc,was required The Hazeltine anproach
to the problem consisted of selecting 26 radio-
frequencies, with adjacent spacing of 9 5 Me,
within the assipned band and repeating each
frequency four times. Topreventinterference
between channels on the same frequency, a
system of double pulse transmaissions, or
pulse multinlex, was employed
system, desired signals are selected and un-

In such a

desired signals rejected by proper design of
video coding and decoding circuits

The tests performed by the Air Forces
and the CAA were conducted under the aus-
pices of RTCA subcommittee SC-40 (Stand-
ardization of DME T esting Procedures)
Both systems of channeling were found to be
satisfactory, but the chennelinp problem be-
came further complicated by a change 1n the

2y ¢ Hurley, § R Anderson, and
H F Keary, "The CAA VHF Omnirange,"
Technical Development Report No 113, June
1950

3RTCA Paper 121-48/D0O-24, Renort of
5C-40 (DME System Characteristics),
December 15, 1348



ope ratioral requirement far the number of
channels to be protided by the system Re-
examination of the over-all domestic short-
range navigation requirements by RTCA sub-
committee 5C-22 led to the decision thata
total of 100 channels must be provided rather
than only 50 % It was generallv considered
that extension of the Federal system 10 100
channels by further sub-division of the chan-
nel spacing (from 24 to 1l 2 Me), if possible
at all, would seriously delav the operational
use of DME  Since separations of the order
of 2 4 Mec hadbeen shown to be practical, and
since the pulse-multiplex method of channeling
had likewise proven its worth, the decision
was made by S5C-40 to combine the two tech-
niques 1n order to obtain the 100 channels
Tests of the pulse -multiplex system 1ndicated
that the number of times an indivadual fre-
quency could be employed maght well be 1n-
creased from four to ten, thus, 100 channels
could be provided by the use of only 20 radio
frequencies {ten for interrogation and ten for
reoly} Byemploying a spacing between radio
frequencies of 2 5 Mg, the entire DME system
could be implemented with a band of approx-
1imately 50 Mc Conservation of spectirum
was held to be of extreme 1mportance due to
the requirements of RTCA subcommuittee
5C-31 Among the requirements laid down
by 5C-31 was one prescribing that the 960 -
1,215 Mc band must ultimately be used as a
frequency medium for the entire short-range
navigation system including DME,, omnirange,
instrument landing, voice, and pictorial dis-
play

A specificationcovering a system having
the above channeling characteristics was pre-
pared by SC-40 This specification was pre-
sented at the Flebruary 1949, meetings of the
International Civil Aviation Orgamzation and
approved as an international DME standard
Production equipment meeting the system re-
quirements outlined by the SC -40 specification
1= expected to be available in 1950

4RTCA Faper 76-48/D0-17, Report of
5C-22{Pairing of localizer, glide slope, VHF
ommirange, and DME frequencies), August 2,
1948

SRTCA Paper 27-48/D0O-12 Reporl of
5C-31 (Axr L raffic Control), May 12, 1948
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BASIC DME FRINCIFPLES

In order to more clearly allusirate the
fashionin which DME actually measures dis-
tance, the operation of a basic system will be
described Fig 1 1s a functional diagram of
a basic DMF interrogator The Master Multi-
vibrator, V24 and V25, generates a square
wate at a revpetition rate of 200 per second
The leading edge of each pulse 15 used to
trigger the time measuring circults as well
as the aircraft transmatter The transmaiiter
1s fired through the kever, the modulator, and
the pulse transformer The nositaive waveform
at the gridof the rmodulator discharges a de-
lay line inthe plate circuit through the 1oltage
step-up pulse transformer The output of
the pulse transformer, aoproximately 1 usec
in duration, 1s applied to the plate of the
transmaitter tube which 15 a Type 2C39 cavity
tuned triode oscillator During this period of
nlate voltage application to the transmitter,
the tube oscillates at a frequency determined
by the tuning of the caviity Coupling between
the transmatter and the antenna 1s accommplished
bv means of a small hole in the transmatter
cav1ty(1r1s couphng) The same broadbanded
half-wave antenna 1s employed for both re-
celving and transmitting

The interragator receiver 1s patterned
after conventional radar recervers The re-
cewved sipnalpasses from the antenna through
a TR cavity This cavitv 15 tuned to the in-
comunp frequency and acts as a preselector
The signal 1s then mixed with the output of
the local osci1llator, a Type 2C46 cavity-
controlled lighthouse triode A crystal mixer
1s employed The if produced 15 60 Mc  b5ix,
if stapes are used with an over-all bandwidth
ofl 10 Me at 6 db down
followed by a detector and two video ampli-
fication stages

The 1f ammplifier 1s

At the same time the transmaitter 1s
trigpered, the positive square wave from the
mastier multivaibrator 1s apnlied to the subp-
nressor grid of the linear sweep tube V-26
Application of this square wave initiates a
linear decay of the plate vollage of V-26 The
circuit employed to obtain this decay, or
linear sweep, 15 a Miller Run-down circuit
which 1s similar to the more familiar Phan-
tastroncircuit When the voltage at the plate
of V-2b has dropped to 40 vuliws, tne pick-oft
diode V-27B will conduct current applving a
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negative wave-Iront to V-32, the trigger
amplifier The time required for the plate
voltage of V-26 to drop to 40 volts depends
unon the nlate voltage existing when the tube
15 turned on by the mastcr multivibrator
The hipher the tnitial plate voltage, the longer
the decay or delay time The voltage on the
plate of V-26 at the start of each sween 1s
controlled by the nlate voltage of V-31, the
search and trackiry tube, through control
diode V-2TA This diode 15 used to decouple
these two plates when the voltage at the diode
plate (V-26 plate voltage) falls helow the
voltage at 1ts cathode (V-31 nlate voliage)

There are two phases of interrogator
operation, a searching phase and a tracking
phase Whenthe equuipmentis first turned on,
1t 15 necessary to search in time (distance)
for the transpondor reply During the
searching period, the plate voltage of V-31
increases slowly from approximately 50 to 200
volts The total time required for this voltage
increase 15 about 30 seconds In the mean-
iime the linear sweep tube 1s producing 200
voltage sweeps peT second, the lengths of which
are slowly increasing as the plate voltage of
As the length of this linear
sweeplncreases, the delay between the trans-
mitted pulse and the trigger applied to the
trigger amplifier increases also

The delayed trigger, atter amplification
and 1inversion by the trigger amplifier, 15
used to fire the wide gate generator, a one-~
shot multivibrater The output of one plate
of the wide pate generator 1s a 20 psec
square pulse of approximately 150 volis
amplitude This positive wvoltage pulse, or
so-called wide gate, 15 applied to the grid of
the 1f driver, a cathode follower which supplies

V-31 increases

voltage to the if strip during the application
of the wide gate to 1ts grid The uf strip 1s
cut off at all other times A negative output
15 taken from the other plate of the wide gate
generator and used to irigger the narrow gate
generator The narrow gate generator V-21
15 another one-shot multivibrator the output
of which 1s a 10 g sec positive pulse of ap-
proximately 150 volts amplitude This gate
15 applied to the suppressor grid of the nat-
row gate coinclidence tube V-20 A reply
signalfrom a ground transpondor at the proper
frequency will be accepted by the interrogator
recelver and will be passed through tne if
strip providedthat 1t arrives during the time
that the if plate voltage 1s turned on, 1 e,

during the wide pate An output 1s taken from
the first video stage of the recewver and ap-
plied to the control grid of the narrow pgate
coincidence tube  This means that, any sig-
nal arriving during the period of the wide
gate, will reach this grad If this signal also
falls within the narrow gate, a signal output
will be present at the plate of V-20 The
leading edpes of the wide and narrow gates
are cowncident in time, and the coincidence
tube 15 so desi1gned that plate current will
flow only when a posifave signal 15 applied to
both the control and suppressor grids simul-
taneously The output of the coincidence tube
15 1nverted by V-19 This output will be 1n
pulse form and 1s integrated through diode
V-12B, the narrow pate integrator, developing
essentially adirect voltage of positive
polarity

The output of the second video stage
(which contains all signals arriving during
application of the wide gate) 1s also inteprated,
developing a ditect voltage of negative polar-
ity A singleintegrating condenser1s common
to both the wide and narrow gate 1ntegrators
sothat the two direct voltages are effectively
combined The resultant voltage 1s applicd
to the grid of the search and tracking tube
and, by controlling the plate voltage of inat
tube 1t also controls the plate voltage of the
linear sweep tube, and consequentily, the de-
lay time between the transmitted pulse and
the generation of the two gates
is oriented in time so that the outputs of the
wide and narrow pgate integrators are equal,
the resultantdirect voltage change applied 1o
the grid of V-31 1s zero
1sno chanpge i1n the 1mtial plate voltage of
V-26, 1n other words, the voltage irom which
the linear sweep starts rermains the same,
and therefore thereis no change in the deiay
This condition would exast for aircraft or-
biting around a ground station with a fixed
radius If an aircraitis flying away from a
ground station so that 11z distance to that
station 15 1increasing, the signal returned to

If a signal

In this case there

the aircraft by that station increases 1n de-
lay with respect to the interrogating pulse

This means that more of the s1gnal will
appear in the wide gate than in the narrow
gate, and as a result, the cutput of the wide
gate generator will exceed the output of the
narrow gate generator When this happens,
a resultant negative direct voltage 1s applied
to the grid af the search and tracking tube



causingits plate voltage and the plate voltage
of the linear sweep tube to rise simultaneously
The time requiredfor the plate voltage of the
linear sweep tube to drop to 40 volts then 1s
increased as a result of this higher starting
voltage, The triggering of the wide and nar-
row pates also 1s delayed and both gates ef-
fectively move out in time with respect to the
transmitted pulse. They will continue to do
so until the return signal again 1s balanced
between the two gates, and the narrow and
wide pate integrators have equal outiputs In
the case of anaircraftapproaching the station,
the opposite occurs The narrow gate inte-
grator output exceeds that of the wide gate,
thereby applying a positive voltage to the grid
of V-31, w1th a consequent decrease in the
gate delays until the signal 1s again bracketed
between the two gates

From the above, 1tmay be seen that the
plate voltage of V-31 15 proportional to the
distance between the aircraft and the ground
station. This voltage drives a cathode fol-
lower, the plate current of which operates a
dc milliameter calibrated directly in statute
miles

The screen grid of the narrow gate co-
incidence tube 1s purposely wmproperly by-
passed, thereby permaitting an amplified out-
put to be taken from the screen as long as a
sipnalappears at the control grid Thus, any
signal arriving durang the time of the wade
gate, regardless of whether 1t also arrives
during the time of the narrow gate, will be
amplified from the control grid to the screen
of this tube and will appear as a negative
pulse at the screen grid This pulse tripgers
the coding multivibrator V-16, the output of
which 1s integrated and applied to the prid of
the coding amplifier V-15as a negative direct
voltage If this voltage 1s of sufficient mag-
mtude, 1t will cut off the coding amplifier
which 1s normally conducting
of plate current will operate the code relay
in the plate circuit of the coding amplifier
When this relay operates, the ground return
of the search and tracking tube grid is re-
moved, thereby interrupting the searching
operation The gridis now controlled entirely
by the direct voltage outputs of the wide and
narrow gate integrators Operation of the
code relay also turns off the indicator light,
indicating to the pilot that a signal 1s being
receivedinthe gates Shoula this signal fade,
the code relay willagain close, however, since

Interruption

the lock-in relay 15 now self-helding, the
search and tracking tube will r¢ main in the
tracking condition This means that the dia~
tance 1indicator meter will continue to i1ndicate
the reading existent at the time of the signal
fade Whenthe signal again 1s reccived, pro-
vided the fade 1s not too long in duration {15
to 30 seconds), the indicator light will go out,
and the tracking circuits will continue to fol-
low the signal

A pushbutton 15 provided on the control
panel to imitiate the searching operation De-
pressing this button causes the indicator
needle to droo to a zero miles reading, On
release of the button, the needle will com-
mence sweeplng slowly out to a 120-mile
reading until 1t 1s stopped at the proper dis-
tance by operationoi the code relay, at which
time the tracking circuits become effective

Two distance ranges, 0 to 12 and 0 to
1 20 males, may be selected manually by the
pilot  Since this is a single channel DME, a
specilal release switchi1s providedin the event
the pilot wishes to search for a second beacon
beyond the distance at which the first beacon
15 recelved

By periodically interrupting the beacon
transmissions 1n accordance with the Morse
code, the 1indicator light on the conirol panel
will flash off and on, thus 1dentifyang the
beacon from which the signals are being re-
ceived This, of course, can be done only
after a signal has been locked 1n the gates

Fig 2 1s a block diagram of the trans-
pondor and will be used to describe operation
of that unit Signals at the proper frequency
are received througha non-directional broad-
banded antenna array consisting of four ver-
tically stacked full wave horizontal radiators
These signals are then fed to the i1f amplifier
through a TR cavity and erystal mixer in the
same fashion as in the 1nterrogator receiver
The i1f stripis 1dentical to that employed 1n the
interrogator with the exception that it 15 not
After passing through the second de-
tector and one stage of video amplification,

gated

the signal pulses are used to trigger a one-
shot pulse delay multivibrator The purpose
of this delay 1s to permit recovery time of
the interrogator receiver and, to allow for
the time required for the interrogator tracking
This introduced de-

lay, whichis constantfor all incomang pulses,

circuits to get started

1s cancelled 1n the aircraft unit by proper
adjustment of the indicating circuit
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Three outputs are taken from the pulse
One of these 1s fed to
the coincidence tube, the output of which
The blocking
oscillator output 1s used to fire the trans-
matter through the driver and modulator The
modulator, which consists of three 3D21A
tubes 1n parallel, produces a 1 # sec output
pulse, which 15 stepped up by a pulse trans-
former in the plate circuit and applied to the
transmitter

delay multivibrator

triggers the blockingoscillator

The transmitter consists of two
2C42 hhghthouse triodes connected in parallel
ina cavity-tuned circuit The rf output of the
transmitter 15 iris-coupled to the common
recelving and transmitting antenna

In order to limit the duty cycle of the
transmitter and 1o prevent retriggering by
multipath signals, 1t 1s desirable to prevent
too frequent firing of the transmatter Thas
1s accomplished by means of the dead-tume
multivibrator, A second output of the coin-
cidence tube 15 applied to the dead-time mul-
tivibrator, triggering this tube, which in turn
producesa 100 #sec pulse After amplification
and inversion, this pulse 1s applied back to
the suppressor grid of the coincidence tube
The polarity of the applied pulse 1s negative
and the coincidence tube will not conduct as
long as this pulse1s present at the suppressor
grid Thus, si1gnals applied to the control
grid, during the time of application of the
dead-time pulse, will not pass through the
tube to modulate the transmaitier

A second output from the pulse delay
multivibrator 1s used to trigger the AOC
{(Automatic Overload Control) multivibrator,
The output
of this tube 1s 1ntegrated and applied through
a control diode to the conirol grid of the
fourth if stage

another one-shot multivibrator

After integration the direct
volitage developed 1s negative in polarity and
has a magnitude determined by the number of
pulses per second being received by the re-
plier. When this value exceeds 6,000 per
second, the negative voltage applied to the
fourth 1f pgrid causes the gain of the 1f strip
to be reduced The effect of this reduction in
gain .s, that only the 6,000 strongest interro-
gations will result i1n transpondor replies
The purpose of this circuil 1s to act as ad-
ditional limitation on the duty cycle of the
replier transmatter

A third output of the pulse delay multi-
vibrator 1s used 10 operate a headset for

momtoring the received signal These same

pulsesalsoarefed through a diode integrator
to operate a pilot lamp which will indicate
that the beacon 1s being triggered when the
lipht 15 on Simalar circuiis provide a visual
indication that the transpondor 1s replying

Gap coding 1s applied externally by a
code motor by suitably arranged cams, which
periodically disable the transmitter by cutting
off the blocking oscillator

DESCRIPTION OF EQUIFPMENT

PULSE MULTIPLEX DME

The Hazeltine pulse multiplex DME pro-
vides, through use of 26 radio frequencies
and four double pulse codes, a total of 52 1n~
dependent operating channels It is obvious
thatby cross~banding the 26 radio frequencies,
a total of (13 x 13} or 169 discreet frequency
pairs {one frequency for interrogation and the
other for reply) may be provided Further-
more, by using eachof the 169 pairs with each
of the four pulse codes, a total of (169 x 4) or
676 discreet operating channels may be pro-
vided that ex-
tensionof the pulse code and crossband tech-
niques to this extent, thoupgh achievable 1n
theory, 15 unworkable on a practical basis
when large numbers ol aircraft are required

However, 1t may be shown

to operate in conjunction with eachtranspondor
of the system On the other hand, 1t may be
shown thatif eae¢h channel be i1dentified by
three parameters, viz ,andinterrogation fre-
quency, a reply frequency, and a pulse code,
and, 1f no two channels have more than one of
these parametersin common, a system capa-
able of handlaing 100 aircraft per transpoendor
15 readily achievable under the worst possible
traffic conditions (100 aircraft operating with
eachof the 50 transpondors, and with all air-
craft within line of sight of all transpondors)
In otder to meet the above requirement, the
present pulse-multiplex DME svstem must
be limited to 52 channels

The pulse width employed 1n present
DME systems 1s 1 5 wsec [n this pulse-
multiplex system, a pair of pulses are trans-
mitted as an interrogation at a rate of 30

bHazeltine Electronics Coa poration
Report No, 2077TW, "Results of Tests Pe1-
formed at Hazeltine on Pulse -Multiplex Dis-
tance Measuring Equipment,” March 1948



interrogations per second The spacing be-
tween the pulse pairs may be 10, 15, 20, or
25 psec The reply pulses from the trans-
pondor may also have any of these four
spacings The combinationofaninterrogation
spacing and a reply spacing 1s known as a
'mode" Atotal of four modes are employed,
which are made up of the following combi-

nations

Interrogation Reply
Mode Spacing Spacing
1 25 pusec 10 psec
2 20 usec 15 psec
3 15 usec 20 psec
4 10 usec 25 psec

In the case of the interrogator trans-
mitter, the pulses are generated by use of
two soft-tube modulators, one of which ap-
plies the first modulating pulse to the trans-

mitier oscillator which consists of a pair of
cavity-tuned 2C42 lighthouse tubes in par-
allel A portion of the first modulator pulse
1s delayed and used to trigger the second
modulator which applies the second modu-
lating pulse to the same transmaitting oscil-
lator The required spacinpg between the two
transmitted pulses 1s controlled by adjust-
ment of this delay A block diagram of the
interrogator 1s shown as Fig 3

Amagnetostrictiondelay lime 1s employed
to introduce the required delay between the
transmitted pulses, to code the transmassion,
and the same type of delay line 1s employed
in the receiver decoding circuits 1n order to
determine whether a received sipnal 15 a de-
sired or undesired signal

The operation of the magnetostriction
delay line 1s based, as the name implies, on
the mapgnetostrictive principle Fig 4 15 a
viewof a typical magnetostriction delay line
The device consists of a raibbon or tube of

LoGaL IF VIDEO SPIKE DELAY
. » »
OSCIWLLATOR AMFLIFIER v AMPLIFIER SUPPRESSOR LINE
I t I
¥
COINGIDENGE
CRYSTaL NARROW
TR > » TUBE ->-
MIXER GATE ING)
J \ 1r ]
i
DELAT WIDE GOINGIDENGE
TRANSMITTER > TUBE -
TRIGGER GATE (WG)
l 1
4 ‘ ]
MOGULATOR NS — EARGH
MASTER RANGE s
—p— = a —-
OSCILLATOR SWEEP
TRACKING
-] MODULATOR nN92 < DELAY <

Fig 3 Block Diagram, Hazeliine DME Interrogator
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Fig 4 Magnetostriction Delay Line

magnetostrictive material (nickel has proven
extremely elfective) mountedat both ends and
passing through the center of several small
coils A pulse of current through one of these
coils produces a contraction 1n the short
portion of ribbon linked with it This con-
tractiontravels along the line at about 4 76 x
105 em per second, causing a change of per-
meability in each section of line through which
1t passes As this change of permeability
passes through any other coil, the change 1n
flux results 1n a change 1n current through
that coil This current change 15 amplified
and serves as an accurately delayed pulse
with respect to the pulse used to excite the
nickel ribbon The spacing between the input

—h| IORSEC |1—

4

and output co1ls determines the time delay
which 1s approximately 5 38 psec per inch
of separation

Obviously the rf and if portions of the
recelver will accept all radic signals at the
proper frequency, 1ncluding those signals
made up of double pulses with incorrect
spacing., The pulse-space discrimination, or
decoding, 15 accomplished after the detection
and video amplification of the incoming sig-
nal Fig 5 1s a simple diagram showing how
pulses of the proper spacing are accepted
and pulses of improper spacing rejected All
incormning signals are applied, after passing
through the receiver, directly to one grid of
the coincidence tube, and indirectly, through
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a properly adjusted magnetostriction delay
line to a second grid of the same coincidence
tube Two suchcoineidence tubes are actually
employed, the third grid of one being con-
trolled by the narrow gate, and the third grid
of the other by the wide gate. Thus, traple
comncidence must be established 1n each tube
to produce anoutput, and the tubes serve use-
ful functions in both the decoding and the
tracking processes

The transmatter and receiver are tuned
by remote selector switches to the desired
radio frequencies The actual frequency
change 1s accomplished by the rotation of a
detentdrum for each of three cavities (trans-
mitter, local oscillatar, and preselector),
All three of these drums contain a row of 13
pins, each of which controls the position of a
master plunger in 1ts associated cavity when
the drumis rotated, to permat that particular
pin to contact the base of the plunger. The
position of each drum 1s controlled by a
selector switch on the pilot’s control box as
shown 1n Fig. 6 The local oscillator and
preselector detentdrums are geared together
and controlled by a single switch The se-
lector switches apply voltages to a servo-
system which, inmatching the applied voltage,
cause the detent drums to be rotated to the
proper position,

Selection of the desired mode 15 accom-
plished bya third selector switch on the con-
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trol box This switch, by means of relays,
selects both an output coil for coding the
transrmitter and an output coil for decoding
purposes A single delay line 1s used for
both coding and decoding This line employes
five coils 1n all, one for excitation of the
ribbon (either by a portion of the first trans-
mitted pulse or by the reply signal) and four
others spaced 10, 15, 20, and 25 usec with
respect to the excitation co1l Use of a single
delay line for both coding and decoding 1s
made possible by an electronmic switch syn-
chromized with the transmatted pulse

The Hazeltine equipment employs a
servo-driven indicating instrument of the
double-pointer type. This instrument, together
with the remaining units comprising the air-
borneinstallationisillusiratedin Fig 6 The
shaft which drives the short pointer also
drives a potentiometer, the center tap of which
produces a voltage proportional to distance
This voltage 1s balanced against an electronic
range voltage penerated within the interro-
gator proper (in a similar fashion to that
previously deseribed) by means of a servo-
systemn, the output of which drives the in-
dicating instrument

The design of the Hazeltine DME ap-
proaches fully automatic operation in that the
only functions to be performed by the pilot
consist of application of power to the equip-
ment, and selection of the proper operating

Fig 6 Hazeltine Interrogator



channel The search of the interrogator is
automatically initiated and, when necessary,
repeated The search time 1s approximately
14 seconds The two-pointer indicator pre-
cludes the necessity for a range-switch, and
the multi-channel character of the equip-
ment permits the elimination of the release
switch employed on the earlier model DME

The Hazeltine interrogator, including
allaccessories exceptinterconnecting cables,
weighs 55 1/21b, and measures 23 1/4 by
101/2by 71/41n

The Hazeltine system, by virtue of the
9.5 Mc separation between radic frequencies,
may be operated satisfactorily without re-
sorting to high stability transmitters and re-
ceiverd, In order that receivers properly
accommeodate transmitters having rather wide
stability ranges, as well as compensate for
frequency driftof the receiver local oscillator,
they must have a broad-band characteristic
The bandwidth of the receivers 1n the interro-
gators and the transpondors 1s approximately
5 Mc at 6 db down In order to provide steep
skiris for the receiver response curve, a
special circuit, known as a spike eliminator,
1s employed Adjacent and near-adjacent
frequency pulses will result in a portion of
their spectrum passing through the receiver
Since the pulses will be receilved on a nor-
w.ally sloping skirt, the hagh frequency com-
ponents of the adjacent frequency pulses will
be amplified to a greater extent than the low
frequency components The resultant pulse
as 1t appears at the receiver output before
spike elimination, will be distorted and will
appear as a pulse of the proper width, but
with pronounced spikes at the leading and
trailing edges together with a relatively deep
valleyinthe center By applying the receiver
output pulses directly to one grad of a coin-
cidence tube, and indirectly, after a delay of
approximately one -third of the pulse wadth, to
a second grid of the same coincidence tube,
the spiked pulses are eliinated Faig 7 1l-
lustrates the action of the spike suppressor
circuit It will be ocbserved that the principle
employedis the same as that employed by the
decoder

The pulse-~multiplex DME transpondor,
a block diagram of which 15 shown in Fa1g 8,
incorporates a crystal controlled transmaitter
and recewver This feature 15 not required
for operation in conjunction with broad-band
airhorne receivers, but will operate satis-
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factorily with them The transpondor re-
celver, though possessing a closely controlled
local oscillator frequency, 1s broadbanded 1n
order to operate properly with low stability
airborne transmitters The transpondor re-
ceiwver s essentially the same as the interro-
gator receiver and 15 also followed by a spike
suppressor A portion of the receiver output
1s used to operate an autormatic gain stabali-
zationcircuit The gainis stabilized by main-
taining a constant level of random noise
Noise pulses from the receiver trigger a
multivibrator at a rate determined by the
noise level A diode counter feeds a bias
voltage back to the if strip, which inereases
or decreases the receiver gain in order to
maintain the pre-set noise level

The transpondor receiver also contains
an echo suppression circut, the purpose of
which 15 to prevent multi-path (echo) pulses
from combining with direct path pulses to
form a proper code. Fig 9 illustrates how
such echo pulses maght lead to needless in-
terrogation of a transpondor It may be
pointed out thatiranspondor A of Fig 9, even
though interrogated, will not reply with the
proper frequency or spacing to be received
by the aircraft receiver and decoder, however
it has been needlessly interrogated, thus in-
creasing 1ts duty cycle and increasing the
probability that some aircraft seeking replies
from transpondor A will suffer increased
count-down (ratio of replies to interrogations)
In practically all cases, as shown in Fig 9,
the echo pulses will arrive at the transpondor
with appreciably less amplitude than the de-
sired pulses The first pulse of a received
pair causes the echo suppression circut to
teduce the gain of a video stage to a level
determined by the amplitude of the first pulse
Consequently, if the second pulse 1s small with
respect to the first, it will not pass beyond
this stage and will never reach the decoder

Incoming si1pnals which successfully
pass through the echo suppression and spike
eliminator circuits are, after suitable am-
plification, applied to the input coil of the
decoder Pulse pairs of the proper spacing
result in a trigger pulse at the plate of the
coincidence tube This pulse1s usedto trigger
the dead-time multivibrator Omne purpose of
the dead-time period 1s to prevent re-trig-
gering of the transpondor by multipath pulse
pairs following legitimate pulse pairs The
need for this type of echo elimination should
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not be confused with the need for the echo
suppression circuit The echo suppression
circuits previously discussed prevent the
formationof a proper pulse code due to com-~-
binations of directily received, and delayed
{multipath) pulse pairs Obviously, if the de-
lay introduced by the multipath exceeds the
pulse spacing, the direct path pulse pair will
be Iollowed by one or more multipath pairs,
depending upon the particular site, all having
the proper spacing Since there 1s no inter-
lacing of the direct and reflected pulse pairs,
the echo eliminator carcuit will notbe effective
in such cases However, the dead-time
multivibrator, by applying a cut-off pulse to
a preceding amplifier prevents another trig-
ger pulse from reaching the multivibrator
until expiration of the dead-time The dead-

time pulse serves two additional functions
(1) to assistin preventing over-interropation
of the transpondor, and (2} to prevent pulses
transmitted by the transpondor from retrig-
gering 1t {ring-around) by pick-up at some
pownt beyond the decoding process The out-
put of the dead-timme multivibrator, after wave
shaping, 1s applied to the coder delay line.
This line contains three coils, one excitation
coil and two output coils The spacing be-
tween the two output colls 15 equal to the reply
spacing of the transpondor The spacing be-
tween the inputand second cutput coil 1s equal
to 75 gsec,and 15 knownas the artificial de-
lay of the transpondor Alltranspondors with-
in the systern necessarily must employ the
same artificial delay time, since all aircraft
units are designed to subtract this time from
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that actually measured for the round trip
pulse path from air to ground and return In
a pulse multiplex system, the time measured
by the interrogator is the time elapsed be-
tweentransmissionof the second interrogatian
pulse and the arrival of the second reply
pulse at the interropgator

since nelther decoder (transpondor or interro-

This 15 necessary

gator) recognizes that a proper signal has

Block Diagram

beenreceived until coincidence 1s established
The coincidence pulse, see Fig 5, always
occurs at the time of the second pulse of a
pulse pair

The two vutput pulses from the delay
line are of the order of one volt 1n amplitude
(due to high delay line insertion loss), and
following necessary amplification are used to
trigger a blocking oscillator, the output of
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whichisfed toa 3E29 driver tube The mod-
ulator proper consists of three 3E29 tubes 1n
parallel The use of hard-tube modulators of
this type, having a rapid recovery time char-
acteristic, makes 1t possible to employ the
same modulator for both pulses of the pulse
pair, as opposed to the two modulators em-
ployed 1n the aircraft transmatter

The rf oscillator 15 a Type 3C37 cavaty
controlled lighthouse tube, The peak power
output of the transmatter 1s approximately
5 kw As previously pointed out, both the
local oscillator and the transmatter frequencies
are crystal controlled to a stability of about
+200 ke for the transmitter, and +50 ke for
the local oscillator The crystal conirol 1s
exercised through means of an afc system
and 1s not direct, The ovutput of a crystal
multiplier chain 15 compared with the fre-
quency to be controlled, and a standard beat
frequency 1s maintained between themn A
frequency discriminator controls the operation
of a mechanical cavity-tuning arrangement
in accordance with the beat frequency which
15 applied to the discriminator The antenna
employed 1s a 4A vertically stackedarray,
matched to a 50-ohm line. This antenna 1s
shown in Fag 10 Fig 11 15 a view of the
Hazeltine transpondor

ITARROW -BEAND DME

The 51 -channel DME bumlt by Federal
Telecommunication Laboratories 1s commonly
referred fo as a narrow-band, high stability
iype as compared with the Hazeltine version
whichemploys wide-band receivers, and rel-
atively low frequency stabilities i1n the in-
The high stability characteristics
of the Federal system permit close spacing
of the Tf channels employed The spacing
between channels 1s 2 4 Mc, with 51 interro-
gation frequencies located in the lower half,
and 51 replyfrequencies located in the upper
half of the 960 - 1,215 Mc band Since no in-
dividual frequency appears 1n more than one
channel, double pulse transmissions are not
required for channel discrimaination, and
consequently the system employs single-pulse
transmissions throughout

The distance measuring principles of
this equipmentare 1dentical with those of the
pulse muliliplex equipmentand with the earlier
types of DME The chief differences between
the Hazeltine and Federal equipments are the
following

terrogator

% .
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Fig 10 Hazeltine Transpondor Antenna

l Automatic frequency control of the
transmitter and local oscillator in the
narrow-band system

2 Method of measuring the time interwval
equivalent to distance



Fig 11 Hazeltine Transpondor

The aircraft interrogator, F1g 12, con-~
tains a total of 51 different frequency de-
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termining crystals, mounted about the periph-
ery of a rotatable turret, shown in Fig 13

The irequencies of these crystals range from
42 to 47 Mc The position of the crystal tur-
ret determines which one of the 51 crystals
will be operativeona particular channel The
output of a crystal multiplying chain 15 used
as the local oscillator signal for reception,
and produces a 63 5 Mc 1f when mixed with
an incoming signal of the proper frequency

The energy from the crystal multiplier out-
put also 1s mixed with a portion of the trans-
mitter cutput to produce a beat frequency of
62 Mc when the transmitter 1s exactly on fre-
quency After amplificationthrough a broad-
band afc 1f amplifier the beat signal 15 applied
to a frequency discriminator with a 62 0 Mc
crossover point, The output of the discrimi-
nator contirols the direction of rotation of a
motor which positicns the tuning plunger in
the transmitter cavityin the proper direction
to compensate for transmatter irequency
shift Thus, 1t may be seen that control of
the local oscillater 18 by conventional direct
crystal control but, the stability of the trans-
mitter oscillator is accomplished by com-
parison with a standard frequency and cor-
rectionthroughmeans of afc The non-avail-
ability of a suitable power amplifier at the
frequencies employed has thus far prevented
the use of direct crystal control for DME
transmitters. Since a single crystal per
channel 1s employed as a reference standard
for both the local oscillator and the trans-
mitier afe, 1t 1s obvious that a constant daf -
ference must exist between the interrogation

Fag

12 Federal Interrogator
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Thas

and reply frequencies on each channel
difference 15 125 5 Me¢, and 15 the sum of the
afc intermediate frequency and the receiver
intermediate frequency

The output of the receiver converter 1s
applied to the input of the 63 5 Mc 1f amplifier
This amplifier 15 stagger-tuned to provide a
5 Mc bandpass At the output of the if am-
plifier, a speci1al double discriminator 1is
employedto eliminate adjacent-channelinter-
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ference. This discruminator operates in such
a manner that pulse spectra which are sym-
metrical with the if bandpass appear at the
diseriminator output as positive pulses

Spectra which are asymmetrical with respect
to the if bandpass appear as negative pulses

Nepgative pulses are rejected by succeeding
video circuits Thiscireuit 1s commonly re=-
ferredto as the McKinley discriminator From
the above description, it 1s obvious that rf
pulses in the adjacent channel, even though
they may be considerably greater 1in amplitude
than pulses at the desired freguency, will not
pass 1nto the video circuits of the receiver

The order of rejection tc adjacent channel
pulses 1s about 100 db One disadvantage of
this circuit, thoughnot a serious one for DME
purposes, 1s that reception of strong adjacent
channel s1gnals prevents the simultaneous
reception of proper-frequency signals In
other words, the utility of the circuit depends
on a difference 1n time relationship, or the
time of arrival, of wanted and unwanted pulses

For this reason the circuwt would not be ef-
fective for adjacent channel rejection in the
case of cw signals In terms of the effective
recelver bandwidths, the McKinley circuit
provides exceedingly steep skirts, with max-
imum tejection at the adjacent channel fre-
quencles.

The Federal airborne receiver incor-
porates an automatic pain control circut,
operating on the strength of the received signal
Conventional age of this type 1s not usable in
a pulse multiplex system due to the fact that
more than one channel 1s transmitted on a
single frequency In many cases the desired
channel may be many decibels below some
undesired channel on the same frequency,
radio-frequencv-wise Whereapgcis required
in such a system, it 15 possible to operate on
the signal after 1t has been found and 1s being
tracked Thisisknownas ''gated” or "strobed"
agc

In order to determine and continuously
indicate the distance (the purpose of search
and tracking), the narrow-band interrogator
In this system
they are generally referred to as the "early"
and ''late'" gates rather than the 'marrow"
and '""wide' gates as in the pulse multiplex

also employs a pair of gates

system The method of range measurement
and indication 1s 1llustrated by a block dia-
gram, Fi1g 14 V-2121sa 9 315 ke resistance
stabilized oscillator which controls all



functions The sine wave output of this oscil-
lator is applied to the thyratron V-213, which
produces positive trigger pulses atits cathode
each time the applied sine wave at its prid
goes positive These trigger pulses are ap-
plied to the control gridof a second thyratron
V-214 This tube1s effectively a coincidence
tube 1n that 1t will not fire unless positive
signals are simultaneously applied to 1ts con-
trol and shield grids Periodic excitation to
the shield grid i1s furmished by the master
multivibrator V-215 The period of oscil-
lation of this multivibrator 1s 30 cps during
tracking and 150 cps during searching The
positive pulse, or gate, delivered to the thy-
ratron shield grid by the multivibrator must
have a duration exceeding the period between
two trigper pulses to 1nsure coincidence with
at least one of them Thus, sometime during
the period that each positive pulse from the
mulfivibrator 1is applied to the shield grad, a
trigger pulse from V-213 will appear at the
control grid of V-214 Should c¢oincidence
occur twice, the thyratron recovery time does
not allow a second output pulse During the
resultant interval of coincidence, a positive
pulse appears at the cathode of V-214, This
pulse is employed to trigger the modulator
and also the Phantastron employed 1n the
range-measuring circuits The advantage of
this seemingly roundabout method of firing
the transmitier will become apparent as the
method of range determination 1s discussed
Use of this multivibrator for selecting the 30
or 150 trigger pulses per second from the
total of 9,315 per second, minimizes the
possibility that any of the various aircraft
operating within the system will synchronously
interrogate with respect to each other Such
a condition could result in one aircraft suf-
fering severe count-down as a result of its
interrogations arriving for extended periods
of fame, during the transpondor dead-time
initiated by a second aircraft Precise syn-
chronization of the interrogations of two or
more aircraft can also result in ranging
errors as a result of one aircraift repeatedly
recei1ving replies mmitiated by some other
interrogator Since no particular effortis
made to accurately control the multivibrator
repetition rate, all aircraft effectively interro-
gate at random with respect to each other
The 9 315 k¢ sine wave from the oscil-
lator 15 also introduced to a two-phase pre-
cision goniometer Exact phase splitting 1s
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achieved by means of a condenser and re-
sistor 1n seri1es with one winding As the
rotor of the goniometer 1s turned, the phase of
the 1nduced voltage varies linearly, by virtue
of which linearity a high degree of range and
rate accuracy may be obtained The induced
sine wave 1s amplifiedby V-218B and used to
fire thyratron V-219 Obvicusly the output
pulses from V-219 will be delayed with re-
spect to those from V-213 by the amount of
phase shift introduced by the goniometer
The output trigger pulses from V-219, here-
after referredtoas range pulses, are applied
to the control grid of coincidence thyratron
V-220

The undelayed trigger pulse which fires
the modulator 1s also applied to Phantastron
V-216 and initiates a linear voltape decay at
the plate of this tube
until the voltage at the plate equals a direct
voltage applied, through control diode V-217E,
froma potentiometer geared to the goniometer
The gear ratio employed 1s 12 1, the poten-
tiometer rotating once for every 12 rotations
of the goniometer When the plate voltage of
the Phantastron equals the control voltage
from the potentiometer, a delayed trigger
pulse, hereafter referred to as the selector
pulse, 15 generated by the trigger amplifier
V-218A, and applied to the shield grid of co-
incidence thyratron V-220 Since the delay
of the ranpge pulse and the delay of the selec-~
tor pulse are both controlled by rotation of
the gomiometer shaft, the selector pulse 1s
capable of tracking a range pulse from zero
to maximum range

Itisapparentthat the range accuracy of
the system 1s dependent on the highly stable
sine wave oscillaior rather than on the line-
arity of the Phantastron circuit and the shaft-
driven potentiometer These latter two com-
ponents serve only to select the proper range
pulse, whereas the range pulse 1tself deter~
mines the actual time of firing of the coin-
cidence thyratron V-220. Reference to
Fig. 15, which shows the various waveforms
and time sequences involved in the ranging
circuits, will 1llustrate this point The dura-
tion of the selector pulse 1s long with respect
to the duration of the range pulse, but 1ts
duration 1s necessarily less than the period
between range pulses

When coincidence 1s established in
V-220, the tube produces an 8 psec positive
pulse (the early gate) which 1s applied to the

This decay continues
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screen prid of V-211, the early gate coin-
cidence tube, making that tube conductive 1n
the additional presence ofa reply signal from
the receiver at its control grid The trailing
edge of the early gate, with polarity inversion,
15 used to trigger V-221, the late pate gen-
erator, V-221 also delivers an 8 asec pulse
which 15 used to turn on ¥-210, the late gate
coincidence tube The receiver output 1s also
connected to the control grid of V-210 The
outputs of these two tubes are differentially
rectified through V-208 and V-209, the out-
puts of which are combined and integrated by
C-210 The voltage on C-210 determines the
plate voltage of V-204, the velocity tube,
which operates the tracking motor through
motor control tube V=203 The tracking motor
The tracking
motor 1s a special shunt motor designed to

in turn drives the goniometer
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be operated below the breakdown point of 1ts
field current versus speed curve In this
way, the field current required to control the
speed 15 low enough to be supplied directly
from the plate of a vacuum tube, Furthermeore,
the speed 1s roughly proporticnal to field
current, so that the speed may be taken
smoothly from one direction through zero to
the other direction Reversal of rotation re-
quires a reversal of f1eld flux, which is
achleved by means of anauxiliary field winding
of constant flux which opposes the control
field flux

Servofeed-back1s providedbyaperma-
nent magnet tachometer geared to the goni-
ometer shaft The tachometer output 1s am-
plifiedand supplies a negative feed-back sig-
nal for the primary servo-loop

The voltage output from the tachometer
varies linearly with speed, and accordinpgly
1s an accurate measure of the rate of change
of distance A =zero-center dc voltmeter 1s
employed to present this rate information to
the p1lot Because of the inherent jitter of
the reply pulses inthe iracking gates, chiefly
due to propagation characteristics, a large
amount of integration is required in the rate
indicating systern This integration i1s sup-
plied by means of submerging the meter
movement 1n a silicone fluad

The prediction control chain shown at
the boitom of the block diagram of Fig 14
makes 1t possible for the indicator io con-
tinue to display distance and rate information
when the reply signal is lost, up to a limit of
approximately 3 sec During tracking,
V-207A 15 cut-off by a negative sipnal from
the sum rectifier Upon disappearance of the
signal, this tube rapidly becomes conductive,
which 1n turn causes V-205A to become con-
ductive The conduction of V-205A cuts off
relay tube V-205B, releasing i1ts plate cir-
cuit relay, Release of this relay causes the
plate potential of V-204 to be switched to the
average value of the velocity voliage, which
1s provided by a memory condenser that has
been charged to this potential during the pre-
ceding interval of trackinp

There exists some question regarding
the value of rate memory with respect to
simple distance memory The assumption 1s
made 1n the case of rate memory that the air-
craft will continue on the same course and
at the same rate during the memeory, or pre-
diction period Inmany cases, disappearance



of the reply si1gnal 1s due to banking of the
aircraft, which 1s usually accompanied by a
change incourse and an accompanylng change
in rate

The operation of the ranging circuts
has been described 1n terms of the tracking
function. During search, the tracking motor
1sde-energizedand a differentially connected
search moter 1s energized by 28 volts de
through operation of a relay in the plate cir-
cuit of the search tube V-201 The search
tube 15 nonconducting during tracking and the
relay i1s de-energized When gated replies
no longer appear at the gate rectifiers, the
tracking tube 15 cut-off rapidly by a negative
charge built up on C-210 as the result of a
3 #amp bleeder current which flows at all
During tracking, the pate rectifiers
compensate for this current by sliphtly mis-
align_npg themselves about the pgated signal
When the tracking tube 15 cut-off, 1ts high
plate voltage applied to the grid of the search
tube, causes the iatter to conduct The speed
of the search motor 1s such that a distance of
115 statute f¢omay be searched in?
seconds The pilot’s indicator 15, of course,
driven by the same gear train which drives
the poniometer during both searchand tracking,

During the search period, the repetition
rate of the transmitter 1s increasedio 150 pps
This increase 1in pulse rate increases the
ratioc of wanted to unwanted replies (rephes
to other aircraft), and thus permaits the faster
search time

times

The FFederal transpondor 1s shown in
Fip 16 This unit, like the interrogator, em-
ploys ecrystal control throughout Since the
necessity for conservation of space and
welghtis notas stringentin the case of ground
equipment, separate crystals are used for
controlling the tramsmaitter afc and the local
oscillator of the receiver The crystals em-
ployed 1n the transmatter afc have a natural
frequency of the order of 20 Mc After fre-
quency multiplication, the third harmonic of
the crystal-controlled output 1s heterodyned
againsta portionof the transmatied rf energy
The resultant beat frequency 1s 30 Mc, with
the crystal-generated frequency being the
lower of the heterodyned frequencies After
three stapges of amplification by a 30 Mc af
amplifier, the beat signal 15 applied to a fre-
quency discriminator The resonant carcuits
of this discriminator consist of two brass
coaxial lines, each of which 15 tuned at its

Fig 16 Federal Transpondor and Antenna

open end bya combinationof fixed capacitors
andatrimmer capacltor If thebeatfrequency
15 above 30 Mc, the discriminator produces
a positive pulse output, if below 30 Me, 1t
produces a negative pulse output Aifter am-
plification, this pulse 1s applied to a phase
splhitter, the output of which fires one of two
thyratrons T he phase splitter 1s a triode,
the output of which 1s applied to one thyratron
and the cathode output of which 1s applied to
the second thyratron
the sipnals will be opposite, only one thyratron
will fire for a discriminator cutput pulse of
a given polarity MNeither tube will fire when
the transmitter 1s operating at its assigned

Since the pelarity of



frequency Firing of either thyratron com-
pletes a circuit to the transmitier tuming
motor which causes 1t to rotate 1n the proper
direction to correct the frequency shift

The transpondor recewver differs from
the airborme receiwver 1n that a 30 Mc 1f am-
plified 1s employed inthe former The trans-
pondor receiwver 1s followed by a McKinley
discriminator for rejection of adjacent chan-
nel interrogations

In order to obtain the artificial delay
required in a DME system, a Phantastron
circuit 15 used The delay inserted 1s ap-
proximately 40 u sec
15 required 1n single pulse systems than in
pulse multiplex systems since the spacing
between the two reply pulses must necessarily
form a portion of the delay

In order toprovide a relatively high
duty cycle rf signal for airborne recewver

Less artificial delay

agc purposes, and to maintain a constant
transmitter output duty cycle at all times, the
transpondor fires continuously at the rate
which would be demanded by 50 interrogating
aircraft This constant duty cycle mode of
operation 1s helpful 1n stabilization of the
transmitter afc, permits use of signal bias
arcuits and has anumber of lesser advantages
This feature 1s achieved by operating the re-
celver, 1n the absence of interrogations, at a
sufficiently high gawn level to cause random
nolse pulses to trigger the transmatter at a
rate of approximately 1,500 pps As interro-
gations are recelved, the recei1ver gainis
automatically reduced to the point where the
surn of the interrogation pulses and the random
noise pulses 1s equal to 1, 500 per second In
other words, the greater the number of legit-
imate replies to aircraft interrogations, the
less the number of internally generated ran-
dom replies A balance of receiwver gain about
the level regquired 1s accomplished by inte-
grating the reply trigger pulses, and, when
the integrated voltage exceeds a certain value,
corresponding to an excess of 1, 500 replies,
reducing the receiver gain through a dc am-
plifier

Identification coding, as provided by the
Federal transpondor, exhibits 1tself in the
aircraft as gap coding, however, the ground
transmitter is never actually turned off
Instead, the receiver local oscillator 1s dis-
abled, during whichtime no synchronized re-
plies are returned te \nterrcogating aircraft
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The antenna, presently bewing furnished
with the Federal transpondor, 18 a stacked
array of nine discones Each discone has an
almost unlimited bandwidth above 900 Mc,
but the combination has a low standing wave
ratio only throughoutthe 960 - 1,215 Mc band
This antenna 1s shown in Fig 16

TESTS

RANGE ACCURACY
The distance indicating accuracy of a
pulse-type distance measuring system 1s de-
pendent upon the following factors
1 Accuracy of the approprtate time
interval measurement, and conversion
of this measurement 1nto an i1ndication
of distance
2 Accuracy of the artificial delay intro-
duced by the transpondar
3 Propagation
4 Accuracy to which the indication may
be read in the aircraft
5 Altitude of the aircraft
By far the most important of these 1s 1tem
1 Fig 17 1s an error curve characteristic
of the Hazeltine type airborne interrogator
and Fig 18B1is a simailar curve for the Federal
These curves include only those
errors introduced by the airborne umit The
specificationto which these equipments were
built contained an accuracy regumirement of
plus or minus three per cent or plus or minus
one-half mile, whichever 15 the greater In-
spection of the curves reveals that the Federal
interrogator 1s well within these limaits, thus
allowing for more than adequate tolerance 1n
the other accuracy determumng factors The
error curve for the Hazeltine equipment,
Fig 17, indicates thatessentially zero toler-
ance1s avallable for other error sources It
should be pointed out that the accuracy of
distance measurement 1s not significantly
related to a particular type of system, 1 e ,
narrow-band or pulse-multiplex Exami-
nation of the circuits employed 1n the Hazel-
tine equipmentfor distance measurement and
indication reveals that the electronically
created range voltage the dc voltage pro-
portional to distance 15 exiremely linear
{well within one per cent} and, that the major
portion of the errors shown in the curve of
17 are imtroduced by the servo-syatem
It 1s reasonable

equipment

Fig
which drives the indicator
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are of sufficient size so that they can be read
accuratelyto 0 1 muile {by interpolation 1n the
case of the Federal equipment) at a normal
pilot-to-indicator separation There 15 little
to be gained by calibrationat smaller 1ntervals,
as 0 2 mile appears to be adequate and the
present state of the art does not permit more
accurate measurement of the time 1nterval
It should be remembered thal the dis-
tance measured by DME 15 the straight-line,
or slope line distance, and not the horizontal

Interrogator distance Thus, an aircraft flying at 10,000
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that follow-up circuits can be made to faith-
fully reproduce the linearity of the range
voltage

With respect to the accuracy of the
artificial delay, indications are thatthe Hazel-
tine method of providing this delay by means
of amagnetostriction line 1s probably prefer-
able
device and varies insignificantly with the
temperature and voltage variatiors encountered
at the ground station Accuracy of the
Phantastron delay provided by the Federal
transpondor 1s dependent upon the stability
of a number of circuit components In actual
operation, the stability of the Phantastron
delayi1s of sufficientorder to provide the de-
sited over-all distance measuring accuracy

Errors due to propagation, causing
"jitter' of the reply pulses in the distance

The magnetostriction line 15 a passive

measuring gates, i1s of the arder of 100 feet
and may be 1gnored

The Federal interrogator 1s provided
with an indicator on which the smallest dis-
tance calibration 1s 0 2 mile, whereas the
smallest calibrated increment on the Hazel-
tine equipment 1s 0 1 mile Both instruments

feet directily above the transpondor would 1n-
dicate approximately two-miles distance.
This error becomes increasingly small as
the aircraft flie s further from the station
At a slope-line distance of five miles, the
Fip 19 1s
a graph showing the relation between slant
and horizontal distance for various altitudes

horizontal distance s 4 6 males

RANGE CAPABILITY

The range capability of a distance meas-
uring systern 1s dependent upon a number of
factors, chief among which are

1 Transmitter Power

2 Recewver Sensitivity

3 Antenna Gain

4 Antenna radiation pattern (aircraft
and ground)

5 Aireraft attitude

On the basis of theoretical evaluation alone,
it may be shown that the free-space range of
& distance measuring system having the char-
acteristics of present equipment, 15 of the
order of 600 mailes
proper adjustmentand operation of the system

This statement assumes

and ignores two very important factors
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1 Antenna pattern nulls due to the inter-
ference of direct and reflected energy,
and

Shadowing of the aircraft antenna due to
aircraft attitude

Quantitative data regarding the magnmitude of
range capability deterioration due to these
factors 1s presently being obtained Faig 20
shows the actual antenna pattern obtained at
a typical DME instiallation The data for this
patiern were obtained with a constant aircraft
attitude, and do not 1nclude fluctuations of
signal strength due to aircraft climbing and
banking A study of this pattern and extra-
polation to 100 miles reveals that sufficient
signal strength 1s available within the cover-
age range of 100 miles above line-of-si1ght to
properly operate the system, even through
the deepest nulls Preliminary investigation
of signal fluctuations due to aircraft attitude

3 4
HORIZONTAL DISTANGE (STATUTE MILES)

19 Slant Dhstance Error

indicates that the magmtude of these vari-
ations presents a far more serious problem
than the presence of the ground nulls in the
antenna pattern During astandard rate 360°
turn (approximately 15° bank) the signal
strength variation in microvolts at the re-
cewver was 25 db

CODERS AND DECODERS

Fig 21 1s an acceptance curve of a
typical decoder employinga magnetostriction
delayline This graphshows receiver sensi-
tivily versus rf pulse spacing applied at the
receiver terminals. Tests have shown that
a variation of +15 v. 1n line voltage results
in the acceptance bandwidth of the decoder
chanpging 1n the order of +0 25 gsec

Temperature change of +80° C from a
mean of 20° C results 1n a change 1n the de-
lay of the line of plus or minus two per cent
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This figure applies for both coders and
decoders

FREQUENCY STABILITY OF
TRANSMITTERS

Experience has shown that frequency
variation of a properly operating automatic
frequency controlled DME transmitter (Fed-
eral pround and airborne and Hagzeltine
ground)is within+200 ke Thas figure applies
for variations in temperature, line voltage
and repetition rate Failure to remain with-
1n this limit 1s usually due to 1mproper oper-
ation of the aic system, which can, under
some conditions of breakdown, actually pull
the transmitter well off of the desired fre-

7See Footnote 6
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quency Evidence of this happening has been
sufficient to indicate that additional develop-
ment 1s requred along these lines Most of
the trouble encountered thus far can be cor-
rected by 1mproved shielding of the dis-
criminator circuits, Pick-upof the high-level
modulator pulse by the discriminator output
amplifiers often leads to a constant correction
voltage being applied to the aic tuning motors.
The polarity of this pulse 18, of course, in-
dependent of the radio frequency A good bit
of trouble also has been encountered due to
change inafc sensitivity,asa result of sudden
changes 1n repetition rate

FREQUENCY STABILITY OF RECEIVERS

Stability of the local oscillators, either
directly controlled (Federal) or afc-controlled
(Hazeltine), has been of the order of 50 ke
Practically no trouble has been experienced
with these circuits

RECEIVER BANDWIDTHS

A receiwver selectivity curve for the
Federal type of Teceiver”1s shown 1n Fig 22
Fig 23 1s a selectivity curve for the Hazel-
tine receiver Inthe case of Fag 22, the
selectivity curve includes the action of the
McKinley discriminator. Fig, 23 represents
the effective resnonse curve of the Hazeliine
equpment including action of the spike sup-
pressor circuits The difference in band-
widths between the two curves i1s due to the
fact that the Hazeltine receivers must be
capable of proper operation under conditions
of unstabilized local oscillater and frans-
matter drifis

IMAGE REJECTION
The 1mnage rejection on all receivers
tested was between 50 and 65 db

LINE VOLTAGE VARIATION
The effects of line voltage variation on
the various characteristics of a pulse multi-

8Federal Telecommunication Labora-
tories T M No 330, "Performance Tests of
Distance Measuring Equipment, " August 1948
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plex interropgator are shown in the following memory time versus aircraft rate of move-

table ment for several different gate widths
Line Power Cutput Receiver Sensitivity T ransmitter Recelver
Volts (db above (db below 1 volt) Freq Freq
1 watt) Lock-1n Unlock (Me) (Mc)
30 3l 4 * 82 1045 0 1149 6
95 33 4 - 83 1044 9 1149 8
100 345 * B4 1044.8 1150 8
105 35 7 84 85 1044 7 1151 4
110 i6 5 84 85 5 1044 6 1151 5
115 36 5 86 B7 1044 6 1151 5
120 36 5 86 B7 1044 5 1151 7
125 36 5 84 5 86 1044 4 1152 0
130 36,5 83 84 1044 5 1152 0
134 365 81 B2 5 1044 5 11521

-Indicator would net lock-1n at any sensitivaty

A study of the forepoing table discloses that
a variation of line voltage between 105 and
125 v doesnot seriouslyaffect normal oper-
Below 105 v. the
interrogator becomes unusable due to in-
ability to lock 1n

ation of the interropator

MEMORY

As previously explained, the purpose of
DME memory 1s to perma:t the continuous in-
dication of distance during relatively short
periods of signal absence In the case of
velocity memory, the distance continues to
change at the same rate and in the same di-
rection at whichit was changing just prior to
fading of the signal Since a large proportion
of signal fades are a result of aircraft turns
(thus changing rate), 1t 1s felt that simple
distance memory is preferable to velocity
memory, In this case the pilot's indicator
continues to display the distance reading last
recorded before the signal fade

It1s possible to design the memory eir-
cuit so that 1t will continue to indicate this
reading almost indefinitely Chviously, a
practical limit must be chosen There are a
number of factors which determine the most
logical choice of memory duration In order
that the memory be useful, 1t 1s essential
that the reply signals still lize within the
tracking gates when the signal again becomes
available The memory time permissible to
meet this condition depends upon the rate of
movement of the aircraft with respect to the
transpondor, and the duration of the tracking
gates The curves in Fig 24 show the useful

Assumang that the reply signal 1s centered in
the tracking gates at the time of a si1gnal fade,
1t 15 obvious that movement of the aircraft in
excess of the distance equivalent of one-half
the total gate width will cause the reply sig-
nal, when again recei1ved, to be out of the
tracking gates When this happens, search
must be reimitiated and the advantage gained
by memory 1s no lenger valid

Duringmemory, the distance reading 1s
in error by an amount determined by the in-
stantaneous value of memory time elapsed,
and the rate of movement of the aircraft
Percentape-wise, this erroris greater at the
shorter distances At tenmiles distance with
a 20 psec total gate duration, the erior at
the termination of memory could amount to
ten per cent of the distance indicated, This
percentage decreases with distance, and
fortunately it 15 at the greater distances that
signal fading 15 most likely to cccur

On the basis of the experience previously
outlined, 1t appears that memory will be
needed mostduring course changes of the air-
craft The standard aircrait turn 1s at the
rate of 3" per second, or two minutes for a
complete 360° turn In the latter case, only
during about 90° of the turn, on the average,
will the aircraftantenna fwith an unde r-fuselage
insiallation) be shielded to the extent that a s1g-
This would be
equivalent to approximately 30 seconds, the
exact figure depending upon field intensity in
the turning area, which 15 a function of the
ground antenna pattern and aircraft distance
Itmight seermn desirable to extend the memory

nal fade 15 likely to occur
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time to the order of 30 seconds, 1n view of
the fact that duringa turn the aircraft rate of
movement 15 generally low, leading to negli-
gible inaccuracy and alsominimizing the
chance of the reply signal moving beyond the
locked gates If heldoperationally desirable,
the memory could be thus extended, provided
the aircraft 1s not operating within a highly
saturated DME service area

In a highly saturated system, the maxi-
mum usable memory time 1s limited by still
another factor In a pulse multiplex system,
with a large number of aircraft operating
DME equipment, the ratio of the replies in-
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tended for a particular airplane with respect
to other replies on the same frequency, but
intended for other aircraft, 1s small
sequently, the probability of unwanted replies
being receivedin the tracking pates of an in-
dividual interrogator increases with traffic
density When, as a resultof reply pathfailure,
anaircraftfails to receive tts intended replies,
1t also will lose all other replies transmatted
by 1ts parent transpondor to other interro-
gating aircraft However, if the aircraft is
within lire-of-s1pht range of other transpondors,
which are transmitting on the same reply
frequency, even though the modes be different,
8 certainpercentage of these random replies
will interlace and pass the aircraft decoder
Cf those which successfully pass the decoder,

Con-



31

28 \ \
26 AN
N
L N
J N\ N
22 \\ \\ \\
b
AN
. \\

a \ N \)—“/‘, _ TOTAL GATE WIOTH
- N NS Y= >
2 AN -

2~
g N N R
o N N, N
~- £
> N A & )
S 14 NN NG Y \""‘-\
2 e \\ \ pe 4‘ \ —
=] - )
w \\ \s; [ P~ \\____
w
[
= o \\\ - M '--..,._____.‘—-‘ e
[~ -.-"""--
Pt
7 ~ —
g o M - -..____-. _
S - .-"'-.,_‘ '.-"‘-__
6 \ ~ \""-s. - .-‘-"‘-- -
. \ P—— ]
-_J____-__- "_'1—_.._._______-

2

o

100 200 300 400

RATE [STATUTE MILES PER HOUR)

Fig 24 Memory versus Rate

a small percentage will arrive during the
tracking gate duration If a sufficient number
of the erroneous gated signals appear within
a specified time, the wnterrogator will con~
sider the legitimate signal recovered The
random-gated signals will not persist and,
when they disappear, the memory time will
be re-initiated Effectively then, the danger
of an excessive memory time 1n a densely
populated DME system 1is that the memory
will be further extended to some unreasonable
value

The probability of detrimental re-initi~
ation of memory for varicus traffic densities,
varicus pate widths, and vari1ous memory
times may be predicted statistically using
probability methods Such an analysis re-
veals that under the worst possible conditions
of traffic density, a memory time of six
seconds 15 the maximum permissible Itis
believed that traffic densities of such a high
order will not be realized for many years to
come Consequentlyit 1s felt that 15 seconds
1s a logical compromuise considering the



various factors involvedinselecting a specific
duration of memory A minor adjustment
can easily be performed, should future traf-
fic conditions dictate a shorter memory period,

ECHOES

Fig 91illustrates how amultipath signal
{echo) may cause needless interrogation of
DME transpondors. The methodfor preventing
such over-interrogation has been previously
described In addition to the condition pre-
viously cited, echoes can lead, under certain
conditions, to other effects detrimental to the
proper operation of a DME systemm For ex-
ample, 1n computing the random signals re-
ceived by any DME rece1ver, a correction
factor must be added to include multiplication
of these signals by theair own echoes This
correction factor varies greatly, depending
upon the general area in which the system 1s
being operated Obviously, areas in which
large objects {such as mountains and tall
buildings)are numerous, are most conducive
to the production of multipaths

A series of tests was conducted 1n the
New York area in an effort to arrive ata
quantiiative figure for pulse increase due to
echoes In thistest, a pulse counter was em-
ployed to count the pulses received from an
aircraft transmatter operating at a known
repetition rate Under the worst conditions,
the pulse rate countrecorded was 35 per cent
1nexcess of the actual pulse rate transmatted

In Fig. 251s reproducedan oscillogram
of aninterropator receiver output which shows
typical multipath signals. Pulses a and b are
those transmitted by the interrogator and,
pulses c and d are the reply pulses from the
transpondor Pulses e, f, g,and h are multi-
path signals of pulsesa and b It will be noted
that the amplitudes of e and f are near satu-
ration

Fig 25 Echoes
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The negative deflections of the traceline
represent range markers spaced at 25 p sec
intervals

Fig 26 1llustrates the effectiveness of
the echo suppression circuit in the trans-
pondor Anincoming pulse andits associated
echo are shown both before (Fig 26A) and
after echo suppression (Fig 26B) In these
1llustrations whichare exacttracings of actual
photographs the range markers are spaced at
5 pusecintervals Inordertoindicate relative
amplitude before echo suppression, the re-
ceiver was not permaitted to saturate on either
pulse

GAP CODING

The type of 1dentification coding employed
in the present DME systems, though satis-
factoryfor systems operating under low traf-
fic conditions, 15 unsuitable under haigher traf-
fic density conditions This 1s particularly
true 1n a pulse-multiplex systemn wherein the
random pulse levelis high Tests have shown
thatan improved and more reliable means of
identification must be provided in future
systems

CONSTANT DUTY CYCLE TRANSPONDOR

The principle of operating a DME. trans-
pondor at full load at all times, such as the
Federal constant duty cycle transpondor, has
certainadvantages, but, requires that the en-
titre system operate under the worst possible
conditions at all times A system should, of
course, be capable of operation under such
conditions, but the imposition of these con-
ditions at all times 1s a needless demand
Though satisfactory operation can be obtained
in such cases, the efficiency frequently 1s
reduced. For example, ina highly loaded
system, the search time required 15 greater,
the count-down i1s higher, and the memory
time mustbe limited. Furthermore, operation
inthis fashion needlessly reduces tube life 1n
the transpondor.

RELIABILITY

Mast of the operatinp experience gained
thus far has been with the Hazeltine pulse-
multiplex system At the present time there
are only limited data available with respect to
the Federal system

Several thousand hours of operationhave
been experienced at the Technical Development
and Evaluation Center with bothinterrogators
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(A} BEFORE ECHO SUPPRESSION

(B) AFTER ECHO SUPPRESSION

Fig 26 Received Signals

and transpondors of the pulse=multiplex system
During these periods, particularly after the
firstfew hundred hours of pperation, equipment
breakdown was relatively infrequent The
most irequent cause of faulty operation was
tube fallure. The most critical tube in the
system appears to be the Type 3C37 tube em-
ployed as the transmitting oscillator for the
transpondor, the same tube which 1s employed
in the Federal transpondor The average
life of these tube s has been disappointingly
low, onthe order of 250 - 500 hours Develop-
ment of 2a more reliable tube 1s defi1nitely
indicated

Experience pained as a result of oper-
ational failures will be extremely valuable in
the design of production equipment 1intended
for continuous and unattended operation as a
navigation aid Indications are that DME
equipment which will compare favorably in
operational stamina with existing well-estab-
lishedairway facilities will soon be available

TRAFFIC HANDLING CAPACITY OF
PULSE-MULTIPLEX SYSTEMS

It was previcusly pointed out that the
extent to which DME channels may be multi-
plexed on a single frequency has certain
limitations? In de signing a pulse-multiplex
DME systern, the designer must make certain
that these limitations are not exceeded For
a given set of parameters any pulse-mult1-
plex systerm has a limited traffic handling
capacily, beyond which point the service pro-
vided becomes unsumtable

9H azeltine Electronics Corporation,
ReportNo 2059W, "Traffic Handling Capacity
of Distance Measuring Equipment Using
‘Paired Pulse® Channeling," August 1947

The following factors determine the

traffic handling capacity of a DME system

(1) Random pulse interference, commonly

referred to as "fruit

(2) The ratio of replies to interrogations
required for proper operation of the
interropgators, commonly referred to
as "count-down "
Item 2 15 largely dependentupon 1tem 1  Each
time the transpondor 1s interrogated, a '"dead
time'" or "suppression time' 15 1mitiated
which, until its expiration, prevents the trans-
pondor from accepting further interrogations
This dead time 15 generally of the order of
100 psec Obvicusly a certain percentage of
aircraftinterrogations willarrive at the trans-
pondor during this period The total dead time
per second of a transpondor 1s equal to the
productof the replies per second and the dur-
ation of an individual dead time The trans-
pondor count-down i1s the percentage of the
total time that the transpondor 1s dead The
reciprocal of this relation is frequently re-
ferred to as the transpondor efficiency,1 e,
the percentage of replies to inferrogations
Itfiollows that the greater the rate of interro-
gation of the transpondor, the higher the value
of count-down The rate of transpondor in-
terropgation increases as the product of the
aircraftinterrogation rate and the number of
interrogating aircraft In a pulse-multiplex
sysiem, the total number of pulse pairs trans-
mitted on a given fregquency must be mulii-
plied by the nurmber of modes per frequency
The count-downvalues of a given transpondor
insuch a system, may be increased over that
created by 1ts own associ1ated aircraft by
virtue of the fact that aircraft interropating
other transpondors sharing 1ts frequency,
alsomay be within 1ts line-of -s1pht coverage
These "parasite' aircraft, operating on the
sharedfrequency, will transmat paired pulses
with improper spacing, however, there exists
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as a Result of Random Formation
of the Proper Mode

a probability of these random interrogations
overlapping to create pulse-pairs of the proper
spacing This probability increases with the
total number of interrogations If there 1s
no limit on the number of aircraft operating
within the system, the count-down of the
transpondor may well reach a value beyond
which the aircraftinterrogator will not oper-
ate properly Fip 27 1llustrates how the ef-
fective interrogation rate increases with the
number of interrogating aircraft and the
number of modes employed per frequency
Interrogators in modern DME systems
are capable of proper operation with beacon
efficiencies of 67 per cent {count-down 33
per cent] The designer must then take care
to provide that the transpondors will be capable
of operation at efficiencies no lower than 67
per cent with the maximum anticipated traf-
F1g 28 1illustrates how transpondor ef-
ficiency varies with the interrogation rate

fic

and the number of modes per frequency
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In addition to i1its effect on the traffic
handling capacity, the fruit level also 1s a
determining factor in the selection of search
and memory time

INTERNATIONALLY STANDARDIZED
100-CHANNEL DME SYSTEM

In order to meet the operational re-
quirermnent for 100 discreet DME channels,
expansion of the techniques employed 1n 1m-
plementation of the 50-channel systems has
been necessary

The practicability of both the high-sta-
bality technique, permitting 2.5 Mc frequency
separation, and the pulse-multiplex technique
having been established, the chi1ef problem
was to determane to what extent each of these
methods should be employed Inorder to con-
serve frequency spectrum, the decision was
made by RTCA Committee 5C-40 that, the
pulse-multiplex technique be extended to pro-
vide ten modes per frequency Thus, by em-
ploying a total of 20 frequencles (ten for in-
terrogation and ten for reply), 100 channels
may be provided withina total spectrum of
approximately 50 Mc

Since contraction of the entire system
into 50 Mc dictates the use of high stabilaty
transmitters and receivers, 1t 15 a necessary
requirement that only narrow-band receivers
be employed In order toobtain effective re-
ceiver response curves of the quality required,
some means of sharpening the characteristic



broad response to pulse signals must be em-
ployed Inorder not to preclude the use of
the spike eliminator circuit, the duration of
the transmitted pulse has been increased to
25 Mc Proper operation of the spike elim-
1nator requires thatthe pulse width 1n micro-
seconds be approximately three times the
reciprocal of the 1f bandwidth 1n megacycles
per second

In order to provide the ten modes re-
quired, 1t 15 obvious that longer delay lines
must be employed The actual value of the
tendelays to be employed are contained 1n
Appendix I, which 1s the new system speci-
fication as approved at the COM Division
meeting of ICAQO at Montreal, during January
and February 1949
tains all of the requirements agreed upon by
SC-40 of the RTCA

It will be noted that the stability requre-
ments have been somewhat relaxed The
tolerances indicated are considered to be
adequate for proper operation of the system

It should also be noted that each of the
100 channels still meets the requirement
thatithave no iwo of 1ts three operating para-
meters 1n common with any other channel

The transpondor dead time specified in
Appendix |1 may be reduced in high traffic
density areas, by dividing the over-all dead
time 1nto several separate dead times with a
total duration considerably less than that re-
gumired1f a single dead time 1s employed The
dead time as defined in the specification is
sufficiently long to embrace the suppressed
time delay In practice 1t1s not necessary
that the transpondor be made 1incapable of
interrogation during the entire suppressed
delay peried A relatively short dead time
may be employed to prevent re-triggering of
the transpondor by the echoes of an interro-
gating pulse pair and a still shorter dead
time may be used following each transmiited
pulse to prevent ring-arcund, During the in-
tervals between these dead-times, the trans-
pondor is capable of receiving and replying
to interrogations By use of this technique,
the effective dead time may be reduced to an
average of approximately 75 psec

Operation of the 100-channel system
under fully loaded traffic conditions imposes
a severe limitation on the means previously
employed to provide identification coding
The presence of fruit pulses from other trans-

This specification con-
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pondors during the period of gap~coding of
any i1ndividual transpondor makes 1t difficult
for the airborne unii to recognize the absence
of signal

A means of identification coding 15 {o be
employed 1n the new system which involves
the use of a binary-code A third pulse 1s to
be transmitted by the transpondor following
transmission ot the two-pulse DME reply
This third pulse will be delayed with respect
to the second reply pulse by one of two speci-
fied intervals Two special gates in the in-
terropator will recognize the presence or
absence of si1gnal at these two specific in-
tervals
gates will be considered a mark, whereas

Presence of signal in one of these

presence of a signal in the other gate will be
regardedas aspace Theidentificationcoding
sequence of the transpondor shall consist of
15 such transmaissions, each one of approxi-
mately one-second duration Fifteenelements
1in a binary code will provide for any possible
combination of a three-letter code
tion to the pilot will be visual, quite possibly
by means of an indicator consisting of three
rotating drums and engraved with the leiters
of the alphabet

Presenta-

CONCLUSIONS

Ithas beenshown thatthe determination
of distance by means of time measurement
1s practical Equipment has been built and
sufficiently tested to indicate that a distance
measurement system based onthese principles
will be adequate to serve the demands of any
foreseeable air traffic densifies

Contracts for production equipment are
to be awarded 1in the near future and such
equipment should be 1n wide scale use within
the next five years This schedule 1s 1n ac-
cordance with the RTCA 5C-31 plan for im-
plementation of the transitian system Further-
more, there 1s pood reason to believe that
distance measuring equipment as presently
built will be adequate to serve suitably as a
part of the ultimate air navipation and traf-
fic control system as envisioned by 3C-31
By compressing DME service intoa relatively
small portion of the total frequency spectrum
allocated for the ultimate systerm, the way
has been left open for the systemn designers
to use considerable latitude

During the transition period, the DME



should serve admirably together with the
parallel course computerl? and the VHF

10cAA Technical Development Report
No 83, "Imitial Flight Tests and Theory of an
Experimental Parallel Course Computer,”
September 1948

omnirange 1n providing a means of air navi-
gation which far surpasses any existing or
earlier svstem with regard to both accuracy
and traffic handling capacity This system
will, of course, provide the same service
under instrurnent conditions as under contact
flight conditions



APPENDIX 1

Development Specification For
UHF Distance Measuring Equipment

1.
Introduction

1.1

The operational use of UHF Distance Meas-
uring Equipment (DME) has been proposed
for standardization inconnection with Aids to
Final Approach to Landing andShort Distance
Aids to Navigation

1.2

In order at the earliesi possible date to ar-
rive at a completely definitive specification
suitable for adoption as an essential part of
the COT Annex, 1t 15 considered necessary to
adopta development specification The aim of
this specification 1s to 1ndicate the agreed
broad lines along which the UHF DME will be
developed An orderly evolution along these
lines wiil eventually enable the production of
the final specification

13

It 15 emphasized that the primary aim of the
specificationis to achieve the proper direction
of development of DME along certain broadly
agreed lines The status within ICAO of the
specification must be such as to permat
changes, if such changes appear to be neces-
sary during the later stages of development

1 4

It should be noted thatthe development speci-
fication covering the UHF DME 1s the first
example of 1ts kind and 1t, therefore, creates
a precedent which 1t 15 recommended should
be considered for adoption as an accepted
practice for future use

2
Development Specification for UHF Distance
Measuring E jmipment (DME)

21
General

211
This specificationis for the purpose of guiding
development of Distance Measuring Equipment

37

(DME) with the view towards [CAO standard-
i1zation Itisnotan ICACStandard or Recom-~-
mended Practice at this time.

212

This specificationoutlines the characteristics
of the Distance Measuring Equipment The
systern 1s 1ntended to indicate, continucusly
and accurately, in the cockpit, the distance
of properly equipped aircraftirom preselected
ground reference points

213

The systern comprises two basic equipments
The first of these, the a1 rcrafi equipment,
shallbe referred to as the interrogator The
second, which 1s the ground equipment, shall
be referred to as the transpondor

214

In operation, interrogators will be used to
interrogate franspondors, which shall, in turn,
transmait to the aircrafit replies synchromzed
with the interrogations, thus providing means
for accurate measurement of distance

22
Systemn Requirements

221
Channeling

2211
The system shall be implemented completely
within two frequency bands, 960-986 Me and
1188 5-1215 M¢c There shall be ten inier-
rogationfrequencies and ten reply Irequencies,
with 2 5 Mc separation between adjacent
radio frequencyassignments, Specificassign
ments shall be as follows

Interropation Band

360-986 Mc

Channel

963 5
966 0
968.5
971.0
973 5
976 0
978 5
981 0
983 5
98¢ 0

first interrogation freq.
second 1nterrogation ireq
third interrogation freq
fourth interrogation freq
fifth interrogation freq
s1xth interrogation {req
seventh interrogation freq
eighth interrogation freq
ninth interrogation freq
tenth interrogation freq

[ 2V B~ - RN B RV B G P L
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Reply Band
1188 5-1215 Mc
Channel

00 11B8 5 first reply freq
10 1191 0 second reply ireq
20 1193 5 third reply freq
30 1196 0 fourth reply freq
40 1198 5 fifth reply freq
50 1201 0 sixth reply freq
60 1203 5 seventh reply freg
70 1206 0 ei1ghth reply freq
BO 1208 5 minth reply freq
90 1211 O tenth reply freq

There shall be a guard band of 2 25 Mc
between 960 and 962 25 Mc and a guard band
of 2.75 Mc between 1212 25 and 1215 Mc

SPACINGS
Mode Interrogation Reply

{(Microseconds)
A 14 77
B 21 70
c 28 63
D 35 56
E 42 49

The transmitted pulses shall be of 2 5
Microseconds duration

38

2,21 2

Each interrogation frequency shall be paired
with each reply frequency in order to obtain
100 discrete operatinpg channels

2.213

Double pulses shall be employed for both
interrogation and reply, to further insure
non-interference betweenoperating channels
Ten discrete double pulse spacings shall be
provided Each combination of interrogation
spacing and reply spacing shall constitute a
mode, and there shall be ten such modes The
pulse spacings, measured from the leading
edpe of the first pulse to the leading edge of
the second pulse, shall be

SPACINGS
Mode Interrogation Reply

(Microseconds)
F 49 42
G 56 35
H 63 28
I 70 21
J 77 14

2214

The DME operating channels shall be estab-
lished as follows

0 1 2 3 4 5 6 7 8 9
1 2 3 4 5 3 7 8 9 10
INTERROGATION
E 9635 9660 96B5 971 0 9735 9760 9785 981 0 9835 9860
[y]
=|1o8 | oo 1188 5 A B C D E F G H I J
<|l09] 10 1191.0 D E F G H I T A B C !
Sl1to] 20 1193 5 G H 1 J A B C D E F o
J]111 ] 30] .. [ 11960 i A B C D E F G H I i
wfitz[40| 5 [119875 c D E F G H T T A B
g 113 50| 1201 0 F G H I b A B c D E |
Sl1al eo|®| 12035 1 b A B c D E F G H
mli1s | 70 1206 0 B C D E F G H I 7 A
ig 116 | 80 1208 5 E F G H I I A B C D |
alri7| 90 1211 0 H I h A B c D E F G
1

{a) Note I l.etters inthis chart indicate modes, inaccordance with the table in Para 221 3
{b) Note 2 Numerals1-101nclusive,arranged horizontally, designate DME interrogatton R F

channels, and numerals 00-90, arranged vertically, indicate DME reply R F
channels, in accordance with Para 2 2 1.1



2215
The requirements specified 1n Paragraphs
2211,2212 and 221 3 permit assign-
ment of three parameters to each operating
channel, (1) Interrogationfrequency, (2) Reply
frequency, (3} Mode Thesethree parameters
were assigned inaccordance with the following
channeling principles inthe chartinParagraph
2214
(a) No two operating channels shall have
identical interrogation and reply fre-
gquency combinations
(b) No two operating channels shall have
1dentical frequency-pulse spacing com-
binations tor interrogation and reply

No two operating channels shall have
tdentical interrogation (or reply) radio
frequencies so long as the reply (or
inte rrogation) paths of the two channels
have adjacent radio frequencies, unless
both paths of both operating channels
have different pulse spacings They
should always be separated by at least
100 statute miles (160 Kmn) when used
for enroute navigation

(d) Two operating channels with identical
or adjacent interrogationor reply fre-
quencles canopeTrate together providing
the other path {reply or interrogation)
1s separated by at least two frequency
channels

Two operating channels with both ad-
jacent interrogation and reply fre-
quenciles should always be separated
by at least 100 statute miles {160 Km)
when used for enroute navigation

{(f) The same operating channel shall not
be repeated wath less than 460 statute
miles (738 Km) separation when used
for enroute navigation and shall not be
repeated with less than 100 statute
miles (160 Km) separation when used
with IL.S facilities

222
Accuracy

2221
The transpondor shall not contribute more
than plus or minus 1 0 microsecond {approx

a9

500 feet (153m)) error to overall system in-
accuracy

223
Range

22131
The reliable service range of the system
shall he

(a) At least 45 statute rniles (72 Km) at
1000 feet (305m) altitude when the
transmassion path 1s over any type
terrainthat does not place obstructions
in what would otherwise be the optical
path

{b) When used for enroute navigation, at

least 230 statute rmales (369 Km) at

line of sight altitude

Specifications 1n 231 4,231 8, and
23110 have been drawn up on the
basis of meeting these two require-
ments
{¢c) When used with IL5 facilities, at least
50 statute miles {80 Km) at line of
sightaltitude Specificationsin2 31 4,
2318,and 231 10 (b} and {f) may be
varied 5o long as the above require-
ments are satisfied

224
T raffic Capacity

2 24,1

The specifications for the airborne interro-
gator enable 1t to operate 1n the presence of
2000 other aircraft within a square area 500
statute miles (800 Km)on a side The ground
transpondor can be designed to handle 50 air-
craftinthe presence of 1950 other aircraft on
the remaiming 99 operating channels

225
Identification Coding

2251

Identification coding capable of presenting
three-letter combinations visually to the pilot
shall be employed

2252
Pulses whichforma binary code shall be used
to convey the identification letters This



binary code shall enable atleast 16,000 unique
code combinations to be transmatted

2253

The overall time of transmassicn and display
of the three-letter code shall be not more than
20 seconds The code shall be transmitted
every 30 seconds

2.2,5.4

The binary code, consisting of mark and
space elements, shall be accomplished by
transmission of single pulses, at one of two
predetermined spacings, after the normal
DME reply pulses

2255

The mark pulse shall be transmitted 10 5
microseconds after the second of the double
pulse DME reply The space pulse shall be
transmitted 24 5 microseconds after the
second of the double pulse DME reply.

2256
All DME transpondors shall be provided with
binary code i1dentification

23
Detailed Requirements

2,31
Transpondor

2311

The frequency of the transpondor transmitter
shall not vary more than plus or manus 200
Ke.

231,2

The tolerance on the transmitted pulse
spacings from the transpondor (including
1dentity) shall be not more than +0 5 miscro-
seconds The tolerance on the duration of
the pulses transmaitted shall be not more than
+0 2 microseconds

2313
T ransmatted Pulse Spectrumn
be speciiied at a later date )

(This data will

2.3.1.4
The Peak power output of the transpondor
transmitter shall notbe less than 33 db above
1 watt
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231.5

The maximum transpondor transmitter pulse
repetition rate inthe absence of 1interrogation
(squitter) shall not exceed 300 double pulses
per second. This figure shall be reduced to
less than 5 per cent of the total replies when
the iranspondor is fully loaded

2316
The transpondor receiver frequency shall not
vary more than plus or minus 100 Kc

2317
The decoder tolerance in the transpondor
shall be not more than +0 5 microseconds

2318
The transpondor receiver triggering level
shall be at least 112 db below 1 watt

2319

The reception band of the transpondor re-
ceiver shall be suchas toaccept pulses speci-
fiedin2321,2322,and2323 The re-
ception band of the receiver shall alsc be such
that synchronous pulses 2 Mc from the de-
sired center frequency will not result in oper-
ation of the triggering circuits unless the
amplitude of the pulses 1s at least 50 db
greater than the minmimum required for oper-
ation 1n the desired channel

23110
The transpondor antenna shall

(a)
(b)

{c)
(d)

Radiate vertically polarized energy,
Haveatleasté dbgain over a 1/2 wave
dipole,

Radiate with minimum discrimination
as to azimuth,

Have a beam widthat half power points
of not less than 6 degrees in the ver-
tical plane,

Have means 1ncorporated to reduce
nulls 1n the vertical pattern up to 90
degrees,

{(f} Have afeeder withless than 3 db feeder
loss, including mismatch

(e}

2 3.1.11

The Specifications 1n 2314,2318, and
23110(b) and {f) above may be varied so
long as at least an equivalent field strength
and triggering level are maintained



23112

When the tiansponder 1s associated with an
ILS facility, a suppressed tune delay (meas-
ured from leading edge of the second 1nterro-
gation pulse to Lleading edge of the second
repiy pulse), ad,ustable between 115 and 84
microseconds, shall be incorporated in the
transpondor to permitzerc distance to be 1n-
dicated at 2 point up to 15,000 feet (4575m)
from the transpondor site When the trans-
pondol 1s not associaled with an ILS facility,
the suppressed time delay shallbe 115 micro-
seconds but need not be adjustable

23113

The system shall be capable of including a
transpondor providing reliable service to at
least fifty equipped aircraft in the presence
0f 1950 other aircraft distributed over the
Tema.ning nminety-rne cperating channels

23114

The transpondor ""dead tame' shall be such as
tc maintain a transpondor efficieney of at
least 70 per centatmaximum duty cycle The
iranspondor '"dead time' should be the sup-
pressed time delay plus 10 microseconds
after the last of the three transmitted reply
pulses This provides an effective "dead
time’, 1ncluding the pulse spacing separation
of the transmitted interrogation pulses, of
from 133 to 227 microseconds

23115

The transpondor receiver gain shall hegin
to reduce appireciably at 90 per cent of maxi-
mum duty cycle and shall be at least 50 db
down at maximum duty eycle Reduction of
recewver galn between minmimum duty cycle
and 90 per cent of maximum duty cycle shall
be not greater than 3 db

23116

Means for at leasl 50 db rejection of all spu-
ricus responses including image and if re-
sponses shall be incorporated in the trans-
pondor receiver This rejection shall be ex-
clusive of that afforded by the antenna Means
for adequate CW suppression shall be 1n-
corporated 1n the iranspondor receiver
Means for adequate eche {clutter) suppression
shall be incorporated i1n the iranspondor re-
ceiver

4]

23117
Transpondor local oscillator radiation shall
be suppressed adequately

23118

Radiation from the transpondor at radio fre=-
quencies other than the carrie:r band shall be
sappressed adequately

23119

Means shall be incorporated to protect the
transpondor receiver againsti interference
outside the DME band

23z
Interrogator

2321
The inlerrogator transmatter frequency shall
nol vary more than plus or minus 400 Kc

2322

The tolerance an the transmatted pulse spacings
from the interrcgator shall be not more than
+1 0 microseconds The tolerance on the
duration of the pulse s transmitted shall be
not more than +0 2 microseconds

2323
Transmitted Pulse Spectrum
be specified at a later date)

{This data will

23.24

The interrogator average pulse repetition
rate shall not exceed 30 double pulses per
second, based on 95 per cent of the time for
tracking and 5 per cent of the time for
searching.

23,25

The interrogator pulse repetition rate for
searching shall not exceed 150 double pulses
per second

2,326

The pulse repetition rate shall have a random
variationof notless than plus or minus 1 per
cent and not more than plus or minus 20 per
cent

2321
The decoder tolerance in the interrogator
(tncluding 1dentity decoding) shall be not more



than +1 0 microseconds

2328

The inlerrogator shall be ¢capable of success-
ful search with transpondor efficiencies as
lowas 67 per cent, and through random pulse
levels up to 1,600 randermn pairs per second
on each of the ten reply eodes on the same

42

reply frequency channel

2329

A gsuppressed time delay of 115 microsesconds
shall be i1ncornorated in tne airborne eguip-
ment (lhis 15 measured from the leading
edge of the second interrogatior pulsze to the
leading edge of the second reply pulse )
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