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Foreword

THE tremendous research and development effort that went into the
development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Developmentj
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote report.?
or articles have even been mentioned. But to all those who contributed

~
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DUBRIDGE.
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Preface

THE preceding volumes of the Radiation Laboratory Series are surveys
of radar system engineering, radar systems of navigation, and radar

beacons. Like radar, the long-range system of navigation described
in this volume depends upon the transmission and reception of pulsed
radio signals, but it makes use of much lower radio frequencies and does
not involve reflection from a target.

The Loran system was developed at the Radiation Laboratory during
World War II to meet the needs of the Navy in convoy operations and to
provide all-weather navigation for aircraft by day and night. At the
close of the war, some 70 Loran transmitting stations were in operation,
providing nighttime service over 60 million square miles, or three-tenths
of the surface of the earth. About 75,000 shipborne and airborne naviga-
tion receiver-indicators had been delivered by various manufacturers,
while the Hydrographic Office had prepared and shipped 2+ million
charts to the operating agencies.

The purposes of the present volume are to describe the Loran system,
its principles and its equipment, as they existed at the end of the war
and to offer suggestions for their adaptation and improvement for
civilian service in time of peace. Since electronic time measurements
are fully discussed in other volumes of this series, these techniques have
not been treated in detail here. Similarly, relatively little space has been
devoted to material found in the instruction books for various items of
Loran equipment.

Wherever possible, the individual chapters have been written by
those members of the group who have been most closely associated with
the material concerned. However, many former members of the group
who contributed greatly to the development of Loran concepts and equip-
ment have been unable to describe their work in this volume. To Mr.
Melville Eastham belongs the credit for the organization and adminis-
tration of the Loran Group during the difficult early days. His leadership
made the whole development possible and procured the needed support
from the Services before the merit of the system had been fully demon-
strated. Mr. Donald G. Fink and Professor J. C. Street made many

ix



x PREFACE

contributions and successively assumed the administrative burdens
after the retirement of Mr. Eastham and before being called to more
responsible duties elsewhere. Throughout the program Mr. Walter L.
Tierney, who managed all field activities, was a source of strength to the
entire group. Professor J. A. Stratton made valuable preliminary studies
of propagation at Loran frequencies, but his knowledge and talents were
soon demanded for other purposes. After the Loran system had been
successfully demonstrated, Mr. Robert J. Dippy, the originator of the
Gee system, brought the experience of the British laboratory, TRE, to
bear upon Loran problems and helped the group especially in improving
the designs of the receiver-indicator and the transmitter timer.

The U.S. Coast Guard, Bureau of Shipsj General Electric Company,
Sperry Gyroscope Company, Fada Radio and Electric Company, Radio
Engineering Laboratories, and the Bartol Research Foundation have
kindly supplied photographs and granted permission for their use as
illustrations of Loran ground stations and equipment. The Hydro-
graphic Office has granted permission for the reproduction, as .4ppendix
A, of a summary report on its Loran program. Thanks are also due to
Miss Constance Henderson for her aid in preparing the drawings and to
Miss Corinne Susman for her capable service as editorial assistant.

The publishers have agreed that ten years after the date on which
each volume of this series is issued, the copyright thereon shall he relin-
quished, and the work shall become part of the public domain.

THE .ILTTHORS.

CAMBRIDGE, MASS.,
October. 1946.
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THE LORAN SYSTEM





CHAPTER 1

INTRODUCTION

BY B. W. SITTERLY AND D. DAVIDSON

The Loran system is a radio aid to navigation. It provides means,
independent of all other aids (including even the compass and the log or
air-speed meter), for locating a moving vehicle at a given moment and
for directing it to a predetermined point or along a predetermined path.
There are many other radio aids by which ships or aircraft may be
located or guided; these operate in accordance with various principles,
and as a background to the discussion of Loran it is profitable to consider
some of these principles and to describe and compare some of these aids
briefly.

NAVIGATION BY FIXING OF POSITION

In general, a navigator locates Klmself at the intersection of two lines
of position on the surface of the earth. Each line is the locus of the
points at which some observable quantity has a specific value. For
example, the visual compass bearing of a recognized landmark places the
navigator upon a line that is the locus of all points from which the land-
mark has the given bearing. This line is practically identical with a
rhumb line (line crossing successive meridians at a constant angle) on
the earth, laid off from the mark along the reverse bearing. A sextant
altitude of the sun places the navigator upon a line from all points of which
the sun will be seen at that altitude. This line is a circle on the earth,
centered at the subsolar point, of spherical radius equal to the complement
of the altitude. It will be convenient to classify navigation aids accord-
ing to the forms of the lines of position that they give.

1.1. Position from Measurement of Two Bearings (Lines Are Radii).
Direction-jnding.-This is the familiar method used in visual piloting of
a ship, in which the navigator takes bearings of two known marks and
plots on the chart the reverse bearings from the marks; the intersection
of the lines is his locatiou Conventional radio direction—finding is the
same geometrically; each mark is a transmitter sending out radio signals.
In the simplest form of system the operator, instead of sighting over a
peloms, hears the signals through a receiver connected to a loop antenna
that he rotates around a vertical axis until an aural null is obtained. The
normal to the plane of the loop then lies in the direction from which the
signals come. If the distance between the rereiver and the transmitter

3



4 IN TROD[:CTION [SEC. 11

is considerable, the line of position will not be quite straight on a chart,
nor will its directional thetransmitter bequite thesarnea satthe receiver,
but a simple correction can be applied to the readinzs toallow forthese
differences. There are many more elaborate forms of radio direction-
finder, employing more complex antennas, automatic null-seeking or
scanning and visual instead of aural presentation, but all operating in
accordance with the same principles.

As a refinement to facilitate the operationof the direction-finder, the
loop can be rotated automatically by a motor, with the indication elec-
trically coupled so that it follows the rotation of the loop. Compensation
for quadrantal error can be made automatically, and all bearings can be
presented as true bearings.

An increase in precision may be gained by transferring the direction-
finding function to receivers at fixed ground stations. The navigator
uses no equipment but his communications transmitter, with which he
asks the stations for bearings. Their receiving antennas determine the
directions of his signals, and they communicate the bearings to him for
plotting.

Orjordness Beacon .—The British “ Orfordness” beacon exemplifies an
ingenious technique by which the navigator obtains his bearing from a
ground station by a time measurement, using only his communications
receiver and transmitting no signals himself. The ground station or
beacon transmits a steady tone from a loop antenna that is rotating once
a minute about a vertical axis. The radiation pattern has two opposite
null lines that sweep around the beacon at the rate of 6° per sec., and as
one of these passes the north direction, the signal is given a coded inter-
ruption. The azimuth of a navigator from the station is therefore six
times the interval in seconds from the time when he hears the interruption
to the time when the null passes over him (or this amount plus 180°).

i5’onne.-The German “ Sonne” beacon (termed “ Consol” by the
British) combines the principles of the Orfordness beacon and the com-
mon radio range described in Sec. 15 but is much more elaborate and
accurate than either. The ground station has three fixed vertical anten-
nas in line, so spaced, keyed, and phased that interference between their
signals produces a radiation pattern of about a dozen sectors in which
successions of dots are heard that alternate with sectors in which dashes
are heard. Since the dots and dashes are interlocked, along the radial
lines bounding the sectors they merge into a steady tone (equisignal).
The dots and dashes are emitted, one a second, for a minute, during
which time the radiation pattern is slowly rotated by shifting the phases
of the two outside antennas, and hence at the end of the minute each dot
sector has moved into the place of the adjacent dash sector, and vice
versa. During the next minute a steady omnidirectional tone is emitted
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by the central antenna. Then the dots and dashes are repeated, starting
at the initial configuration and going through the same rotation again, and
so on. A navigator determines his radial line of position within his
sector by measuring the time that elapses from the beginning of any dot-
and-dash period to the instant at which the advancing equisignal bound-
ary of the sector sweeps over him. He does this by simply counting the
dots and dashes for these beat seconds, and one changes to the other as
the boundary passes. Which sector he is in must be determined by con-
ventional direction finding on the signal during the steady-tone period
or by dead reckoning. The transmissions are received on an ordinary
radio receiver in the 250- to 500-kc/sec region, and fixes are plotted on a
special chart giving the various zones and a key for each zone for inter-
pretation of the received dot-and-dash cycle.

Omnidirectional Radio Range .—The so-called ‘( omnidirectional radio
range” operates still differently. It may be regarded as a development
of the radio range of commercial air traffic (see Sec. 1.5) to which the
Sonne beacon is also akin. Four antennas mounted at the corners of a
square at a ground station send out a continuous signal, the different
antennas being phased so that a figure-eight radiation pattern results,
and the phases are steadily and uniformly shifted so that the pattern
rotates around the station. At a distance, the received and rectified sig-
nal has an audio modulation whose phase at any instant depends on the
azimuth of the receiver from the station. In order to obtain a bearing
from the phase of the audio modulation some reference direction must be
established. This is done by exciting a center antenna in the square at
the carrier frequency, amplitude-modulating the signal at 10 kc/see and
frequency-modulating the 10-kc/sec modulation at the frequency (60
cps) of rotation of the radiation pattern. This reference frequency
modulation is made to reach its maximum when the maximum of the
directivity pattern passes through North. At any receiving point, the
difference in phase between the reference signal and the rotating signal
is examined, and this phase difference in degrees is exactly equal to the
bearing to the beacon in degrees. A 180° ambiguity occurs, but this is
resolvable in the receiving apparatus.

The receiving equipment contains a receiver whose output is fed to
two separate channels. In one, a low-pass filter sorts out the 60-cps
modulation of the carrier (the rotating phase signal), whereas in the other
a high-pass filter presents the 10-kc/sec subcarrier to a discriminator that,
in turn, removes the sub carrier and yields the 60-cps reference signal.
By suitable comparing and indicating circuits, the phase of the reference
voltage is compared with that of the rotating phase voltage, and the
bearing is shown on a meter.

For the long-range version of the system, the 10-kc/sec subcarrier
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would be replaced by a l-kc/see subcarrier, and large towers would be
used instead of high-frequency arrays.

1.2. Position from Measurement of One Bearing and One Distance
(Polar Coordinates) .-A compass bearing on a visible object plus a
sextant measurement of its apparent size or a radio bearing on a beacon
plus a measurement of the interval between the receptions of synchro-
nized radio and sound signals coming from it will provide a navigator with
his polar coordinates with respect to the object or beacon. (The bearing
as observed must be reversed, of course, since it places the origin at the
observer.) The celestial altitude and observed azimuth of a heavenly
body will theoretically give similar information, but it is not useful prac-
tically because the linear equivalent of the uncertainty of the compass
reading may be a hundred miles as a consequence of the great distance
to the substellar point that is the origin of the coordinates.

Radar (Range and Bearing) .—Most radar systems give distance and
direction (range and bearing). A highly directional transmitting antenna
sends out a narrow beam of energy and rotates or fans over a sector, in
order to scan its field. The returning echoes are made to intensify the
beam of a cathode-ray tube. The range is commonly presented by
deflecting the electron stream of this cathode-ray tube away from a normal
equilibrium track down the axis of the tube (where it produces a light
spot at the center of the circular screen) toward the edge of the screen,
the range being approximately proportional to the deflection. By
synchronizing the direction of the deflection with the scanning mechanism
of the antenna, bearing on the earth’s surface is presented as bearing on
the screen. This displaying mechanism is the well-known plan position
indicator, PPI. It gives the observer, in effect, a map of the region
scanned, centered at his location. Because the distance measured by
the travel time of the signal is the airline distance (slant range) and not
the projection of this on the ground, the map is somewhat distorted.
The measured ranges are accurate, being taken with reference to accurate
calibration markers provided by a precise high-frequency oscillator, but
a correction that is a function of the range and the difference of elevation
between the observer and the target must be applied to reduce the
obsewed slant range to range from the point on the ground beneath the
observing aircraft.

The terrain in the vicinity of the aircraft is scanned by a narrow beam
of energy produced by a suitable antenna and reflector. It is fanned
vertically so as to irradiate all objects on the ground at different ranges
but at the given bearing. This fan beam is rotated or oscillated back
and forth so as to cover either the full 3606 of azimuth or a selected sector
of it, w desired. Because of the differing reflectivity of the various
features of the terrain, and because of the distinctive echoes returned by
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some geographically prominent ones such as cities and large bridges, a
plot of the scanned terrain is presented on the radar oscilloscope or PPI.
Although such systems are seldom used for navigation by actually plotting
positions of the aircraft on a chart, they have ‘been widely used for what
can be thought of as extended visual piloting. In cloudy weather the
radar information takes the place of visual information, and even in fair
weather the radar data supplement visual observation in a useful way.

The properties of such radar systems and various applications of them
are discussed at length in Vol. 2 of the Radiation Laboratory series
entitled Radar Aids to Navigation.

Radar Beacons.—It sometimes happens that important places on the
ground are not unambiguously marked by characteristic radar patterns
on the PPI. This can be remedied by the use of radar beacons. The
beacon acts to some extent as an amplifier of radar echoes. It has a
receiver that detects the pulses sent out by a radar set and causes them
to trigger the beacon’s transmitter to emit single reply pulses or groups
of pulses. Since the time required for the circuits of a beacon to act can
be made to be negligibly small, the reply is much like a radar echo. It
differs in that it can have any desired frequency and can be a pulse or
group of pulses differing in duration from the original interrogating pulse.
The replies can thus be coded for identifying the beacons. Since the
frequency of the reply is different from that of the interrogating radar
pulse, the reply pulses can be received and displayed separately from the
radar echoes, provided that the radar set has a receiver tuned for these
beacon signals. Such radar-beacon systems are discussed further in Vol.
2 mentioned above and more thoroughly in Vol. 3 entitled Radar Beacons.

Rebecca-Eureka. —One radar-beacon system that found considerable
use in the war is called the Rebecca-Eureka. In this system an aircraft
carries an interrogator (the Rebecca), which may transmit on any one
of a group of frequencies around 200 Me/see. Directional receiving
antennas (dipole and director) are mounted on each side of the fuselage
near the nose, and by lobe switching these are made to receive replies
from a fixed ground beacon (the Eureka) alternately. Transmissions of
the Rebecca are made from a stub mounted under the fuselage. The
indication provides two vertical deflection-modulated traces back to back
in the center of the oscilloscope; range is measured upward from the base.
Thus the vertical displacement of the signal gives the range, and the
horizontal deflection of the signal gives a left-right indication; a beacon
to the left gives a greater deflection in the left half of the oscilloscope
than in the right. Since the screen has a grid superimposed on it, bear-
ings can be estimated roughly. Homing to a Eureka beacon is accom-
plished by flying a course such that the oscilloscope deflections to the
right and left remain equal. The range of the system is about 25 to 50
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miles, depending upon the Eureka beacon and the altitude of the aircraft.
Some of the Eureka beacons weigh only about 20 lb complete and hence
are readily portable.

Control oj Aircrajt by Ground Radar.-Use has also been made of
ground radar stations for determining the azimuth and distance of air-
craft, the location to be communicated to the navigator. This has been
employed particularly in the surveillance and tactical control of military
aircraft. Ships or aircraft may be detected at the station merely by the
radar signals that are reflected from them, or they may carry radar
beacons, which will also identify them to the station. If separate
receivers are provided, the same transmitter may be used to handle at
the same time craft with radar beacons and those without. When a
single craft or group of craft is to be located or directed, increased
accuracy in bearing may be obtained by using special transmitting
antennas which project twe-lobed or alternating-lobed patterns nearly in
the same direction. The equisignal zone between the lobes is narrow,
so that discrimination in angle is considerably improved. These systems
and methods are also discussed in Vol. 2 of this series.

It is to be noted that in general the bearing is much less accurately
determined than is the range, so that for the most precise determination
of position two ranges should be used rather than one range and one
bearing.

1.3. Position from Measurement of Two Distances (Lines Are
Circles) .—This form of position finding has many varieties. Three
commonly used methods that do not use radar technique may be men-
tioned. The distance of a visible mark of known linear dimension may
be calculated if the apparent angular magnitude of this dimension is
measured with a sextant; this distance is the radius of a circular line of
position whose center is the mark. Distance from a point is also the
quantity obtained in celestial navigation, as was mentioned above. A
navigational beacon that emits simultaneously a radio signal and a sound
signal in air or under water gives the navigator a measure of his distance
from the beacon, for this is proportional to the time interval between the
radio signal and the sound signal as they are received by him. Two
observations of any of the above sorts establish two circular lines of
position; their intersection gives the fix.

Radar and Radar-beacon Methods.-Since a radar set can readily
measure range to an accuracy of a few hundred feet or better, a precision
much higher than it gives for measurements of bearing, it is peculiarly
suitable for getting fixes by measuring the distances to two objects at
mown positions. In principle this can be done by using two natural
adar echoes. In practice this procedure is not so accurate as it might
I,ppear to be at first glance, since the connection between the observed
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range of an echo and the exact distance to some particular point of the
extended object that produces the echo is not always well enough known.
If the full potentialities of the method are to be realized, radar beacons
at accurately known locations must be used. Systems of this type in
which apparatus in an aircraft measures the distances from it to two
beacons on the ground are known as H-systems.

In this type of system, in which ranges only are measured, there is
noneedfor using directional antennas inthe interrogating aircraft. The
particular radio frequency used is of no consequence, provided that it is
high enough to allow the use of the short pulses required for accurate
measurement of distance. The principal H-systems used during the war
and their frequencies are the following:

1. Gee-H. Gee-H operates at 80 to 100 Me/see for interrogation,
20 to 40 Me/see for reply. The transmitters of the Gee system
were modified so that they could operate as beacons in addition to
emitting their regular pulses (see Sec. 1.4), and special interro-
gating equipment wasaddedt othea ireraft.

2. Rebecca-H. The Rebecca-H operating in the 200-31 c/sec region
made use of the airborne Rebecca equipment previously mentioned
with special high-powered Eureka beacons.

3. Micro-H. Micro-H operates in the 10,000-Mc/sec region. The
airborne AN/APS-15 bombing and navigational radar sets interro-
gate AN/CPN-6 ground beacons.

4. Shoran. This system operates in the 300-h’Ic/sec region. It was
specially designed for this purpose.

All of these H-systems except Shoran involved a somewhat makeshift
adaptation of existing equipment. Shoran was developed for this type
of navigation alone, with careful attention to appropriate instrumenta-
tion. It has remarkable over-all accuracy, errors of fix of less than 75 ft
being readily obtainable. It was just coming into widespread use in
bombing of high precision as the war ended. It seems likely that it will
be of great usefulness for accurate mapping by aerial photography.

Although the H-system is simple enough in principle, the computa-
tion of the location from the two observed ranges or the advance compu-
tation of the two ranges to a desired location is laborious. During the
war much effort had to be spent on computations of this sort.

One advantage of the H-system is that numerous aircraft flying inde-
pendently can get fixes by interrogating the same beacons. The number
that can use the beacons at the same time varies in the different forms of
the system because of differences in the design of the beacons and in the
effects on the airborne equipment of the beacons’ replies to the other
aircraft.
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Oboe.—The Oboe system, much used during the war for accurate
blind bombing of the Ruhr valley, is the converse of the H-system. Two
ground stations measure the distance to a beacon-carrying airplane and
give it signals so that it can fly on a circle of predetermined radius about
one station and release a bomb when it arrives at the proper distance
from the other station. In this system the careful measuring can be
done in ground stations that are spacious compared with the cabins of
aircraft. The traffic capacity is low, however, and a high degree of
coordination between the ground stations and the airplane is required.

In both the H-system and the Oboe system the distance from the
ground stations is limited to the radar-horizon range given roughly by
the formula

‘(.ik) = Z).

These systems are discussed in greater detail in Vol. 3 of the present
series entitled Radar Beacons.

1s4. Position from Measurement of Two Differences of Distance
(Lines Are Hyperbolas) .-During World War I a method was developed
for locating enemy guns by measuring the differences between the times at
which their reports were heard at three different listening posts. The
posts were electrically connected so that the three detonations received
from a shot from a given gun could be recorded on one chronograph.
The time interval, from the arrival of the report at one post to its arrival
at another post, is a measure of the amount by which the gun’s distance
from the latter post exceeds its distance from the former. This differ-
ence is precisely the constant that defines a hyperbola with respect to
the two posts as foci. The time interval between the reception of the
gun’s report at the middle listening post and its reception at one end post
locates the gun upon a hyperbolic line of position that passes between
the two posts and is concave toward the nearer one. The interval
between the received reports at the middle post and at the other end post
locates the gun upon another hyperbolic line of position. The two
hyperbolas intersect at the gun.

This particular system has never been used in navigation. Employ-
ing sound signals, it possesses no advantages over other short-range
locating systems but is more complex. Systems similar in principle,
however, using radio signals and radar time-measuring techniques, with
reversal of the direction of travel of the signals (so that they are sent out
by ground stations and received by the navigator), have been developed
in Great Britain and the United States within the past five years and have
proved extremely valuable. The most widely used of these systems are
Gee (British) and Loran (American).

In Gee and Loran the fundamentals of operation are the same. Two
ground transmitting stations define a family of lines of position by
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emitting pulses in such 8 manner that the pulses from one are distinguish-
able from those of the other. The int.eNal from the emission of a pulse
by station A to the emission of the next pulse by station B has a fixed,
known value. The interval between theee pulses as they are received
by the navigator depends upon his location. It will be equal to the fixed
value if the navigator is equally distant from the stations. It willbe
greater than the fixed value if he is nearer to A (for then the pulse from
B, traveling farther than that from A, falls farther behind it in time) and
less if he is nearer to B (for then the pulse from B gains by its shorter
journey). Every distinguishable interval characterizes a dtierent hyper-
bola of position, which is a iixed line on the earth’s surface and may be
precomputed and drawn on a chart. Two pairs of stations (which may
be three stations in all) define two intersecting families of lines of positon,
forming a Gee lattice or Loran grid; two observed time intervals, one
from each family, define an intersection or point on this coordinate system.

The navigator is provided with a receiver having a cathode-ray tube,
the face of which displays the successive incoming pulses as pips upon a
calibrated time base, in the manner of radar. The time intervals are
accurate] y read by means of the calibrations (the latest Loran indicator
shows them directly on numbered dials). The navigator enters the
chart with the numbers aa read and finds by inspection the corresponding
point among the grid lines.

Gee.—In the Gee system the baselines are approximately 75 miles
long and are disposed with the master station in the center and two or
three slaves dispersed around it. Each of these groups of stations (chains)
operates on a different radio frequency, and there are half a dozen fre-
quencies available in each of four bands. This frequency flexibility is
necessary, since aa many as six chains have been operated in one region;
it waa also convenient during World War II to have different frequencies
available in order to make the enemy’s problem of jamming the system a
more formidable one. The frequencies commonly employed are between
20 and 85 Me/see; hence the range is slightly more than optical, the best
results being obsewed at high altitudes.

The navigator’s indicator presents visually a family of four or five
pulses, two being transmitted from the maater station and one from each
slave. A double slow-trace pattern having a total length of 4000 psec
is employed. By the use of delay circuits, four fast traces can be initiated
at such times that the master-station pulses appear on two fast traces
and the inverted pulses from any two slave stations appear on the other
two faat traces. Each of the slave pulses can be laterally adjusted to lie
with its base coincident with the base of one of the maater pulses. When
this adjustment is completed, the two time differences (between each of
the master pulses and its corresponding slave pulse) are read from the
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relation between families of markers which can be mvitched onto the
oscilloscope traces. The most closely spaced family of markers hasa
unit separation of 6# psec and interpolation to tenths permits a reading
to # psec. The received pulses are about 6 psec in length.

Gee is a free-running system (aa is Loran). The recurrence rate of
the stations (250 pps) is based on the recurrence rate of the master
station. The master may drift, and the slaves will follow this drift in
rate without affecting their time clifference. To a navigator this drift is
immaterial, for his equipment is also freely running. As soon aa he has
received the signals from the ground stations, he adjusts his equipment
for minimum drift during the time of measurement. Once he has made
the lateral adjustment of the pulses (in Loran it would be the match of
the pulses), he no longer requires the signals and can make the actual
reading at his leisure. In the meantime, the signals may have drifted
with respect to his equipment, but this will, of course, have no effect on
his reading or any subsequent readings.

Stundard Loran.—Loran is a pulsed medium-frequency long-range
system of hyperbolic navigation. Shore stations, synchronized in pairs
by means of ground waves, provide lines of constant time difference of
arrival of the pulses from each pair. The navigator may select any two
pairs to obtain a fix, reading tbe time difference of one pair at a time. In
the daytime, only ground waves are available, and they are used over
water out to 700 nautical miles or more. At night, ground waves are
received only to 500 nautical miles because of the higher noise level; but
because of the stability of the lower ionospheric layer, fixes are available
out to 1400 nautical miles by, using single reflections from this layer.
As many as eight station pairs can be operated on a single radio frequency,
and four radio frequencies have been assigned. The pairs at a common
radio frequency are identified by means of the different recurrence rates
at which they operate.

A pair of received signals is displayed on a double-trace oscilloscope
pattern whose total length is about 40,000 ~sec. By the use of delay
circuits two fast cathode-ray traces are initiated at such times that one
trace exhibits the master signal and the other exhibits the slave. The
leading edges of the pulses are superimposed, and the amplitudes are made
equal. When this final adjustment is complete, the time clifference is
read by removing the signals and reading the relation between families
of markers that are switched onto the traces. This time difference
establishes one line of position, and it is necessary to repeat the procedure
with pulses from a second pair of stations to secure a second time differ-
ence and line of position. The total time required to take and plot a fix
under average conditions is about three minutes.

SS Loran.-Sky-wave Synchronized Loran is a nighttime version of
Loran wherein a pair of ground stations are synchronized by the reflection
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from the lower ionospheric layer. Baselines are from 1000 to 1400
nautical miles in length. Stations are usually disposed in a quadrilateral
formed by two pairs. The navigator follows the same procedure as in
Standard Loran except that sky waves only are used for reading. Cover-
age over both land and sea is good, and signals are equally well received
at all altitudes. Over most of the coverage area crossing angles are
greater than 70°, and the position lines of a pair are almost parallel.
The system can be used for general navigation and has been used for
area bombing by the RAF.

Decca.-The British Decca system is similar in geometrical principle
to Gee and Loran but very different in detail. The transmitting stations
send out c-w signals; their interference generates hyperbolic coordinates
that are continuously and automatically presented by phase meters that
form part of the navigator’s receiver. Operation of these meters is
wholly differential; the coordinates of the point of departure must be
set into the instrument manually at the beginning of every continuous
run.

As in other hyperbolic systems, at least three stations (two pairs) are
necessary to establish a fix. The master station transmits at the basic
frequency of the system, and the slave in one pair radiates at a different
frequency related to that of the master by some simple ratio such as
3/2 or 4/3. The other slave in a triplet operates at still another simply
related frequency. Each slave monitors the master’s transmissions and
maintains its own emissions at its assigned frequency but with phase
rigidly related to that of the master. The family of hyperbolic lines that
result are thus lines of constant phase clifference.

The navigator’s equipment consists of a receiver channel for each
station (three in all for fixing), suitable multiplying and phase-comparing
circuits, and two phase-indicating meters (similar to watt-hour meters).
Maintenance of a constant-phase reading indicates that a hyperbolic line
is being followed, and changes in phase may be summed up when cutting
across these “lanes.” The wavelengths used are of the order of a mile,
and the reading precision has been variously quoted to be nln to + of
a wavelength.

Since interfering continuous waves can distort the readings in Decca
almost without limit and without the navigator’s being immediately
aware of it, the use of baselines more than 100 miles long is not satisfac-
tory, because of the distorting effects of sky waves at greater distances,
and the geometrical accuracy is therefore low. The useful service radius
is similarly limited to as little as 200 miles.

POP1.—The post office position indicator, POPI, embodies a different
application of hyperbolic navigation. It was advanced by the British
Post Office as a general navigational system that when fully exploited in
its principles might even provide blind+.pproach and glide-path facili-
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tiea. It has not been introduced to seMce or commercial usage, having
been carried through the trial stage only.

Two signals originate from two vertical antennas located a short
distance apart, the operating frequency being alternately transmitted
from each antenna at the rate of five times per second. Since the anten-
nas are separated, the phase difference registered everywhere describes
a family of confocal hyperbolas, with foci at the antennas. In POPI, the
antennas are erected so closely together compared with the distances to
the receiver that the family of hyperbolas effectively degenerates into
a system of straight lines issuing from a point midway between the radia-
tors. Thus, although POPI is technically a hyperbolic system, for all
practical purposes it must be considered a radial system.

The system of lines is mirrored with respect to the line joining the
radiators. To avoid ambiguity, signals are also radiated from a third
antenna located at the third comer of an equilateral triangle. UsuaUy
the spacing is a half wavelength. The keying sequence is then “A, 1?,
C, space, A, B, C, space,” etc., and the receiver compares the phases of
any two. The bearing is determined by selecting the signals from the
two antennas that are most nearly equidistant, and the remaining signal
is used to establish the sector. Six sectors are defined, and the purpose
of selecting the signals from the two antennae most nearly equidistant is
to obtain greater discrimination (near the perpendicular bisector there
are more lines per mile and therefore the geometrical accuracy is greater).
This choice of signals from the two more nearly equidistant antennaa is
also advantageous from a propagational standpoint. For signals travel-
ing equal distances errors arising from ionospheric reflections are smaller
than for signals traveling unequal distances. A navigator requires at
least two POPI stations to obtain a fix with his indicator.

The chief feature that distinguishes POPI from other systems is the
method of presenting the coordinate information in the navigator’s
equipment. In what has been described above, the phase differences
that occur over the radiation pattern are obviously those of radio fre-
quencies, a typical frequency being 800 kc/see for the system. In order
to facilitate detection and measurement it is desirable to examine the
phase difference at audio frequency. This audio frequency is supplied
by radiating a frequency that differs from the operating frequency by a
small amount of about 80 cps, from a fourth antenna placed at the center
of the triangle. Since this is mixed in the receiver with the transmissions
from the other antennas, an audio signal results. The original phase
difference between the r-f signals received from two antennas is equal to
the phase differtmce between the audio signals that result from the beat-
ing of these two r-f signals with the signal from the central antenna.
The receiver delivers an audio signal into a “ringing” circuit which con-
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ti.nues to oscillate with a definite phase relationship to the incoming
signal even after the signal is no longer received. The output of this
circuit is compared in phaae with the output of a similar circuit actuated
by the second signal (in the A, B, C sequence), and the difference is
recorded on a meter. An interval follows, and the comparison is made a
second time, the whole cycle recurring five times per second. Actually,
there are three signals in the sequence, ~d the navigator can select any
two of these for the phase comparison.

NAVIGATION BY TRACKING AND HOMING

1.6. Tracking.-A vehicle may be directed along a given path by
any of the methods mentioned above, except by celestial observations.
Celestial navigation is unique in that the lines of position which it fur-
nishes move over the surface of the earth at a speed much greater (in low
and middle latitudes) than the cruising speed of any aircraft that is now
practicable. All the other forms of visual and radio navigation may be
used to guide a navigator along a track that may be a straight line, a
circle, a hyperbola, or some other curve (a “true course” by compass,
for instance, is a spherical equiangular spiral, or rhumb line). In the
following discussion, only radio and radar methods of tracking will be
considered.

Radio Range.-The most widely used method of defining a path for
traffic is the radio range. In the commonest form of this, a ground
station has two crossed loop or Adcock antennas. The code letter A

(dotdash) is transmitted from one of the antennas, while the other aends
out the letter N (dash-dot), interlocked with the A. Since each antenna
pattern has two lobes separated by nulls and these patterns are crossed,
the result is a combined pattern of four sectors, two where A predominates
and two where N predominates. Since the successions of A‘s and N’s
are interlocked, a continuous tone is heard along the equisignal boundary
between adjacent sectors. This tone, heard in the communications
receiver of the navigator, guides him along the boundary. If he departs
from it, the tone breaks into A‘s or N’s, and the letter tells him the side
to which he has wandered. The four tracks defined by this system may
be directed as desired by suitably choosing the forms of the antennas,
the angle between them, and the relative power of the A‘s and N’s.
The tracks are straight, extending out from the station.

Circular Tracks by Radar.-If a navigator directs his craft so that the
radar signal returned from an identified mark on the earth maintains a
constant delay, indicating a constant distance, the track followed is a
circle around the mark with radius equal to the distance. The distance
may be chosen so that the circle passes through a desired dest inat ion.
The navigator may use his indicated distance from a second mark as a
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measure of his approach to the destination; when th~ distance coincides
with the known separation between mark and destination, he has arrived.
The marks are generally radar beacons. Aa described, the method is
simply a particular use of the H-system of position finding that has been
discussed in Sec. 1.3.

Hyperbolic Tracks.-A constant reading, maintained on the Gee,
Loran, or Decca indicator carried by a vehicle, guides the vehicle along
one member of the family of hyperbol= generated by the pair of trans-
mitters whose signals are compared. Location along this track is shown
by the changing reading on another pair of transmitters as the aircraft cuts
across its associated hyperbolic family. A hyperbolic track will also be
followed if a radar navigator maintains a constant difference between his
distances from two marks or radar beacons, so that these increase or
decrease at the same rate. The constant difference maybe automatically
added to the nearer reading by introducing a corresponding time delay
either into the response of the radar beacon on the ground or into the
action of the receiver in the aircraft. This difference is then maintained
between the actual distances, and the apparent distances remain equal.
The radar indicator displays this equality clearly, and the navigator
can easily hold to it. The Micro-H bombing system used circular
or hyperbolic tracks at will; along the latter, the bomb was released
when both apparent distances together reached the precomputed
value.

1,6. Homing.-A track defined in one of the ways just described may
be chosen so as to pass through any desired destination within range,
but it will be a unique track, except in the special case that the destina-
tion is the center from which a family of radial tracks proceed (as in
direction finding). In that case only is a navigator in any arbitrary
location able to travel directly to the destination along one line of
position. In every other case he must follow the line of one family that
passes through his location until it intersects the line of another family
that passes through the destination, or else he must cut across both
families.

The obvious and most commonly used method of homing is to steer
so that a radio signal emitted at the destination is always received from
dead ahead, according to the navigator’s direction-finder, or so that the
image of the destination on the PPI screen of his radar set always appears
dead ahead. This is the special case just mentioned. It is to be noted
that if this procedure is followed when there is any cross wind or current,
the aircraft or vessel will not travel in the direction in which it is headed
but in a curve concave toward the direction from which the deflecting
force acts and increasing in curvature as the goal is approached. The
navigator may maintain a straight approach by heading to windward of
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the direction of the destination, but this requires accurate knowledge of
the drift.

Homing may beaccomplished inthe general case, cutting across the
two coordinate families, by steering so that the two instrument readings,
which indicate the present position of the craft, approach their destina-
tion values at rates approximately proportional to the amounts by which
they respectively differ from those values. (For example, if the present
Gee coordinates of an aircraft are 6.4 and 38.5 and the destination is at
16.6, 35.1, the craft should be steered so that the first coordinate increases
about three times as fast as the second diminishes. ) In a system like
Gee, where both the destination readings can be set into the indicator
beforehand, an almost direct homing track maybe held by eye estimation
of the motion of the pips on the screen. Strict proportionality of change
of coordinates could be maintained by the use of rather simple auxiliary
equipment, which would direct the craft along a definite track to the
destination. Such equipment has not been developed as yet, but sug-
gestions regarding its form and use in the Loran system are given in
Chap. 4. The technique might be adapted to any system in which
position is referred to a coordinate grid based upon instrument readings.

1.7. General Comparison of Basic Techniques.—Some comparison
of the basic techniques can be made without entering into details of
instrumentation or operation.

1. The direction-finding and hyperbolic systems, which do not use the
echo or bounce-back principle of radar, have a great advantage in
range or coverage, both because they are not subject to the two-
fold dispersal of a signal traveling over a return path and because
they can operate with long waves, for which attenuation is much
less than it is for short waves and for which range maybe extended
by ionospheric reflection. Radar systems must use ultrahigh or
microwave frequencies in order to get definition in the optical
sense.

2. Systems that measure distance by timing’ of signals give greater
line-of-position accuracy than direct angle-measuring systems.
With radar systems, accuracy of the circular lines of position is
independent of distance or direction. With angle systems, accu-
racy is inversely proportional to distance. With hyperbolic sys-
tems (and the Sonne direction-finding beacon) accuracy depends
on both distance and direction. At long distances the hyperbolic
systems effectively determine angle by distance-measuring tech-
nique, with a considerable advantage in precision. Both angle
and hyperbolic systems are affected at long ranges by errors due
to variations in the ionosphere, but these affect the direction of
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transmission more seriously than the time of transmission, again
favoring the hyperbolic systems.

3. Continuous-wave systems require much narrower transmission
bandwidths than pulsed systems, per transmission station. But
this advantage is balanced by the fact that many pulse-emitting
stations may operate in the same band, being distinguished by
different pulse recurrence frequencies or different forms of coding,
whereas each c-w station requires a band to itself.

4. Pulsed systems can generally work through higher atmospheric
noise than can c-w systems and at long ranges are less seriously
affected by vagaries of the ionosphere.



CHAPTER 2

HISTORY OF LORAN

BY J. H. HALFORD, D. DAVIDSON,AND J. A. WALDSCHMITT

2.1. Origin of Pulsed Hyperbolic Navigation in the United States.
The UHF Proposal.—The pulsed, hyperbolic, radio grid-laying system for
long-range navigation which finally evolved into the Loran system was
first proposed to the Microwave Committee in October 1940, by its
chairman, Alfred L. Loomis. This proposal involved the use of synchro-
nized pairs of high-power high-frequency pulse-transmitting stations
separated by distances of the order of several hundred miles. The
families of confocal hyperbolic lines of constant time difference generated
by these pairs of transmitting stations could then be interpreted as lines
of position by observers equipped with electronic receiver-indicators
capable of measuring the elapsed time between the arrival of correspond-
ing pulses from the two members of each pair of stations. Ranges from
300 to 500 miles for high-flying aircraft were anticipated.

The Army Signal Corps Technical Committee had set up the following
requirements for a “ Precision ATavigational Equipment for Guiding
Airplanes” at its meeting on Oct. 1, 1940:

a. General: it is desired to have precision navigational equipment for
guiding airplanes to a predetermined point in space over or in an
overcast by radio beams, detection apparatus, or direction-finders.

b. Distance: maximum possible. Five hundred miles desired.
c. Altitude: the ceiling of present heavy bombers; about 35,000 ft.
d. Accuracy: the greatest accuracy obtainable. One thousand feet at

200 miles is desired,

The Loomis navigation system proposal was quickly accepted by the
Microwave Committee and established as Project 3. A coordination
subcommittee whose first recorded minutes are dated Dec. 20, 1940, was
formed to arrange for the procurement, installation, and field testing of
one pair of transmitting stations and suitable navigation equipment as
outlined in the original proposal. This committee was made up of
representatives from several of the large electronic manufacturing
companies.

Although the precise method of synchronizing the transmitters had
not been determined, and no agreement had been reached concerning the
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most practical method of constructing a suitable navigator’s receiver-
indicator, the committee initiated the following orders for about $400,000
worth of equipment during December 1940:

a. 2 receiver-indicators—RCA.
b. 2 receiver-indicators (independent design) —Sperry.
c. 2 crystal-controlled timers—Bell Laboratories.
d. 1 1.5-megawatt transmitter—Westinghouse.
e. 1 1.5-megawatt transmitter—General Electric.
f. 6 high-frequency pulse triode transmitting tubes—RCA.

When the orders for equipment were placed, it was estimated that most
of the items would be available for test during the summer of 1941.

In addition to much discussion concerning the most practical methods
of synchronizing the stations and providing the navigator with time-dif-
ference readings, there was considerable indecision concerning the best
places to locate the experimental stations. Several mountain peaks were
considered before it was finally decided to request permission to use two
abandoned Coast Guard lifeboat stations located at Montauk Point,
Long Island, and Fenwick Island, Del. This provided a 209-nautical
mile baseline entirely over water and at the same time kept the stations
within a reasonable distance of the Bell Telephone Laboratories in New
York, from which Project 3 was coordinated.

Meetings of the Project 3 Committee and several subcommittees set
up to coordinate transmitter, transmitting tube, and receiver-indicator
development were held regularly throughout the winter and spring of
1941. The minutes of these various meetings contain numerous discus-
sions of possible methods of synchronization of the stations and of measur-
ing the time difference between the received pulses in the field.

Several distinguished British visitors attended many of these meetings.
E. G. Bowen of the British Mission was present at the Project 3 Commit-
tee meeting on Dec. 20, 1940. I.ater, Squadron Leader G. Hignett of the
British Embassy also participated. Although these British scientists
were aware that a somewhat similar navigational system of hyperbolic
grid-laying was under development in England, they were not completely
familiar with it and were, therefore, able to give only general advice to
the Project 3 Committee.

That the project, new in concept and untried experimentally, was
foredoomed to failure under control of a loose administrative committee
became apparent. This weakness was recognized particularly by Mel-
ville Eastham, who advised turning the central authority over to a full-
time group at Massachusetts Institute of Technology that could make
trials, suggest changes, and guide the whole development as experiment
indicated.

Experiments at Lower Frequencies.—As soon as a few personnel had
been hired, Eastham suggested to the Project 3 Committee that some of
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these people might be assigned the job of assisting RCA and Sperry in the
development of a suitable indicator for the system. In the early spring
of 1941, a small navigation group (four or five men) was formed, there-
fore, at Radiation Laboratory under the direction of Eastham and was
gradually augmented, until in 1943 there were about 30 staff members.
This group was under the technical direction of J. C. Street, on leave from
Harvard University.

In addition to the receiver-indicator assignment, this group became
interested in the basic concepts of the entire system. By early summer
of 1941, the Radiation Laboratory Navigation Group, which had taken
over the project from the microwave subcommittee, had come to the
conclusion that far greater ranges might be attained from a medium-
frequency system wherein sky-wave reflections could be utilized as in
communicate ens.

Accordingly, two portable pulse transmitters capable of tuning from
8.5 down to 2.9 Me/see and generating pulses of about 5-kw peak power
were hastily constructed during the early summer of 1941 for the investi-
gation. These transmitters were set up at the Montauk Point and
Fenwick Island stations and pulsed at 33+ pps by impulses from the Bell
Laboratories timers that had been installed for use with the still unfinished
Project 3 high-frequency transmitters. No attempt was made at SyTI-
chronization during these tests. When this system was first proposed
to Eastham and Bowen, they got the mistaken idea that it was for
long-range direction-finding only, not grid-laying, as precision time
measurements via the ionosphere were at that time unheard of. This
misconception was not clarified until after the successful completion of
the tests.

A set of receiving equipment was installed in a station wagon that
roved as far west as Springfield, Mo. As expected by the Radiation
Laboratory group, the sky-wave signals from the E-layer of the iono-
sphere were fairly strong and relatively stable. The stability of the first
reflection was particularly encouraging. The lower frequencies produced
the most stable signals at night, with the higher frequencies giving more
stable sky-wave reflections by day.

These tests tended to show that the medium frequencies might be
used for a tmly long-range navigation system although the potential
accuracy could be only estimated. It also became obvious during the
tests that the circular sweep form of indicator could not be used aatia-
factorily for making timcdfference measurements to the order of 1 paec
and, furthermore, that some form of two-trace indicator providing for a

dhct comparison of pulses by superposition of displaced sweeps would
be necessary.

Whiie these medhrn-frequency tests were underway, the first concrete
information about the British Gee system was supplied to the Radiation
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Laboratory during the late summer of 1941 by A. G. Touch of BAC.
The visit of Touch was timely, since it came when all of the early Project
3 ideas on indication had been found awkward, if not impractical.
Touch described the Gee system in cursory fashion but left two very
important ideas in the minds of the navigation group:

1. Accurate measurements (to better than 1 ~sec) could be made with
portable equipment.

2. A multiple-trace indicator providing a means of matching pulses
in time on delayed sweeps was a practical means of accomplishing
this.

Similar conclusions had been reached by the field party that was away
making observations at the time of Touch’s visit. It is a striking coinci-
dence that this party returned with a strong recommendation for a two-
trace indicator at the same time that the Laboratory group had reached
the same conclusion from consideration of Touch’s report.

The evaluation of the circuits for a workable two-trace indicator
followed during the fall of 1941, although many essential refinements
came later.

During tests of the first two-trace indicator at Montauk, it was found
that the 5-kw signals from Fenwick would be ample for direct synchroni-
zation, especially on the lower frequencies. On the basis of this informa-
tion the Radiation Laboratory group decided that the long-range features
of the medium-frequency system were of such great value that this sys-
tem should receive the full attention of the MIT group, since no great
advantage in duplicating the efforts of the British on the high-frequency
system could be seen. The work on the original Project 3 was abandoned.

In spite of many technical shortcomings, the medium-frequency sta-
tions were synchronized during 1941, by means of the first experi-
mental two-trace indicator located at an intermediate monitoring
station at hlanahawkin, N.J. (where the two signals had nearly equal
amplitudes and could be more easily compared). Shortly thereafter,
observers departed for Bermuda with slightly more carefully constmcted
equipment incorporating the two-trace indicator technique. Because the
original low-power variable-frequency transmitters were stifl being used,
the ground-wave signals were not expected to and did not reach Bermuda.
Excellent sky-wave results were obtained, however, and the timdiffer-
ence measurements made during January 1942 indicated an average error
in the line of position of only about 2} miles. Various frequencies
(3.0, 4.8, and 7.7 Me/see) were wed for these tests in order to determine
which would give the best sky waves by night and which by day. Many
excellent quantitative data were obtained from these teats.

While the observers were in Bermuda, a scheme was devised for
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changing the recurrence rate of the timing chain by small amounts,
thereby providing a simple and effective means for causing the distant
signal to appear to drift to a chosen position on the traces of the indicator.
Further investigation of this method revealed the possibility of readily
providing seven discrete increments in the recurrence rate in steps of
1 part in 400. These various rates could be used to permit the oper-
ation and identification of several pairs of stations at the same radio
frequency. This improvement applied equally well both to the ground-
station timers and those incorporated in the observers’ portable indicators.

A few months before the official termination of Project 3, the entire
field organization, including its manager, W. L. Tierney of the Bell
Laboratories, was transferred to the Radiation Laboratory Navigation
Group at Massachusetts Institute of Technology. As this field organi-
zation had worked out its own purchasing, receiving, and shipping pro-
grams, authority was granted by the Division of Industrial Cooperation
of Massachusetts Institute of Technology to continue with these activities
independent of the rest of the Radiation Laboratory. This arrangement
continued throughout the life of the Loran group (later designated Divi-
sion 11) and facilitated the carrying out of numerous critical field programs
as well as the hasty procurement of much equipment for the Services.

Work that had been initiated during the latter part of 1941 on 100-kw
pulse transmitters with plug-in tank circuits for operation on several fre-
quencies was expedited during the spring of 1942 in order to provide a
full-scale demonstration of the new medium-frequency system. With
this power and frequency of 1.95 hfc/sec it was estimated that ground
waves could readily be used for direct synchronization and that ground-
wave ranges of roughly 600 to 700 nautical miles over sea water and
sky-wave ranges out to 1300 to 1400 nautical miles by night could be
achieved. Daytime sky-wave service over similar ranges was to be pro-
vided by transmitters operating simultaneously on about 7.5 Me/see.
These secondary transmitters were actually never installed, partly
because of doubt about the real utility of the additional service, but
primarily because new transmitters were always required as fast as they
could be produced for 2-Me/see service in new areas.

One of the most serious shortcomings of the Loran receiver-indicators
used for the Bermuda tests was the difficulty of accurately measuring the
time difference between two signals of different amplitudes. A relatively
simple method of differential gain control was developed, thereby com-
pleting the basic evolution of the Loran receiver-indicator as reproduced
by the tens of thousands for use during the war.

The First Loran Trials.-B y June 1942, the first two high-power
(100-kw peak power) transmitters had been installed and tested in the
old Project 3 stations at Montauk Point, Long Island, and Fenwick
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Island, Del. The first Radiation Laboratory timer (Model A) had been
installed at Fenwick, the slave station, and direct synchronism estab-
lished. One of the Bell timers was used in the master station at Montauk.
During the spring of 1942 the basic recurrence rate for the system was
reduced from 33+ to 25 pps in order to provide a larger recurrence interval
for the accommodation of signals (with sky-wave reflections) from such
long baseline installations as were already being planned for linking
Labrador and Greenland.

In the same month the first Naval Liaison Officer for Loran was
appointed. He was Lieut. Comdr. (now Captain) L. M. Harding, USCG.
He and his successors in that office were invaluable in making arrange-
ments for Naval cooperation in trials and in surveying the sites for new
stations.

On June 13, 1942, an improved model of the receiver-indicator,
incorporating multiple recurrence rates and clifferential gain cent rol, was
taken aloft in a Navy blimp from Lakehurst, N. J., for a full-scale demon-
stration of the Loran system. Later that month arrangements were
completed to send another receiver-indicator and observers out on
an extended long-range observation trip on the USS Manasgyan, a Coast
Guard weather ship. The frequencies used for these tests were 1.95 and
7.5 Me/see, of which the former gave the better reception. Although
only one set of lines of position was available for both of these tests, the
results were so encouraging that immediate high-level Army and Navy
action was instituted to underwrite the procurement and installation of a
number of stations and shipborne receiver-indicators for an operational
service test in the Northwest Atlantic, extending from Fenwick Island
to Cape Farewell, Greenland, with sky-wave signals extending as far east
as the Azores.

NDRC Procurernent.+everal joint Army-Navy-NDRC meetings
were held during the early summer of 1942 to discuss the progress of the
system and to formulate plans for the most expeditious introduction of
Loran to service uee. As a result of these meetings, representatives of
the Radiation Laboratory agreed to have four stations and three lines
of position available for a full-scale service test on Oct. 1, 1942. For
future installations in the North Atlantic and Aleutian areaa, for oper-
ational trials, the Navy requested that the foUowing equipment be pro-
CUredby NDRC :

a. 250 model LRN-1 and model LRN-lA shipbome receiver-indicators.
b. 62 KKkkw transmitters.
c. 50 navigator trainer units.
d. 80 transmitter timers.
e. 50 special receivers for transmitter timers.

The total cost of these items amounted to about $1,250,000 for which the
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Navy agreed to reimburse NDRC. The question of airborne receivers,
although the Radiation Laboratory had initiated development work under
NDRC contract at General Electric Company in Bridgeport, Corm., was
turned over to the Aircraft Radio Laboratory of the Signal Corps at
Wright Field. The Army then requested the Radiation Laboratory to
cancel all work being done by General Electric Company, even though
they had already finished one excellent model, and gave the job to Philco.
This decision set the development and production of the AN/APN-4
airborne receiver-indicator back about a year, although it may have
ensured earlier large-scale production.

In anticipation of high-level service backing, negotiations had been
opened with the Royal Canadian Navy during the spring of 1942, and
two suitable sites had been selected by Radiation Laboratory field engi-
neers at Baccaro Point and Deming Island, Nova Scotia. The RCN
arranged for the use of the sites chosen and assisted in the erection of
the stations during the summer of 1942. While these stations were
being erected, three additional sites were chosen by a joint USN, RCN,
Radiation Laboratory flying survey.

During the summer of 1942 the closest possible coordination of the
Loran effort with British work in the pulsed-hyperbolic-navigation field
was achieved. R. J. Dippy, the originator of the British Gee system,
was sent to this country by the Telecommunications Research Establish-
ment at the request of the Ministry of Aircraft Production. During his
8-month stay at the Radiation Laboratory he succeeded in standardizing
the physical size of the airborne Loran equipment with its British counter-
part so that the sets could be readily interchanged. Eighty-volt taps on
the power transformers were also specified for the Loran sets in order
that they could be used in British planes that had 80-volt variable-
frequency generators. By great perseverance Dippy managed to force
these requirements through, with the result that Loran receiver-indicators
were readily interchangeable with Gee sets. After getting the airborne
program standardized, Dippy assisted in the design and development of
new Loran ground-station timing equipment in which the British experi-
ence was joined to that of the Radiation Laboratory. Although Dippy
was called back to England before this timer could be completed, he con-
tributed significantly to its design.

The summer and early fall of 1942 were spent producing equipment
for the two stations in Nova Scotia and for the three northern stations in
Bonavista, Newfoundland; Battle Harbour, Labrador; and Narsak,
Greenland. The final production design of the shipborne receiver-
indicators was subcontracted to the RCA License Laboratory in New
York. The RCA engineers also assisted in getting this equipment into
production at the Fada Radio and Electric Company. Incidentally, the
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entire job of production engineering and design of the equipment by
RCA, procurement of parts by Fada, and delivery of the first sets to the
Radiation Laboratory in September 1942 took less than five months.
This was made possible by the unusually good design work of the RCA
License Laboratory and by the willingness of the Radiation Laboratory
to accept good broadcast-receiver-type parts and construction.

At that time, it was assumed that the Navy would have their own
standard type of receiver-indicators in production within a few months,
at which time the Radiation Laboratory sets could be discarded. Actu-
ally, many of these sets are still in service, and the Navy eventually
reordered several thousand substantial copies of the original Fada equip-
ment. It should be pointed out that one of the principal reasons for the
excellent results achieved with the Fada equipment was due to the radical
method of shock-mounting it. Early in the installation program, it
became obvious that the sets would never survive under the extreme
conditions of vibration and shock encountered on a fighting ship, and a
project was instituted to find a better type of shock-mount. The new
mounts had a period of about 2 cps and were so soft that they appeared
sloppy. However, they soon proved their ability to absorb the most
violent shocks, and gratifying reports began to filter back to the Radiation
Laboratory both from the USN and RCN concerning the remarkable
ability of the Loran receiver-indicator to stand up under battle conditions.

2.2. North Atlantic Standard Loran Chain. Establishment of Ground
Stations.—By Oct. 1, 1942, the two Canadian stations had been essentially
completed, although no standby equipment was available, and a sufficient
number of Royal Canadian Navy personnel had been trained by the
Radiation Laboratory to inaugurate regular service by the four-station
(three-pair) chain for 16 hr daily. The remaining 8-hr period each day
was required for maintenance work and installation of various accessories,

Late in September, the first shipborne receiver-indicators began to
arrive at the Radiation Laboratory for final inspection and alignment
before being turned over to the Atlantic fleet, whose Commander-in-
Chief had stationed a number of noncommissioned personnel at the
Laboratory to receive and install these sets on certain carefully chosen
ships. The first such installation was on the old battleship New York,
on Oct. 18, 1942. Other installations followed during the fall until about
45 sets had been put in service by the end of 1942. About 5 of these
early sets were turned over to the RCN for use in navigator and main-
tenance training programs that were set up in Halifax. These Canadian
sets soon found their way onto certain key escort craft doing convoy duty
along this coast.

In spite of every possible effort by the Radiation Laboratory, the usual
procurement and shipping difficulties made it impossible to complete the
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three northern stations in Newfoundland, Labrador, and Greenland
during 1942. Labrador managed to get on the air in November 1942, but
food, permanent housekeeping equipment, and personnel were lacking.
Newfoundland was ready for synchronization trials in January 1943.
Actual synchronization of this pair, however, was delayed due to an
unannounced change in recurrence rates and lack of communication
between stations anti other Naval organizations. The Greenland station
was delayed by several unfortunate difficulties, including a storm that
destroyed the station buildings—fortunately, however, before the equip-
ment had been installed. With the help of the local service people, the
Radiation ,Laboratory engineers erected spare buildings which the Navy
had sent with the expedition. During February the station managed to
get on the air, but synchronism was not established immediately owing
to the very great distance to the Labrador station. After installing a
directional receiving antenna and rebuilding the receivers for greater
sensitivity, the pair finally established synchronism in the spring of 1943.

On Jan. 1, 1943, the U.S. Coast Guard formally took over the full
responsibility for the original two stations at Fenwick and Montauk
Point. At about the same time, the RCN took over the responsibility
for the two stations in Nova Scotia. During the winter and spring of
1943, the full effort of the Laboratory was devoted to the design and
production of improved timing and transmitting equipment as well as
more reliable test equipment and other accessories for the ground stations.
The Labrador, Newfoundland, and Greenland stations were turned over
to the USCG, which had manned them from the start, during June 1943,
and thereafter full 24-hr daily operation was maintained throughout this
original seven-station system.

Thus by October 1942, four Standard I.oran stations had been estab-
lished by Radiation Laboratory personnel and later had been operated on
a 16-hr-a-day schedule by the RCN” and USN. The chain comprised
the two test stations, Montauk and Fenwick, as well as the permanent
installations at Baccaro and Deming, Nova Scotia. The Fenwick station
was later moved to Bodie Island, North Carolina, and the Montauk
Point station was moved to Siasconset on Nantucket Island.

The I,oran systcm became fully opcrat ional in the spring of 1943 when
charts for the four-station Nnrth Atlantic chain were made avail ahlc, and
about 40 shim of the United States Atlantic fleet and a number of
Canadian corvettes had been equipped \vith I.oran receiver-indicators.
In the early summer of the same year, the N’orth Atlantic chain Jvas
extended northward and eastward to Newfoundland, I,abrador, and
Greenland. These stations were established under the supervision of
Radiation laboratory personnel and were operated by the USN. I.ater
the chain was extended to Iceland, the Faeroes, and the Hebrides to give
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day and night navigational service over the North Atlantic shipping
lanes. These stations were operated by the British Admiralty. At the
request of Royal Air Force Coastal Command for Loran service along the
coast of Norway, a station was installed in the Shetland Islands and was
operated by the RAF. Another station was added to the North Atlantic
chain at Port-aux-Basques in Newfoundland, in 1945, to serve the Gulf
of St. Lawrence.

The Hatterar+Florida chain, consisting of Bo&e Island, N. C.,
Folly Island, S.C. and Hobe Sound, Fla., waa established in 1945 to
extend Loran service to the Caribbean. The Gulf of Mexico chain,
consisting of Matagorda Island, Tex., Cameron, La., and P@ Isabel,
Tex., is used chiefly for training.

Development of Lorart Na~gation at Sea.—The operational use of
Loran by the USN expanded rapidly after its introduction in the spring
of 1943. Installation, maintenance, and navigator-training facilities
were set up in many ports on the mainland and in several extraterritorial
bases. By the end of the war practically every surface vessel of destroyer-
escort size or larger in the United States fleet waa equipped with Loran.

Installation of Loran receiver-indicators in surface vessels of the RCN
was initiated in the summer of 1943. A maintenance depot and a navi-
gation school were established at Dartmouth, Nova Scotia. At the close
of the war approximately 120 corvettes, 40 frigates, 15 destroyer+ and
2 cruisers were equipped with Loran receiver-indicators. The Loran
system was used extensively in convoy escort and submarine patrol.

Practically all ships of corvette size or larger in the Royal Navy were
equipped with Loran receiver-indicators, not only for operation in the
North Atlantic, but also in the Indian and Pacific Oceans.

The Loran system was found to be useful not only for normal naviga-
tion but for rendezvous between convoys and escorting aircraft and
surface vessels and for the accurate location of enemy shipping and
U-boats. Few merchant ships were equipped with Loran, but the large
fast troopships, which traveled without escort, relied on Loran for
navigation.

As reliable airborne receiver-indicators were not available until the
summer of 1944, little use was made of Loran by the American Air
Forces in antisubmarine operations along the Atlantic Coast. Many
valuable Loran trial flights were carried out, however, and the system was
used extensively for the training of aerial navigation.

Development of Loran Navigation in the Air.—By the fall of 1944
enemy submarine packs were driven from American coastal waters and,
consequently, antisubmarine operations were extended far out to sea.
The Royal Canadian Air Force took an active part in these submarine
patrol activities. Two very long range, VLR, squadrons of Liberators
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were organized at Gander, Newfoundland. Because of the difficulty of
navigating in bad weather, the pilots had to reserve at least an hour of
flying time for searching for the airdrome. When these squadrons were
equipped with Loran, it was found that this search time could be almost
eliminated, and the patrol range was correspondingly increased.

As mentioned in preceding sections the North Atlantic chain was
extended eastward to Iceland, the Faeroes, and the Hebrides in the fall
of 1943. These stations were established and operated by the British
Admiralty. With the western stations they constitute a conventional
Loran chain.

When the French coast was liberated in the summer of 1944, sub-
marine activity and the requirements for convoy protection shifted
northward to the Murmansk route. To protect this route and also to
facilitate attacks on enemy shipping and installations along the coast of
Norway, it became evident that Loran coverage should be extended to
this coast. Because all eight of the specific recurrence rates were already
assigned to existing or projected stations of the North Atlantic chain,
it was decided that a station should be constructed in the Shetlands to
transmit on the same radio frequency and at the same recurrence rate
as those in the Faeroes and the Hebrides. However, it was to be so
phased that its signal would always appear on the lower trace of the
navigator’s receiver-indicator and to the right of the signal from the
Hebrides. It was further to be identified by a distinctive blink. The
station was constructed and put into service by the RAF in November
1944. Used extensively by surface vessels escorting convoys to Mur-
mansk it also aided the RAF Coastal Command on such missions over the
coast of Norway as the attack on the !l’irpitz.

RAF Coastal Command took an active and continued interest in
Loran from the time of its introduction in the European Theater. A
training school for Loran navigators and maintenance men was estab-
lished by Coastal Command at Mullaghmore in northern Iceland in the
fall of 1944. The installation and training programs were carried out
smoothly and efficiently. Coastal Command made use of Gee for short-
range missions and Loran for long-range missions. The installations
were so arranged that an aircraft could carry either Gee or Loran, the
choice depending on the type of navigation provided over the proposed
route. Navigation by Loran was confined primarily to the area covered
by the North Atlantic chain, although later, as described below, SS Loran
coverage was used for anti-U-boat patrol over the Bay of Biscay. At
the end of the war in Europe, Coastal Command was operating nine
squadrons of Liberators, seven squadrons of Wellington, seven squadrons
of Sunderlands, three squadrons of Catalinas, and four squadrons of
Halifaxes, or a total of approximately 450 aircraft. These were engaged
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in meteorological, antishipping, anti-U-boat, convoy+xcort, and recon-
naissance operation. Loran and Gee sets were available for all these
aircraft, and either Loran or Gee equipment was carried on almost every
sortie. There were also four USN squadrons of Liberators engaged in
anti-U-boat activities operating with Coastal Command. They were
also equipped with the alternative Loran or Gee installation.

2.3. European Sky-wave Synchronized Loran. Th ProposaZ.-On
returning from loan to the Bureau of Ships where he assisted in getting
some official Naval activity started on the production of Navy-approved
shipborne receiver-indicators, as well as preparing the complete operating
and maintenance instructions for the original NDRC receiver-indicators,
J. A. Pierce assumed the leadership of the Loran Operational Research
Group. The principal interest of this group was in the analysis of sky-
wave propagation of Loran signals in order to establish reliable sky-wave
correction curves. As Pierce had suspected from the earliest days of the
medium-f requenc y project, the probable errors of sky-wave observations
over distances greater than a few hundred miles were strikingly low, and
transmission was remarkably stable over the longer distances. This led
to the informal experimental test of a very important new concept on
the night of Apr. 10, 1943. The Fenwick Island station was requested
to attempt to maintain synchronism by means of the sky-wave signal
received from Bonavista, Newfoundland, 1100 nautical miles away,
during one of the regular off-schedule periods. The results of this
experiment were observed at the Radiation Laboratory and revealed a
line-of-position probable error of only 0.5 mile. And thus Sky-wave
Synchronized Loran (usually referred to as SS Loran) was born.

Although SS Loran could be used only at night, it made possible
1200- to 1300-nautical mile baselines, and it could be used nearly as well
over land as water. Here then was a method of providing fairly accurate
navigational coverage over most of central Europe, far deeper into enemy
territory than any other existing system. The first proposal was to have
one pair of stations in Scotland and near Leningrad and another between
Scotland and North Africa. It soon appeared, however, that it would
not be easy or expedient to try to arrange for a station in the U.S.S.R.
at that time, and hence a plan was prepared that called for one station in
Scotland and three in h’orth Africa.

As these plans were being made and being introduced in England by
D. G. Fink, who had become head of the Loran Division upon the retire-
ment of Eastham, arrangements were made for extensive tests of the
SS Loran concept in the United States. Equipment was assembled and
modified to provide four transmitting stations. The new Radiation
Laboratory experimental station at East Brewster, Mass., and a new
station at Gooseberry Falls, Minn., were synchronized to provide an
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East-West baseline, and stations at Key West, Fla., and Montauk Point,
Long Island, gave a North-South baseline. This test system was ready
for full operation in the early fall of 1943. Night after night, Army,
Navy, and Royal Air Force observation planes flew throughout the I?ast-
central United States navigating entirely by SS Loran—the observers
including high-ranking officers of all three services. At the conclusion

of the tests late in October 1943, a complete report covering ground-
station performance, as well as the detailed results of the navigational
tests, was prepared by the RAF delegation in Washington. The average
error of hundreds of navigational fixes proved to be between 1 and 2 miles
over the entire service area.

At the conclusion of the SS Loran tests, a joint committee consisting
of a representative of Chief of Naval Operations, one from Air Ministry,
and one from the Army Air Forces decided that the system was of such
operational value as to justify the diversion of much needed U.S. Navy
ground-station equipment to the European Theater for RAF use. The
test system was immediately dismantled, and the equipment returned to
Radiation Laboratory for reconditioning. Seven Radiation I,aboratory
engineers and a computer went to the European Theater to aid in putting
the system in service.

Establishment of Ground Stations. —With the reluctant approval of the
British Admiralty, after an extended study of possible interference with
established communications, the 1900-kc/sec channel was chosen for the
European SS Loran system. Installation and testing of the four ground
stations shown in Fig. 21 were completed in the spring of 1944.

Tactical use of the system was delayed by a scarcity of reliable air-
borne equipment and by a lack of satisfactory charts. The early air-
borne sets, AN/APN-4 Modifications I and II, were unsatisfactory for
high-altitude service because of a tendency of the high-voltage trans-
former to form corona. This weakness was corrected in the AN/APIi-4
Modification 111, but sets of this type did not reach the European Theater
in sufficient numbers until late in the summer of 1944.

The early charts were inconvenient to use because the sky-wave
corrections were tabulated on a separate sheet and inaccurate because of
insufficient knowledge of E-layer reflections in the European area, The
sky-wave corrections were based on relatively few measurements of the
ground-to-sky-wave interval made in the British Isles under conditions
that were not entirely equivalent to those encountered in Loran oper-
ations. These measurements indicated that the E-layer at the relatively
far northern latitude was several kilometers higher than it had been
observed in Loran tests in the United States. Subsequent observations
showed that a sky-wave correction curve based on Loran measurements
accumulated in the LTnited States from Loran transmitting and monitor
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stations during the SS Loran tests gave more accurate results. In the
revised charts, the sky-wave corrections were derived from the more
extensive and reliable American observations and were incorporated in
the time-difference values shown on the charts. The re,vised charts were
made available early in the fall of 1944.

FIG. 2.1.—Ai-ea over which SS Loran was available for air navigation during the winter of
1944–1945 at low level md at 20,000ft.

The transmissions from Port Errol in Scotland were synchronized by
means of the first sky-wave reflection from the E-layer (first-hop E) with
the transmissions from Bizerte in Tunisia. The transmissions from Ch-an
in Algeria (on a different recurrence rate) were similarly synchronized
with the transmissions from Apollonia in Libya. Transmission was
maintained from about an hour before dusk until about an hour after
dawn.
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Development of SS Loran Navigation.-The navigators were instructed
to use only the first-hop E-reflections in making their time-difference
measurements. The range of the first-hop E-reflection is limited by the
curvature of the earth and the height of the reflecting layer. It is found
to be approximately 1400 statute miles for low-flying aircraft and approxi-
mately 1600 statute miles for planes flying above 20,000 ft. The coverage
area shown in Fig. 2“1 extends over a large portion of continental Europe.
Over the Channel coast the signal from Apollonia was rather weak. To
improve the signal in this area and to extend the coverage over the
Channel and southern England, a station was eventually established at
Brindisi on the heel of Italy to replace the one at Apollonia. However,
it was never used tactically in operations against the enemy because the
war ended before the charts for the new system were available.

Trials made with the experimental SS Loran system in the United
States and reports from the European SS ground transmitting and
monitoring stations indicated that the probable error in timing (the sum
of errors due to variation of sky-wave transmission and equipment and
personal errors in timing) amounted to about 8 psec, which corresponds
to a probable positional error of 1 statute mile near the baseline and 1.6
statute miles near the limit of the coverage area. Because of the time
required to obtain a fix and the high speed of the planes, this accuracy
was not realized in the air.

It was originally intended that a homing chain, consisting of three
Standard Loran stations should provide navigational information for air-
craft returning to their home airfields and that Loran should be the only
navigational system required. Unfortunately, the sites were chosen to
give coverage over southeastern England at relatively high altitudes.
The stations were too far apart to provide satisfactory signals at the
altitudes at which the planes were returning to their home fields (a few
thousand feet). Consequently, the homing chain was abandoned, and
aircraft were equipped with both Gee and Loran. Gee was used for
homing and for short missions over the continent wherever Gee cover
was provided. Loran was used for night operations deep in enemy
territory beyond the range of the Gee stations.

The European SS Loran system was first used operationally by the
RAF Bomber Command in October 1944. Because most of the opera-
tions of this command were carried out at night and at rather long range,
the SS Loran system was well suited to its needs. Ultimately all bombers
in the command engaged in deep missions over enemy territory were
equipped with both Gee and Loran.

The largest group in Bomber Command was 5-Group, composed of
about 350 Lancaster and 20 Mosquitoes. It was almost self-sufficient,
as it had its own bomber force, flare force, pathfinders, and windfinders.
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It had developed a method of vector bombing at night by the use of
target-indicating flares. The main bomber force was preceded by a
riumber of windfinding planes, a flare force, a “controller,” and one or
more of his deputies. The windfinding planes informed the rest of the
force of the direction and velocity of the winds along the route to aid them
in their navigation and bombing. The controller directed the dropping
of the target-indicating flares and, later on, the bombing of the target.
Flying low and fast, usually in a Mosquito, he observed the location of
the flares in relation to the target, selected one conveniently to windward
of the target (so that smoke of subsequent bombing would not obliterate
the flares), and directed the flare force to reinforce it. Then as the main
bomber force came in, he directed it to bomb the target-indicating flares,
using a false wind vector such that the bombs would strike the target
rather than the target-indicating flares. He corrected any tendency of
the bombing to drift away from the target by modifying the false-wind
vector. On nights of poor visibility, parachute flares were placed above
the clouds and over the target by means of Gee, H2S, or Loran.

The Pathfinder Force, 8-Group, was composed of roughly 170 Lan-
caster and 200 Mosquitoes. Its function was to lead the heavy bombers
of other groups to the target and to mark the target by means of flares.
The Mosquitoes also engaged in intruder operations and nuisance bomb-
ing. All planes of this group were equipped with Loran and Gee. Seri-
ous objection was raised to the use of a trailing antenna, especially with
the fast Mosquitoes, because it reduced the speed and maneuverability and
had a tendency to break off. A fixed antenna with coupling unit was
finally developed that gave satisfactory results.

Early in February 1945, the Mosquitoes of 8-Group bombed Berlin.
This nuisance bombing of Berlin continued almost every night until the
end of the war. Loran was used for navigation and for bomb release.
To obtain sufficient accuracy for bombing it was necessary to reduce the
time required to take a reading. The indicator was modified by the
addition of a second pair of time-difference controls in order to provide
separate controls for each of two recurrence rates. The pilot followed a
Loran line passing over the target and released the bombs on crossing the
proper Loran line on the other recurrence rate. Although no great
accuracy was claimed for the system, its users considered it highly effec-
tive and a relatively simple, safe method of bombing.

2.4. Loran in the China-Burma-India Theater. Establishment of
the Hump Triplets.—In the fall of 1943, a Loran system was proposed to
provide navigation over the Army Air Transport Command route from
India to China. The route at that time was a nonstop flight for an
airline distance of less than 500 nautical miles over mountainous country
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with peaks up to 17,000 ft. The greater part of this distance was over
enemy territory. In addition, the route wus plagued by seasons of very
high winds, monsoons with hmvy ruin, continual low overcast, numerous
thunderstorms, and heavy prccipitut ion static.

This system, m originally conccivcd, consisted of a single pair of
stations at each end of the route, providing overlapping lines of position
nearly parallel to the line of flight. These were to guide the large number
of aircraft engaged in this operation without danger of collisions.

Lightweight, Air Tnmsportable equipment was designed rmd con-
structed by Radiation Laboratory for four such stations. A prototype
installation was made in a mountainous section of California, flight-
tested, and reported on by Headquarters, Army Air Forces, (.)ffice of the
Air Communictitions Officer.

Eowever, theater operations did not permit straight-line routes but
rather required a system providing navigational fixes. The plans were,
therefore, amended to include a triplet on each side of the Hump.

Owing to the overland synchronism paths, the baseline lengths are
limited to roughly 50 to 75 nautical miles depending on the soil conduc-
tivityy and the noise level.

Owing to poor coordination by the various AAF organizations in the
United States the ground-station equipment did not reach the theater
until August 1944.

Geographical coordinates for one station, Paya, as determined by
aatro-observations were found to be in error by about 0.8 nautical mile
due to the deflection from the vertical resulting from the near-by Himal-
aya Mountains. The coordinates that proved to be correct were obtained
from the Survey of India charts. The need for highly accurate coor-
dinates is especially great for short baseline systems. The ground-station
installations and operation were handled by the Fourth Army Airways
Communication System Wing, AAF.

The Assam Hump (India) triplet was tested and finally placed in
o~eration in October 1944.

Flight tests and subsequent reports indicated a ground-wave range
eaatward over the Hump of 280 to 300 statute miles during the daytime
and 200 to 250 miles at night. The daytime westward range over the
flat lowland country is somewhat greater, with ranges of more than 400
statute miles having been obtained. In this case the range was limited
only by the receiver sensitivity and noise.

The system orientation fortunately provided coverage not only for
the northern direct Hump route in use when the system was conceived
but also for the tactical areas of Myitkyina, Bhamo, etc., and the final
Hump route via Myitkyina.
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Approval of therequired air-hump tonnage (60 tons) for the triplet
east of the Hump was withheld by the China Theater Commander until
after the successful testing of the Assam triplet.

The China triplet was placed on a 24-hr operating schedule on Mar.
15, 1945.

Sky-wave Synchronized Pairs.—In addition to these two triplets com-
prising the Hump system, the China and India-Burma Theaters’ Loran
program quickly expanded to include the SS Inland China pair, the East
India Coast Standard triplet, the SS Burma pair, and the Chengtu triplet.
A Radiation Laboratory representative was assigned as a technical
observer to the Headquarters Fourth AACS Wing, AAF, India-Burma
Theater for the period June 1944 to March 1945, to assist in all phases of
the Loran program.

An SS Loran pair was requested by the Twentieth Bomber Command,
AAF, to provide line-of-position navigation over enemy-occupied China
to the edge of the Japanese home island. Used in conjunction with the
APQ-15 high-altitude radar equipment, night navigation over this large
area was to be furnished.

As originally conceived, a station was to be located near Luchow,
Kweichow, China, and the other near Paoning, Szechwan, Chha. Thk
orientation placed the center line (perpendicular bisector of the baseline)
directly through the southwestern Japanese home islands and gave a
baseline length of about 480 nautical miles. It did not provide coverage
over the home bases of the Twentieth Bomber Command near Chengtu,
Szechwan, China, owing to the nearness of the northern station to this
area. However, the loss of Luchow and all of the surrounding area to the
Japanese forced a relocation of the system.

The slave station was combined with the southern slave station of the
Kunming Hump triplet chiefly to alleviate the Hump supply problem.
The master station at Manchung, Szechwan, China, was sufficiently
removed from the Chengtu area to provide homing coverage from the
pair over this important area. This relocation of the pair provided a
useful increase in the baseline length to about 605 nautical miles and
placed the center line toward Formosa, retracting the coverage toward
Japan. Operation on this pair began Mar. 15, 1945, on a 24-hr-a-day
basis.

East India Coast System.—This system was requested by the RAF to
provide long-range navigation over the Bay of Bengal, the Andaman
Islands, and Rangoon and by night to Bangkok and toward Singapore.
The equipment was allotted by the Joint Chiefs of Staff to the AAF from
the U.S. Navy. The siting, installation, and initial operation were the
responsibility of the Fourth AACS Wing, AAF. Operation was initiated
on Apr. 15, 1945.

This system was turned over to the Royal Air Force on July 1, 1945.
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of the spherical hyperbolas are calculated. The spherical rectangular
or polar coordinates of points on these hyperbolas are computed, and
latitude and longitude obtained by means of the transformation equations.
The latitudes and longitudes are then corrected for the spheroidal form
of the earth (from A, p to X’, p’), and the corrected coordinates plotted
or interpolated to integral values for Loran tables. This method has
never been employed in the construction of actual charts. Mathemati-
cally it is the most elegant, but it lacks the simplicity of the first method.
Its practicability depends upon rapid and easy determination of the
necessary large number of small corrections. If suitable tables or graphs
of these were prepared, the amount of computation in the third method
could be made comparable to that in the first.

6.4. The Standard Inverse Method. -At the end of 1945 the Hydro-
graphic 05ce had published approximately 2* million Loran charts, and
Loran tables for about 50 pairs of stations. Computations for all of
these were made by the inverse method.

The first step in the procedure is to select the points for which dis-
tances to the stations are calculated. It is convenient to take these at the
intersections of all meridians, the longitudes of which are whole degrees,
with all whole-degree parallels of latitude. N-ear the stations and the
baseline extensions it is necessary to take half-degree or quarter-degree
points, because the curvature or the change of spacing of lines is too rapid
for interpolation over degree intervals unless differences above the second
are taken into account. The number of points included within the sky-
wave service area of a pair of island stations, with oversea coverage on all
sides, is generally between 1000 and 2000.

The second step is to compute the distances s, and s. from each point
to the stations, to take the differences SB– S* = o (in light-microseconds),
and to obtain corresponding values of 7’ by Eq. (3.4). The spherical
arcs u are calculated by Eq. (4), and the corrections 6s by Eq. (2). The
Hydrographic Office computers use the parametric latitudes in these
calculations, converting from geographical latitudes by tables. Other
special tables give Em, p, and q directly in microseconds with argument
cos u. The baseline length @ in microseconds is computed by the same
process. The T’s obtained are ground-wave time differences, but they
are determined for points all over the sky-wave area as well as for those
within ground wave range. Loran lines representing sky-wave time
differences are not shown on Hydrographic Office charts. Instead, the
sky-wave corrections are given in regions where sky waves are used.

The sky-wave correction C at a point is the difference of the trans-
mission delays, E* — EB [Eq. (3.5)], and E is a function of s, determined
by observation (Sec. 5.3) and embodied in a curve (Fig. 5.10) or a table
with s as argument. When S~ and S, have been found as described
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above, EA and En are read from the table, and their difference C taken,
if both distances exceed 250 miles (the inner limit for reliable sky wave
timing). Since C is a function of s. and SBtogether, it may also be read
directly from a double-entry table, graph, or nomogram, against the two
values of s.

,1’he third step is to tabulate T against the argument k (longitude of
each point) along parallels of latitude or against the argument p (latitude
of each point) along meridians. The former tabulation is made over
areas in which the Loran lines intersect the parallels more nearly at right
angles than they do the meridians, the latter tabulation if the reverse is
the case. Where the angles are nearly equal, values of T are tabulated
both ways. Then the first, second, and third differences of the T’s are
taken.

The result of the third step is a series of tables of the following form:

where the argument is A and p is constant, or of a similar form with
argument q and constant A. The differences A follow the usual notation.
The T’s have nonintegral values, whereas the A’S are whole degrees or
simple submultiple, having the constant difference w

The fourth step is to choose values T= that are multiples or simple
submultiple of 100 psec and to interpolate for corresponding values A,.
Everett’s central-difference formula inverted ] is used, carried to second
differences only. (The third differences in the table above are taken only
as a means for detecting errors. ) Assume that T. is between TOand T1,
and let

T= – T, #_ g,, ~
=1–m, ~-

A:m=—
AO ‘ n A, 1 = &’

E’(m) = b (1 – m) (1 + m),
i’(n) = % (1 –n)(l+7z) =*m(l-rn) (2- m).

The formula for A=is then

k= = XO+ w[m + @P(n) + ~E2(m)]. (15)

(Note that the superscript 2’s do not indicate squares.)
Davis gives a table2 of values of Ez.

1H. T. Davis, Tables Ojth H~Asr itfdh.emdird Functions, Vol. I, Bloomington,
Ind., 1933,p. 82.

; Davis, op. cit., Table D, p. 126.
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Fourth differences can be taken into account by adding two more
terms to the Everett formula, but it is better to make u small enough so
that A4 is negligible. In regions where the higher differences of T are
not small in comparison with the first difference, inverse interpolation is
not feasible. This is true close to the baseline extensions. But, if, instead
of T, ~T – C!be taken as the tabulated function in the neighborhood of
the extension behind the slave station and V(2P + 6) – T in the
neighborhood of the extension behind the master, the differences of these
quantities will generally be found quite tractable.

Tabulations of h=with argument T. along the parallels and of ~= with
argument T% along the meridians, within the service area of a pair of
stations, make up a Loran table for the pair. As mentioned in Sec. 3.9,
these tables are published by the Hydrographic Office for the convenience
of navigators who desire to lay down Loran lines of position, along with
celestial lines of position and those obtained by radio bearings, upon
standard navigation charts.

The fifth step is to plot the points of the Loran tables upon charts, by
means of the graduated geographical grid of meridians and parallels that
appears on the charts, and to draw the Loran lines by passing a smooth
curve through each set of points T= = constant. The standard Hydro-
graphic Office Loran charts are on the Mercator projection. In addition
to the rectangular geographical grid they show the principal features of
the terrain in simple outline, with importmt seaports and airfields and
selected navigational aids, in an unobtrusive background tone. Families
of Loran lines generated by two or more pairs of stations will extend over
all areas in which Loran fixes can be obtained. The different families
are dktinguished by different colors on the charts. The interval in T
between lines is 20, 50, or 100 psec, depending upon the spreading of the
lines (values of w) and upon the scale of the chart. The chart scales vary
from’ 1 in. = 14 nautical miles to 1 in. = 70 nautical miles (approxi-
mately 1/1,000,000 to 1/5,000,000).

Values of the sky-wave correction C at all points where x and p are
whole degrees are given aa part of the Loran tables and are shown on the
charts as small figures close to the intersections of the meridians and
parallels. The correction for each pair is printed in the color used for
the lines of that pair.

6.6. The Direct Method, Using Plane Hyperbolas. The COaat Guard

Method.-During the “island-hopping” stage of the war in the Pacific,
when Loran stations were being set up and put into operation as rapidly
as possible, “Mobile Charting Elements” of the Coast Guard were sent
forward into the area of operations and produced temporary Loran charts,
to be used until charts of standard form could be sent from the United
f3tates over the long shipping routes. These temporary charts were prc-
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pared by plotting plane hyperbolas on special geographical grids, correct-
ing the hyperbolas for chart distortions, drawing in coast lines, location
of navigation aids, etc., and reproducing the grids photographically by
the Ozalid process. Details of procedure are given in a Coast Guard
Manual.’

The geographical grids were on transparent sheets of vinylite. These
showed meridians and parallels at intervals of 1°, on a scale of 1/2,000,000.
The projection was the Lambert conformal conic with two standard
parallels, the same that is used in the Civil Aeronautics Authority and
U.S. Army aeronautical charts. In this projection the distortion is small
over regions between or near the standard parallels, so that Loran lines on
the chart have nearly the form of plane hyperbolas. The parallels are
shown as concentric circles; the meridians as straight lines radiating from
the common center of the parallels; directions around any point are
represented truly; and great circles appear as nearly straight lines if not
carried too far from the standard ~arallels.

With the geographical grids was used another grid of rectangular
coordinates, also on vinylite. The stations of a Loran pair were plotted
on the geographical grid, and this was placed over the rectangular grid,
so that the z-axis of the latter passed through the stations and the y-axis
was midway between them. If the z-coordinates of the stations, in units
of the grid, are f c (the positive sign being given to the master station),
the inverse eccentricity a/c of the hyperbola representing time difference
T is given by

a z’-(fl+a)—=
c P

[from Eqs. (3.4) and (6.9)], and the coordinates z, y of points on the
hyperbola are defined by the first of Eq. (6.8). In practice, z and y were
obtained from the” Tables of Plane Hyperbola” (see footnote, page 174),
the tables being entered with the argument: tabular a = [2’ – (B + t3)]/@
(since c = 1 in the tables). The baseline distance B in microseconds
was calculated by the accurate formulas (4) and (2). The pairs of values

Z, Y given by the table were multiplied by c and then plotted, by means of
the rectangular grid, on the vinylite sheet bearing the geographical grid.

If there were no distortion, the family of hyperbolas thus plotted
would be a Loran chart. It would only remain to remove the rectangular
grid, to draw in coast lines and other features of the terrain, and to make
prints from the vinylite sheet. But distortion is not negligible even on
the Lambert projection, except over smafl regions and nearly midway
between the standard parallels; and, even if it were, a procedure to check
the plotted hyperbolas is desirable. The procedure devised for checking

1U.S. Chat Guard, “ Mobile Loran Monitor Charting Element,” Manual of
MeihodsandProcedure, with AddendaNos. 1, 2, 1944, 1945.
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and correction made use of a set of “Loran Grid Tables” computed for
the purpose by the Hydrographic Office. Each of these tables gave the
distance in microseconds (called d) and the azimuth in degrees and tenths
(called A) from a center point, the latitude of which was a given whole
number of degrees, to every other point within 1500 nautical miles, the
latitude and longitude of which differed from that of the center point by a
whole number of degrees. These tables were the counterpart, for the
spheroidal earth, of the well-known celestial navigation tables H.O.
No. 214 and H.O. No. 218. With these tables the true distances, and
therefore v and T, for every intersection on the geographical grid of the
chart could be read directly from the tables, if the stations were located
at such intersections. In actuality, a station might be as much as 40
nautical miles from the nearest center point, and every distance had to
be corrected for the amount and direction of this offset, by a graphical
method described elsewhere. *

In this way true values of T for intersections of meridians and parallels
of the vinylite chart were obtained and compared with chart values,
found by interpolation between the plane hyperbolas. The differences,
due to the distortion, were indicated on the vinylite, and the plane
hyperbolas shifted by freehand sketching so as to make the interpolated
v~ues agree with those from the tables. The original hyperbolas were
erased, the geographical detail sketched in and necessary labels and text
supplied; then Ozalid prints were made from the sheet to serve as charts.

The MI T-AAF Method.-The MIT Radiation Laboratory and the
Army Air Forces worked out a charting procedure for use wi~h the Air
Transportable Loran system. The method is described in detail in
MIT Radiation Laboratory Report No. M-183 (footnote, Sec. 6“1,
page 172). It was similar in its main features to that of the Coast Guard
and used the same Tables of Hyperbola and Grid Tables but differed
in several details. No special grids were employed. Each chart was
drawn on tracing paper spread over a standard AAF chart of the region
covered (Lambert projection, wale usually 1/1,000,000). The chart
furnished the geographical grid, and the rectangular grid was drawn on
the tracing paper, its meshes spaced to make the unit of x and y equal to
half the distance between the plotted stations, so that c was unity and
coordinates of the hyperbol~ could be plotted as read from the tab!es.

Plotting was not done, however, ,until after the corrections for distor-
tion were determined. These were obtained in the form of small quanti-
ties Q to be added to the a’s and subtracted from the Z’S of the plane
hyperbol~, bending them into approximate conformity with the distor-
tion. The first step of the corrective process was to choose a dozen
points or so, taken for convenience at int.emectiona of the lines of the

IU.S. HydrographicOffice,“Graphical Methods,” LaranTechnicalReport No. 1,
1944. I

I
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rectangular grid and forming a ring around the baseline near the margin
of the chart. For each of these points the distances to the stations over
the earth were computed by Eq. (6) and the nomogram embodying Eq.
(3). The difference v was found and divided by D, giving the inverse
eccentricity a of the plane hyperbola that would pass through the point
if the chart truly represented the earth. With this value of a, the Table
of Hyperbola was entered and rectangular coordinates for the point were
obtained. Any distortion would then appear as a discrepancy between
these tabular coordinates and the actual grid coordinates.

The second step was to find the correction to a that would change the
curvature of the plane hyperbola so that it would pass through the chosen
point. The correction, denoted by Q, is a function of the discrepancy
and of the geometrical factor w at the point (given accurately enough
by the tabular difference for consecutive a’s in the Table of Hyperbola).
The functional relation is developed in detail in Report M-183. Q was
found by a slide-rule computation for each of the chosen points. Then
the values of Q were plotted against corresponding values of a on crose-
section paper, and a smooth curve drawn through the plotted points.
From this curve Q might be read for values of a between those chosen,
assuming that the distortion varied smoothly.

The third step was to take from this curve a value of Q for every u
that represented a desired value of T and to enter the Table of Hyperbolas
with argument (a + Q) instead of a, obtaining a series of pairs of coordi-
nates x, y. Then Q was subtracted from each of the z’s, and the points
(z – Q), y were plotted on the chart. In effect, this process amounted
to choosing, instead of the hyperbola a, a neighboring hyperbola (a + Q)
of suitable curvature and shifting it back into the place of the first
hyperbola.

This corrective procedure had the advantage that no “uncorrected”
hyperbola were actually drawn and then erased. But it was a first-
order approximation, sufficient ordy if the distortion was small, which
wm generally the case over the chart sheets adjacent to the baseline.
For outlying chart sheets, the entire method of charting waa different.
The inverse method of Sec. 6“4 was used, but the distances were obtained
by means of the Loran Grid Tables, with a nomographic method of cor-
rection for station offsets, and the inverse interpolation wea done graphi-
cally, by plotting and reading curves. As in the caae of mess near the
baseline, the Loran lines were drawn on tracing paper laid over standard
charts, but no rectangular grid was constructed, since the latitudes and
longitudes were read from the interpolating curves.

After the Loran lines were drawn, other features of the chart were
traced in, and photographic reproductions of the tracing were made by
the Portagraph proceea.

Neither of the plane hyperbola methods has been extensively used.
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They were devised to enable small charting units, located in isolated
regions and supplied with limited equipment, to produce usably accurate
Loran charts quickly, and under normal conditions these limitations are
absent. The outlines above describe the procedures as they were
planned. In actual use, various modifications were forced by unantici-

1

~-IG.6 1.—Loran chart of a fictitious instal.



%3C.65] THE DIRECT METHOD, USING PLANE HYPERBOLAS 185

pated conditions or suggested by experience. For example, the entire
AAF procedure was set up for use with charts on the Lambert conformal
projection, scale 1/1,000,000, covering areas about 4° by 6°. When the
AAF charting units were required to produce single charts covering four
times this area, at half this scale, and charts on the Mercator projection,
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the method of correcting distortion had to be revised to deal with
greater departures from the plane approximation than had been expected.
That revisions of this sort were successfully improvised in the field was
owing to the intelligence and resourcefulness of the charting personnel,
both officers and men.

A chart of a fictitious Loran installation, prepared during training by
one of the AAF charting units, is reproduced as Fig, 6.1.

6.6. A Mechanical Tracer of Plane Hyperbolas. —Numerous instru-
ments for tracing plane hyperbolas have been devised. Some of these
depend upon the property that the distances from a point moving along
the hyperbola to a fixed point (focus) and to a fixed straight line (direc-
mix) bear a constant ratio, equal to the eccentricity. Some depend on

E

FIG. 62.-Diagram of the Hygraph,

the projective properties of the hyperbola. The simplest devices make
use of the constant difference v between distances of points of the hyper-
bola from the foci. The Hygraph, a compact and accurate instrument
of this type, designed at the MIT Radiation Laboratory, will be described
briefly here. It was tested for use in drawing Loran charts by the method
of the plane approximation and found satisfactory when kept in proper
adjustment. Its construction and operation are discussed in detail in
the Hygraph 1n8t?Y4ZtiOn Manual. 1

F@re 6“2 is a diagram of the essentials of the instrument. A metal
bar EF carries three sliding parts, AA’, BB’, and D. A, A’, B, and B’
are swiveled bearings through which two cords run; D is a carriage that
holds a rotating drum upon which the cords may be wound. On a
separate carriage S a stylus is mounted, and the ends of the cords are
attached to this carriage by means of rings centered on the stylus. When
the drum is rotated, the two cords are pulled in together, so the equal
lengths of cords DA’AS and DB’BS remain equal as they diminish. The
points A and B are placed over the stations on a chart. The difference
between the lengths A’D and B’D depends upon the position of the

1RL F&portNo. M-220, 1945.
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movable carriage D. Bince A’D is longer than B’D by just the same
amount that AS is shorter than BS (because the total lengths DS are
equal), the tierence BS – AS remains constant as the drum is turned,
and S describes a hyperbola having the stations as its foci.

On the bar EF is engraved a scale, the units of which are half micro-
seconds on the scale of the chart, but numbered as whole microseconds
(so that the scale of the bar is half the scale of the chart); numbering is
in both directions. The point A is to be set on the scale so that the index
attached to it reads 8 (the coding delay). Then the bar is laid upon the
chart (over which tracing paper has been spread) so that A coincides with
the master station, and the point B is slid along the ecale and the bar
turned about A until B coincides with the slave station. The index
attached to B will then read (20 + @. That is, the scale reading at each
station is the time difference T at the other station. The direction of
numbering on the scale, from A to B, is the reverse of the true direction
on the chart, because D must be moved to the left to place Son the right.
Wkh this arrangement, when the carriage D is set on the scale so that the
index attached to it reads any chosen time difference T, the stylus S will
draw the hyperbola corresponding to T, as the drum is rotated.

Of course, since the cords must pull the stylus toward the bar, the
hyperbolas on the two sides of the baseline must be drawn separately,
the Hygraph being reversed in position on the chart between the two
operations.

In the preceding description it has been assumed that the scale
engraved on the Hygraph bar exactly matches the chart scale. If it
does not, let the ratio of Hygraph scale to chart scale be 213’/f?, instead
of 2. Then’if the index at A reads 6, the index at B will read (2j3’ + 6),
where P’ is the “H ygraph baseline length,” and to draw the hyperbola
corresponding to actual time difference 2’, the index at D must be set to
the value (LY/0) l“.

Absence of distortion was also assumed above. If distortion exists,
it may be detected and adjust mcnt made by varying the Hygraph
settings. The principle of the “Q-procedure,” described in Sec. 63, is
applied. First, the instrument is set up as above, and short sections of
hyperbolas drawn, for selected values of ?’, conveniently spaced. On
these hyperbolas, points are chosen, their latitudes and longitudes read
from the chart, and true distances and true time differences T. computed,
as described in Sec. 6.3. Now, if we denote by q the equivalent of Q in
microseconds, it may be shown that

q = F(T – TJ,

where F is a posit ivc fuct or bet wccn 1 und 2, u function of the distance
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and direction of the point from the center of the baseline. Usually it
may be taken as 1, and in other cases it may be read from a small table.
For each point q is found, and a curve of g against T is plotted. To set
the Hygraph to draw the corrected hyperbola T, the two station indices
A and i? are first shifted. The master index A is moved from the reading )
6 to the reading 6 + q, and the slave index B from reading 2@ + 6 to the
reading 2@ + 6 + q, q being taken from the curve with argument 7’.
Then the drum carriage index is set to read T + 2q instead of T. All
these shifts are in the same direction, from master to slave if q is positive.

As noted in Section 6:3, the Q method of correction is not generally
adequate over the entire service area of a Loran pair even if the most
advantageous chart projection is used. The Hygraph can be used, there- ,
fore, only over that part of the area which is fairly near the station. ,
But this is just the region where the standard inverse method is most
laborious, because of the sharp curvature of the hyperbolas. So the
Hygraph may be found a useful tool in Loran charting, if used with
judgment, and in drawing charts for hyperbolic systems of short range it
should be particularly valuable.

6,7. The Direct Method, Using Spherical Hyperbolas. Equations Of

Tnznsjommztion.-The formulas for a spherical hyperbola, Eq. ( 10) in
Sec. 6.2, give rectangular coordinates Z, y or polar coordinates ~, o of
points on the hyperbola. The second and third of these four equations
will not be considered further here. If polar coordinates are to be used,
it is advantageous to place the origin at a focus, so that the radial coordi-
nate r shall represent the length of one of the actual signal paths. The
origin is at a focus for both the third formula and the fourth, but the
latter leads to more symmetry and convenience in computation. In
the discussion below, equations for polar coordinates are given in form to
be used with the fourth formula.

Equations of transformation from the rectangular coordinates to geo-
graphical coordinates A, p are

sinp=sin Xsinz+sin Y siny
+ sin PO~ 1 – sin2 x – sin2 y,

1

(16) ‘
sin Aosinz —cos AOsiny

sin (h – Ao) =
Cos q

where X, Y are the rectangular coordinates of the north geographical
pole, ko, POthe geographical coordinates of the origin and A, the azimuth
of the baseline, as defined below, These five quantities are determined
from the geographical coordinates k,, w,, and x,, p, of the foci having
rectangular coordinates + c, O and -c, O respectively, by the relations
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sin A = * sin (Al – A2)c~g)

sinpo=sin p2cosc+cos92 sinccos A,
sin A

sin(xo-x2)=+sinc —Cos @o’ 1 (17)
sin A

Sin AO = COS q7z —J
Cos po

sin X = cos AO cos PO,
sin Y = sin AO cos qo,

where A and A Oare the azimuths of Al, WIfrom ~z, W2and from XO,pti
respectively, measured from the north through the east, and the upper
signs are to be used in east longitude, the lower in west. The half-length

c of the baseline is computed by Eq. (4), (5), or (6), setting % = u.
Equations of transformation from polar to geographical coordinates

1 sin ~[(90° – 140)+ ~]
tan F=tan–a .

2 am ~[(90° – PO) – T]’
1 Cos +[(90° – Wo)+ r]

tan G = tan ~ a ~oa ~[(900 – PO) – ~1’

k=ho+F– G,
sin r

Cos P = ‘ln a sin (X — Ao)’

(18)

In these equations the origin is at a focus, so that AOand woare the geo-
graphical coordinates of that focus, and A o is equal to A as given by the
first equation of (17), with h = Ao, the longitude of the origin, and
Al, w denoting the coordinates .of the other focus. The angle 8 is meas-
ured in the same direction as is A 0. The last equation of (18) is used
with the correction formulas discussed below. It gives the azimuth AD

from A, p to the corrected point A’, p’.
Formulas for Correction to the Spheroid.—As shown in Sec. 6.2 above,

the time difference T’ at a point with coordinates h, q on a spherical earth
is specified by Eq. (11). But on the actual spheroidal earth T’ is the
time difference, not at h, p, but at a near-by point h’, p’, of which the
dktance from h, p is D and the azimuth AD. D is given by Eq. (13) in
terms of three quantities: the Lambert correction Ac to the baseline, the
difference Aa of the Lambert corrections to the distances of the foci
(stations) from the point X, p, and the angle # between the directions of
the stations from the point. The correction Ac may be computed by
Eq. (2), setting Ac = h, taking PI and pj as the latitudes of the stations,
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and obtaining the p and q functions from the tables or by calculation for
u=%.

The correction Aa is
Aa = & — ?&, (19)

where 6SBand 68.4are the Lambert corrections computed by Eq. (2) for
the distances u~ and aA of the slave and master station, respectively, from
the point.

If A, p have been computed from focal polar coordinates r, 13,

uB=r+ 2a, flA=T

with origin at the master station, or

u.q = T, gA=r— P

with origin at the slave station. If rectangular
used, the u’s may be computed by the formulas

(!Ma)

(20b)

coordinates have been

cos u.4 = sin c sin z + cos c <l – sinz z – sinz y, \ /01\
UB=UA+2U. I

(Al)

The angle ~ is given by

sin u~ sin (UA+ 2a)CSC2; # =
sin (c + a) sin (c – a)

for use with rectangular coordinates, or

(22)

~sc2~t= sin[r+(c*a)]sin[r –(c~a)]+l
2 sin (c + a) sin (c – a)

(23)

for use with polar coordinates. In Eq. (23) r is the radial coordinate of
the last equation of (10), and the double signs have the same meaning as
in that equation. The two equations (for tan’ ~d and CSC’*v) are
conveniently used together, for the four sine factors are the same in both
equations.

To determine the corrected coordinates h’, p’ from the spherical
approximations A, q, we calculate Ac by Eq. (2), find UAand u. by (20)
or (21) and Aa by (2) and (19), and obtain CSC2W from (22) or (23).
D is then computed by Eq. (13). If polar coordinates have been used,
the azimuth AD in which D extends from h, P is found by the last equation
of (18), interpreting the double sign so that h’, p’ shall lie on the side of
the hyperbola on which the slave station lies when Ac + Aa is positive,
on the side of the master station when it is negative. If rectangular
coordinates have been used, A Dis given to a sufficient approximation by

tan AD =
VW—V

(Aw – A) Cos q’
(24)
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where AW, QW are the longitude and latitude of the point next to A, p, on
the same hyperbola, to the westward. Of the two opposite azimuths
given by Eq. (24) that one is chosen which locates X’, q’ in accordance
with the rule stated above. Finally, X’ and # are determined by Eq. (14).

The Complete G’omputution.-The computation of a Loran line repre-
senting time difference Tt, generated by a pair of stations having the
geographical coordinates XI, PI and X2, W, may be recapitulated in three
steps. These will be enumerated first for the method using polar coor-
dinates, since this is the simpler and more direct. The first step is the
calculation of constants for the whole family of lines, and those for the
particular line T’. For the family we obtain c by Eq. (4), (5), or (6),
/3’ by the first equation of (11), Ac by (2), and the azimuth A of the base-
line by the first of (17). The true baseline length 13= j3’ + Ac should be
determined also. An advantageous arrangement of the points A, p may
be obtained by using each station as origin for those lines curving away
from it—the master station for negative values of u and a, and the slave
for positive values. There will then be two values of A, nearly opposite,
each of which serves as A o for half the family of lines, while ko and p~ are
the coordinates of one station for half the computations, and the other
for the rest. For a particular line T’ is chosen, and v’ and a obtained
from the last two equations of (11).

The second step is to choose values of r, and to compute corresponding
values of k and p. If the origin has been taken as stated above, the least
value of r (for 0 = O) is

r=c+lal.

By making the interval between successive values of r the same as that
between values of a for consecutive hyperbolas, the same numerical
quantities, functions of r and its combinations with a, will recur many
times in a set of computations, reducing the labor considerably. For
each r, ~0 is determined by the last equation of (10), ~~ by (23), and A, ~,
and AD by (18). Each angle will have two values, corresponding to
positive and negative values of the tangent and cosecant. These rePre-
sent points symmetrically placed on opposite sides of the baseline. The
values of +9 and ~X having the same sign refer to the same point.

The last step is to determine Aa by Eqs. (20), (2), and (19), D by
Eq. (13), and A’ and p’ by Eq. (14). This step is time-consuming,
but since D is always small, three-figure accuracy in the computa-
tions is sufficient. If tables of p and q and tables or nomograms of
(sin v, ~ sin PJ2 are used, Eq. (2) can be very rapidly solved to this
accuracy. Over large parts of the service area, D and AD change slowly
and smoothly, and can be interpolated along the hyperbolas between
separated points.

When rectangular coordinates are used, the constants c, Ac, ~’, and @
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axe found as above, and AO,PO,X, and Y by Eq. (17). The coordinates
of the master station are AI, V1in these equations. T’ is chosen, and v’
and a determined as before. Then the quantities

sinz a
sinz a and sin2 ~ — s~2 a’

which are constant for a hyperbola, are computed to be used in the first
equation of (10). In the second step this equation gives values of z
corresponding to a and a series of chosen values of y. Two values of z,
both having the same sign as a, are obtained in each computation, one
for +y and one for – y. If a is between f~c, the same fairly widely
spaced values of g may be used along all the hyperbolas, but as a
approaches ~ c, the interval between y’s must become smaller and
smaller. For each point Z, y Eqs. (16) give A and q. For determination
of the corrections, u~ and Uflare computed by Eq. (21), AD by Eq. (24),
and ~# by Eq. (22). The last step is the same as for polar coordinates.

6.8. Factors Affecting the Correctness of Computed Loran Time
Differences.-Correspondence between the time differences actually
observed over a Loran service area and those given by a Loran chart or
table depends upon the assumption of the correct velocity of signal
propagation, upon the holding of the correct coding delay by the slave
station, and upon the knowledge of the true latitudes and longitudes of
the transmitting stations, as well as upon accurate computations of the
Loran lines and accurate pulse matching. Analysis of Loran operation
up to the present has given no evidence that the signal velocity over sea
differs from that stated in Chap. 5 and used in Hydrographic Office
computations. Sufficient data have not yet been obtained to evaluate
the velocity over land. The land range of Standard Loran signals is
small, and there are no land baselines between permanent stations along
which velocity measurements could most readily be made. The effect of
a diminution of velocity upon the grid of Loran lines would be a shrinking
of the entire pattern, and a corresponding increase in the time difference
T at a fixed point on the earth, such that

T’–a=(T– 6):,
c

where T increases to T’ as the velocity c decreases to c’, and 6 is the coding
delay. Existence of a proportionality of this sort between computed
and observed time differences would reveal an abnormal signal velocity
if this were uniform over the service area. But, if the velocity depended
on the local electrical characteristics of the surface (as it might more
plausibly do), the pattern of alteration of time differences might be very
complex.
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The operator of a slave station maintains the coding delay by keeping
the time difference between the pulse from the remote master transmitter
and that from his own adjacent antenna, as he observes them on his
oscilloscope, equal to & The powerful local signal is passed through the
attenuator, in order that it may appear equal in amplitude to the weak
signal from the dktant master; and if there are maladjustments in the
attenuating circuits, the local pulse may be deformed so that the apparent
delay may differ from the actual time between pulses by several micro-
seconds. Such an error in timing will appear in all measured time
differences, as a constant increment to 2’, independent of the observer’s
location, and as such it may be recognized.

The sites of Loran stations are often in places remote from accurately
determined geodetic reference points, so that they cannot be tied in to
such points by triangulation. The positions must be found by astronom-
ical observations. The instrument may be either the theodolite or the
prismatic astrolabe (also called the equiangulator). Both are easily
portable, and either, in conjunction with a good timepiece and a radio
receiver, will give positions with an internal probable error of the order of
1 sec of arc (100 ft) or better, from a few nights’ work. With the theo-
dolite, latitude and longitude are determined separately by meridian
observations of stars, by the methods set forth in standard geodetic
textbooks. With the astrolabe, stars in all azimuths are observed at
altitude 60° (or 45° in some forms of the instrument). The time at
which each star passes this altitude is determined and the line of position
computed by formulas similar to those used by the celestial navigator,
but with greater precision; the concurrence of lines of position from all
the stars gives the observer’s location.

Unfortunately, the internal probable error of a series of astronomical
observations is not a reliable measure of the accuracy of the resulting
position. In all such observations, the fundamental reference direction
is the direction of gravity, which ideally is normal to the spheroidal sur-
face but actually may be inclined to the normal by a considerable fraction
of a minute of arc. This “station error, “ if not allowed for, will appear
in its full size as an error in the observed position and can be detected only
by triangulation or some equivalent method of comparing the positions
of different points. Loran is such a method, and station errors will affect
the Loran time differences; conversely, the errors may bc determined from
the deviations of observed time differences at accurately known positions
from their computed values.

At a given position of the observer, incorrect positions of the trans-
mitting stations will affect three signal paths: that from each station to
the observer and that from the master M to slave S. These will all
combine to alter the observed time difference from its computed value.
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That is,
AT = At, – Atm+ A@,

where AT is the change in time difference, At the change in time of trans-
mission from station to observer, and A/3the change in time of transmis-
sion from master to slave, all in the sense, observed minus computed, and
taken as positive or negative according as the transmission time is
increawd or diminished. Since an increase in tmdelays the beginning of
the interval T, itdecreases T and must be subtracted.

If D. and D~ denote the distance in microseconds from the position
of each station, as determined by observation, to its true position, it is
evident that At, is equal to the component of D, in the direction from S
opposite to the observer’s direction and similarly for At-, while A/3 is
equal to the component of D, in the direction along the baseline away
from 11, minus the component of D~ in the direction along the baseline
toward S.

Since each D may be specified by two quantities, either amount and
direct ion or rectangular components, observations of A2’ at four known
points will determine the D’s. If D: and D: denote the components of
the displacement of the slave station along and perpendicular to the
baseline respectively and D: and D: those of the master, the points of
observation may be so chosen that D:, D:’, D: and D: are determined

separately. Let D: and Dj be counted positive in the direction from
master to slave. At Point 1 on the baseline, between the stations, D:
and D: do not enter into AT, At, = D;, At~ = –D~, A@ = D; – ~~;
consequently, ATl = 2D~. At Point 2 on the extended baseline
behind the master station, D? and DC again have no effect
Aj3 = D: – D;, At. = D~, At~ = D~; consequently, AT, = 2(D: – D~)~
or ATl – ATZ = 2D~. At Point 3 on the perpendicular through the
slave station and near the station on the positive side, D: has no appreci-
able effect on AT, but AL = –D;, Atm = – D;, A~ = D: – D;. Hence
AT3 = D: – D:’, or ~ATl — ATS = D:. If the point is on the negative
side of the slave station, AT9 = D: + D~, or AT3 – ~ATl = D;’. simi-

larly, at Point 4 on the perpendicular through the master station and

near the station, AT4 = 2D~ — D~j ~ D:, where the upper and lower
signs apply respectively to points on the positive and negative sides of the
master station. on the positive side AT4 – 3(AT, + AT,) = D:; on
the negative, ~(ATl + AT2) – AT4 = D:. At Point 5 on the extended
baseline behind the slave station, AT, is not affected by errors in the posi-
tions at all. Neither does an incorrect assumption as to the velocity of
propagation affect it. A discrepancy here, if not due to observational
error, must represent an incorrect delay held at the slave station.

Of course, observations at any four or more points, properly dis-
tributed, will determine the station displacements. The theory of this
determination is discussed in Appendix D.
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CHAPTER 7

TIMERS

BY R. H. WoonN’.41m ANII J. C. WIM.IAMS

7.1. General Requirements.—Thc function of the Standard I.oran
timer is to control the synchronism of the pulsed transmissions of the
ground stations. AS explained in Sec. 3.3, a master station transmits a
series of pulses at an accurately constant recurrence rate. The time
required for the signal to travel from the master station to the slave
station is designated as P. The transmission from the slave station is so
synchronized with that of the master station that the interval of time
(as observed at the slave station) between the reception of the signal
from the remote master station and the reception of the locally trans-
mitted slave signal is equal to half the recurrence period L plus the coding
delay & The slave timer must be capable of measuring this interval of
time and maintaining this synchronism ~vith an error of less than 1 gsec.
The interval of time (as observed at the master sttition) between the
reception of the master signal and the reception of the slave signal is
(L/2) + 2~ + & Although the operator of the master timer does not
control the synchronism of the signals, he must be able to measure the
time difference between the two signals with an error of less than 1 psec.
If he observes that the synchronism is incorrect, he informs the slave
operator and warns navigators of this fact by blinking the locally trans-
mitted signal.

The function of the timer in the Sky-wave Synchronized Loran system
is similar to the function of the Standard Loran timer except that since
the distance between master and slave stations in the SS system is
greater, the value of B is correspondingly greater. The same timing
equipment is used for both systems. The function of the Low Frequency
timer is somewhat different and is dkcussed in Sec. 7.14. The Standard
Loran timer must be modified for use in the LF system.

Experience has indicated that in order to measure with the required
precision time differences between the relatively slow-rising pulses of
Standard and SS Loran, the presentation on the cathode-ray oscilloscope
should be such that one fast linear trace showing one pulse should appear
duectly above another fast linear trace showing the other pulse. The
timing of the traces must be adjustable so that the two pulses can be made
to appear on the fast traces and one pulse can be positioned directly

197
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above the other. The vertical spacing between the traces must be adjust-
able so that when the pulses are vertically aligned, the spacing can be
reduced to zero and one pulse thereby superimposed upon the other.
Furthermore, the relative amplitudes of the two pulses to be measured
(one from the remote transmitter and the other from the local) must be
adjustable so that they can be made equal. Under this condition of
superposition the time difference between the initiations of the two fast
traces is equal to the time difference between the arrivals of the two pulses.
The time difference between the initiations of the fast traces is measured
by means of calibration markers derived from the blocking oscillators of
the divider chain.

The general requirements for the timer are that it shall be capable of
providing trigger pulses to the transmitter at any one of a number of
accurately constant, predetermined recurrence rates and that the trigger
pulses shall bear a precise, predetermined time relationship to the pulsed
signals received from a remote station. The equipment, supplemented
by duplicate auxiliaries, must be capable of giving continuous service
24 hr. a day with the exception of negligible switch-over time. Appro-
priate monitoring facilities must be provided to permit operation as either
a master or a slave timer.

For satisfactory manual operation the slave timer must be capable of
precise adjustment in frequent y in relation to the master timer so that
one series of pulses drifts with respect to the other less than 1 ~sec in
5 to 10 min. For such precise adjustment, both master and slave timers
must have crystal oscillators that fluctuate in frequency less than 1 part
in 109 over short periods of time.

The timing circuits required for initiating the fast traces and triggering
the transmitter must be sufficiently flexible to cover continuously a wide
range of possible time differences between the reception of the pulse
from the remote station and the transmission of the local pulse. The
timing circuits and associated sweep circuits must be stable. The cali-
bration markers must be sufficiently clear to permit easy counting of time
differences and su5ciently sharp to permit measurement with errors of
considerably less than 1 psec. It must be possible to check and adjust
these circuits during service without interfering with their operation.

The bandwidth of the receiver must be wide enough to allow the
pulse to rise rapidly for accurate timing and yet narrow enough to give
satisfactory signal-to-noise ratios under severe conditions of noise. It
has been found experimentafly that a 6-db bandwidth of 60 kc/see is a
good compromise value and that bandwidths between 40 and 100 kc/aec
are satisfactory.

The early models of the timer (Models A, B, and B-1) were composed
of the following units:
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1. Oscillator unit, consisting of a highly stable crystal oscillator and a
phase shifter.

2. Divider unit, consisting of divider circuits with feedback, locked
delay multivibrators for initiating fast traces, sweep generators,
calibration-marker circuits, an attenuator circuit of the relay type,
and a transmitter-trigger circuit.

3. Oscilloscope.
4. Receiver with amplitude-balance control.
5. Regulated power supply.

The later models (Models C, C-1, and UJ) have been improved in
several respects. The phase-shift capacitor of the oscillator is geared to
the frequency control in such a way that as it is rotated in maintaining
synchronism, the oscillator frequency is automatically adjusted to reduce
the rate of drift of the slave timer with respect to the master timer. The
locked delay multivibrators used to initiate the fast traces have been
replaced by selector circuits, each consisting of a delay multivibrator,
which generates a gate of adjustable delay, and a gate-pulse mixer that
permits the selecting of the highly stable pulses from the dividers for
triggering other selector circuits and the fast-sweep generator. This
selector circuit haa the advantage that its adjustment can be checked
~~ithout interfering with the operation of the timer. The single oscillo-
scope has been replaced by a dual oscilloscope, one cathode-ray tube
displaying the two fast traces and the other displaying the complete
recurrence cycle on two slow traces. An additional oscilloscope is used
for checking the adjustment of the divider and selector circuits while
the timer is in service. A synchronizer automatically controls the fre-
quency of the oscillator of the slave timer to maintain the prescribed time
difference between the reception of the remote signaf and the transmission
of the local signal.

The most recent version of the timer (Model UE1) haa been more
carefully engineered than the earlier models, but it has few fundamentally
new features. Probably the most important innovation is a motor-
driven phase-shift capacitor that is geared to the frequency control of the
oscillator. The rotation of the phsse-shift capacitor is controlled by
the synchronizer. The advantages of the mechanical coupling between
the synchronizer and the oscillator over the earlier electronic coupfing are
that the high stability of the oscillator is retained and the rate of drift
is reduced to a minimum by the operation of the geared frequency control.
As the rate of drift is reduced, the rate of phase compensation can be
reduced with the result that the synchronizer operates smoothly and
reliably under severe conditions of noise.

7.2. Tmer Models A, B, end B-l.—Models A, B, and El are the
first three series of timers that were designed for the bran system. A
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total of 56 timers of these types were constructed at the Radiation Labora-
tory and at Research Construction Company. Since many of them are
still in active service in the North Atlantic chain, the Aleutians, and
many parts of the Pacific and probably will be for some time to come, it
seems desirable to give a general description of the Model B-1 timer (see
Fig. 7.1 ) in spite of its obsolescence.

Although the construction is somewhat crude, the fundamental design
is similar to that of the modern timers. The block diagram of the
Model B-1 timer and attenuator is shown in Fig. 7.2. As mentioned in
Sec. 7.1, one fast linear trace showing one pulse is presented on a cathode-
ray tube directly below another such trace showing the other pulse.
Since the local transmitter is triggered at the same instant that one fast
trace is initiated, the local pulse remains stationary. The remote pulse
on the other fast trace drifts slowly to the right or to the left if the recur-
rence rate of the local timer differs slightly from the recurrence rate of
the remote timer. In operation, at a slave station, the time difference
between the initiations of the two fast traces (one for the local pulse and
one for the remote pulse) is adjusted to a predetermined value. The
remote pulse is placed on its fast trace below the local pulse on its fast
trace. The recurrence rate of the local timer is then adjusted to the
recurrence rate of the remote master timer until the remote pulse ceases
to drift. By adjusting the phasing of the local timer, the remote pulse
is moved directly below the local pulse. The amplitudes of the local and
remote pulses are next equalized, and the vertical spacing between the
two traces is eliminated so that one pulse is superimposed on the other.
As long as they remain superimposed, the time difference between the
reception of the remote pulse and the transmission of the local pulse is
equal to the predetermined time difference between the initiations of the
two fast traces. This time difference between the initiations of the fast
traces is adjustable and is measured precisely by means of calibration
markers.

A slow-trace presentation is provided to aid the operator in placing
the remote pulse on the fast trace. It consists of two slow linear traces,
each of one-half the recurrence period, one placed below the other. The
duration and timing of the fast traces with respect to the slow-trace
pattern are indicated by pedestals on the slow-trace pattern.

The Loran technique for measuring time difference requires timing
equipment of high stability. The only device with the required stability
is a crystal oscillator. Accordingly, a 50-kc/see, X-cut quartz bar,
suspended in a thermostatically controlled oven, is used in the Model B-1
timer to control the oscillator frequency. The circuit consists of an
amplifier, a phase inverter, and a resistance and lamp bridge which serves
as an automatic volume cent rol.
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The phase-shift capacitor is a convenient device for precise shifting
of the phase of the timer. The voltages impressed on its four sets of
stator plates are mutually 90° out of phase. The phase of the voltage
induced on the rotor plates varies uniformly as the rotor is turned from
one set of stator plates to another. One complete turn shifts the phase
of the output voltage one cycle (20 Ascc) with respect to the voltage from
the oscillator. In operation this causes the remote pulse to move along
the trace a distance corresponding to 20 psec. Fractions or whole num-
bers of rotations produce proportional positive or negative shifts of phase.

The 50-kc/sec sine wave from the phase-shift capacitor must be
reduced in frequency to a pulse recurrence rate of approximately 25 pps.
Because of their greater precision, pulses of short duration are used instead
of sine waves. An amplifier that is rapidly driven from cutoff to satura-
tion converts the 50-kc/sec sine waves to square waves which on differen-
tiation become positive and negative pulses recurring every 20 .usec.
The pulse recurrence rate is reduced from 50,000 to 50 pps by a series of
four dividers. A divider is a device that produces a single output pulse
for a given whole number of input pukes. It consists of a capacitor that
is charged in steps by the input pulses acting through a double diode and
of a blocking oscillator that discharges the capacitor and produces an
output pulse when the voltage of the capacitor reaches a certain value.
The four dividers are arranged to divide by 5, 10, 5, and 4, which produces
series of pulses with recurrence periods of 100, 1000, 5000, and 20,000 ~sec
respectively. The recurrence period of the last divider is one-half the
recurrence period required for Loran transmission.

The recurrence period is doubJed by a square-wave generator to give
the recurrence rate of 25 pps required for Loran transmission. The
square wave is impressed on the vertical plates of the cathode-ray tube
to give the vertical displacement of the slow-trace presentation. The
upper section of the square wave becomes the upper trace, and the lower
section becomes the lower trace. The spacing between the two traces is
adjustable.

Since several pairs of Loran transmitters must operate on a single radio
frequency, it is necessary that they transmit at slightly different recur-
rence rates to permit a navigator to distinguish the signals of one pair from
those of another and to obtain time-difference measurements from any
pair of transmitters. The timing of each recurrence rate must be precise;
and, for the sake of economy, it is desirable that all recurrence rates be
derived from a single crystal oscillator. Thk is accomplished by fee&g
a pulse from the square-wave generator back into the second divider in
such a way that it charges the capacitor of the second divider. If the
charge from the square-wave generator is equivalent to a single charge
from the first divider, the capacitor of the second divider is diachar@
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after receiving 9 charges from the first divider instead of the normal 10
(in 900 ~sec instead of the normal 1000 ysec), and the final recurrence
period becomes 39,900 Wsec instead of the 40,000 usec with no feedback.
Similarly, if larger charges arc fed from the square-wave generator back
into the second divider, recurrence periods of 39,800, 39,700, 39,600,
39,500,39,400, and 39,300 Ysec can be obtained. The corresponding eight
recurrence rates (numbered O to 7) are called “specific recurrence rates. ”
A second set of eight recurrence rates is obtained by adjusting the last
divider to divide by 3 instead of 4. The two different sets of recurrence
rates, approximately 33* and 25 pps, obtained by adjusting the last
divider are called the high and low, H and L, “basic recurrence rates.”

A coarse phase-shift control is required for quickly bringing the slave
timer into approximate synchronism with the remote master timer.
For this purpose pulses from the last divider are fed back into the first
divider through a push-button switch.

The oscillator, dividers, and square-wave generator produce the
required recurrence period, which is represented as two slow traces, one
below the other, on a cathode-ray tube. The relative timing and duration
of the fast traces are indicated by pedestals on the slow traces. The
receiver-output signals produce vertical deflections on the two traces and
show the relative timing of the signal from the remote station with respect
to the slow-trace pattern. The location of the remote signal on the slow
trace can be adjusted by means of the coarse (feedback) and fine (phase-
shift capacitor) phase controls.

The time difference between the initiations of the fast traces is adjusted
to equal the required time difference between the remote and local pulses.
At the slave station the remote (master) pulse must precede the local
(slave) pulse by half the recurrence period plus a small constant time
difference called the “coding delay.” If necessary this delay can be
changed, according to a predetermined schedule, to confuse the enemy.
Thus the master pulse precedes the slave pulse over the entire coverage
area and so can be readily identified by the navigator. At the master
station the local (master) pulse precedes the remote (slave) pulse by half
the recurrence period plus the coding delay plus twice the time required
for a radio wave to travel from one station to the other.

The required time differences are obtained from the -4-, B-, and
Cdelay multivibrators. Since delay multivibrators are not sufficiently
stable to give long delays with the required precision, the A- and B-delay
multivibrators are locked by pulses from the second and first dividers
respectively. The A-delay multivibrator gives delays that are multiples
of 1000 ysec and is adjustable from 1000 to 10,000 WRC. The B-delay
multivibrator gives delays that are multiples of 100 ~sec and is adjustable
from 300 to 2500 psec. The C-delay multivibrator is unlocked and is
variable continuously from 30 to 170 ysec.
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At the slave station the multivibratore are arranged so that the
A4elay multivibrator is triggered at the start of one slow trace. Tbia
multivibrator is adjusted to give a delay of 2000 -c after which it triggers
the fast-sweep generator and the local transmitter. The Bdelay multi-
vibrator is triggered at the start of the other slow trace. It triggers the
Cdelay multivibrator which in turn triggera the fast-sweep generator.
The B- and Cdelay multivibrators are adjusted to place the master
pedestrd to the left of the slawe pedestal by a distance corresponding to
the coding delay.

At the master station the fast-sweep generator and the local trans-
mitter are triggered at the start of the upper trace. The three delay
multivibrators are a&nged in series so that the Adelay multivibrator,
which is triggered at the start of the lower trace, tiiggers the Bdelay
multivibrator, which in turn triggers the Cdelay multivibrator. The
C-delay multivibrator initiates the fast trace. Thus the time difference
between the initiations of the two fast traces is variable continuously
from a little more than 1000 KC to a little more than 10,000 ysec
(plus half the recurrence period). With the proper time difference
(2P + 8 + L/2) between the initiations of the two fast traces, the opera-
tor at the master station should find the remote signal directly below the
local signal on the fast traces. If he does not, the signals are improperly
synchronized, and he notifies the slave operator of this condition by
blinking his transmitter on and off.

For the precise measurement of the time difference between the initia-
tions of the fast traces, calibration markers are displayed on the slow and
fast traces. Pulses from the pulse generator, the first divider, and the
second divider are mixed and impressed on the vertical plates of the
cathode-ray tube to form 20-, 100-, and 1000-@ec calibration markers.
By means of the 1000-Psec markers displayed on the slow traces, the
horizontal displacement of the lower pedestal to the right or left of the
upper pedestal is estimated to the nearest thousand microseconds. On
f@ traces of approximately 1500-gsec duration, the displacement of the
1000-~sec markers on the lower trace with respect to those on the upper
trace is estimated to the nearest hundred microseconds. Similarly, on
fast traces of approximately 150-~sec duration the displacement of the
20- and 100-~sec markers is estimated to the nearest microsecond.

MODEL C-1 TIMER

7.3. General Description of Timer Models C, C-1, and UJ.—The first
completely redesigned timer, the Model C, occupies twice the cabinet
space of the earlier models but is designed for ease of operation and for
reliability in service. A dual oscilloscope gives a simultaneous display
of both the slow- and fast-trace pattern, and a test oscilloscope provides
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a convenient means of adjusting the timer while it is in service. The
locked delay multivibrators of the earlier models are replaced by selector
circuits that serve the same purpose but have the advantage that they

can be adjusted in service without interfering with their operation.
Maintenance of synchronism at the slave station is simplified by gearing
the phase-shift capacitor to the frequency control. An automatic syn-
chronizer further facilitates the operation of the Model C timer by cor-
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recting the frequency and phase of the oscillator in the slave timer with
reference to the puked signal received from the master station.

The 70 Model 01 timers and the 80 Model C timers that were manu-
factured by Research Constmction Company differ in few respects. A
clutch in the geared mechanical coupling between the phaee-bift capaci-
tor and the frequency control of the Model C-l oscillator permits the
adjustment of the phase without altering the frequency adjustment.
The trace-separation circuits are modified so that only the vertical
separation between the fast traces is adjustable, whereas the separation
between the slow traces is fixed. The 60 Model UJ timers manufactured
by Du Mont Laboratories are similar to the Model C-1 timers.

As shown in Fig. 7.3 the Model G1 timer is housed in two standard
relay-rack cabinets bolted together. The cabinet on the left contains
the power-distribution panel, the test oscilloscope, receiver, dual oscillo-
scope, and automatic synchronizer. The cabinet on the right contains
the divider and wlector circuits, the oscillator, and the high- and low-
voltage power supplies. A small box mounted on the side of the cabinet
contains the controls for the synchronizer.

7.4. Block Diagram of Model C-1 Timer.—A block diagram of the
Model C-1 timer with the attenuator, antenna, and antenna coupling
units is shown in Fig. 7.4. It differs from the Model B-1 timer in the
larger number of dividers, the substitution of two selectors for the locked
delay multivibrators, the addition of a synchronizer, and the incorpora-
tion of individual cathode-ray tubes for both the fast- and the slow-trace
presentations. The test oscilloscope is not shown in the block diagram.

Crystal Oscillator.-The oscillator, similar to that of the Model B-1
timer, is controlled by a 50-kc/sec quartz bar that is mounted in a con-
stant-temperature oven. The oscillator is sufficiently stable to maintain
synchronism bet ween the local and remote timers wit bout adjustment for
at least three minutes with an error not exceeding 1 psec. The frequency
of the oscillator can be varied several parts per million above and below
the nominal value of 50 kc/see.

Phase-shift Capucitor.-Like that of the B-1 timer, the phase-shift
capacitor serves as the fine adjustment of phase, a single rotation of the
phase-shift capacitor shifting the phase of the local signal one cycle, or
20 ~sec, with respect to the signal from the remote station. Fractions
or whole numbers of rotations produce proportional shifts of phase. The
phase-shift capacitor is geared to the oscillator frequency in such a way
that as the phase-shift capacitor is rotated in maintaining synchronism,
the oscillator frequency is automatically adjusted to reduce the difference
in the frequencies of the local and remote oscillators.

Frequency Doubler.—The oscillator frequency of 50 kc/see was chosen
because, of the available crystals, those operating at 50 kc/see were most
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stable. To provide 10-IJSRCcalibration markers and to simplify the
divider-feedback circuits, the 50-kc/sec signal from the phase-shift
capacitor is doubled to 100 kc/see.

The blocking osdlator is controlled by the sinusoidal signal from the
frequency doubler and produces, at lo-psec intervals, sharp, precisely
timed pulses that drive the dividers and serve as calibration markers.

Ditiders.-A series of six dividers reduces the recurrence rate (100,000
pps) of the blocking oscillator to that desired for the slow and fast traces.
For operation at the low basic recurrence rate (50 sweeps per second or 25
locally transmitted pulses per second), the six dividem are adjusted to
divide by 5, 2, 5, 2, 5, and 4, respectively. For operation at the high
basic recurrence rate (33* pps), the last divider is adjusted to divide by 3.
The last divider triggers the slow-sweep generator and the square-wave
generator.

Eight specific recurrence rates (from zero through .wven) at each of
the two basic recurrence rates are derived from a single crystal oscillator
by feeding pulses of adjustable amplitude from the last divider back into
the second and third dividers. The second divider receives pulses from
the first divider at intervals of 50 psec and is adjusted to divide by 2.
Therefore, if the amplitude of the pulse fed back from the last divider is
equivalent to that received from the first divider, the recurrence period
of the second divider is reduced from 100 to 50 Psec once for every recur-
rence period of the last divider. The recurrence period of the last divider
is reduced therefore by 50 psec. The amplitude of the pulse fed back
from the last divider into the second divider can be adjusted either to
reduce the recurrence rate of the last divider by 50 psec or not to reduce
it at all.

Similarly, the third divider receives pulses from the second divider at
intervals of 100 psec and is adjusted to divide by 5. The amplitude of
the pulse fed back from the last divider into the third divider, therefore,
can be adjusted to reduce the recurrence period of the last divider by O,
100, 200, or 300 psec. The combination of feedback into the second and
third dividers provides for reduction of the recurrence period of the last
divider by O,50, 100, 150, 200, 250,300, or 350 ~sec. Since the recurrence
period of the square-wave generator and of the transmitted signal is twice
that of the last divider, the reduction of their recurrence period is O, 100,
200, 300, 400, 500, 600, or 700 ~sec.

The square-wave generator (Eccles-Jordan circuit) is made up of two
symmetrically connected triodes, one of which conducts while the other
is nonconducting. Each pulse from the last divider reverses the conduct-
ing and nonconducting states of the triodes. The plate circuits of the
triodes provide two square-wave output voltages that are mutally 180°
out of phase. The square-wave generator divides the recurrence rate
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of the last divider by 2, provides the vertical displacement of alternate
traces of both the fast- and slow-sweep oscilloscopes, and triggers the
A- and B-selectors, one of which in turn triggers the transmitter.

Selectors.—A selector is a series of circuits that, after being triggered,
selects a pulse from one of the dividers and emits a pulse following the
trigger pulse by an adjustable period of time. It permits the introduc-
tion of an adjustable time delay that has the inherent stability of the
dividers. It has the further advantage that its adjustment can be
observed and corrected without interfering with the operation of the
circuits.

Two selectors, both triggered by the square-wave generator, are used
to initiate the fast traces and so to establish the time difference between
the reception of the signal from the remote station and the transmission
of the local signal.

The A-selector, which is triggered at the start of the upper trace of
the slow-trace pattern, initiates the fast trace which is represented by the
upper pedestal shown in Fig. 7.5a. It can be adjusted to introduce a
time delay equal to 1000M psec plus 50N psec, where M is an integer from
1 to 12 and N is an integer from 1 to 13.

Likewise, the B-selector, which is triggered at the start of the lower
trace, initiates the fast trace which is represented by the lower B-pedestal.
It can be adjusted to introduce a delay equal to 1000M psec plus 50N
psec plus P Psec, where M and N have the values given above and P is a
number, not necessarily an integer, between 40 and 120. Thus, although
neither selector can be continuously varied over the range, the time differ-
ence between the two fast traces can be adjusted to any value between O
and 11,500 psec (plus one-half the recurrence period). As shonm in
Fig. 7.5b and c, the B-pedestal is placed to the right of the A-pedestal at
both the master and slave stations.

The coarse delay is a delay multivibrator that is triggered by the
square-wave generator and that can be adjusted to introduce a time
difference bet ween 1000 and 12,000 ~sec. The differentiated output
voltage, called a “gate,” cuts off one triode of the mixer for a period of
approximately 1000 Wsec.

The gate-1000-~sec pulse mixer is a coincidence mixer which consists
of two triodes whose plates are connected (the so-called Rossi “ coinci-
dence circuit”). When both triodes are cut off at the same time, a large
positive output pulse is produced; a relatively small pulse is produced
when only one triode is cut off. Negative pulses recurring every 1000
psec from the fourth divider are applied to one grid; the differentiated
negative gate from the coarse delay multivibrator is applied to the other
grid. Thus, adjustment of the coarse delay permits the selection of a
particular pulse from the divider to trigger the fine delay.
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The iine delay is a delay multivibrator that can be adjusted to in-
duce a time difference of 50 to 650 psec. The output signal is dMeren-
tiated to produce a gate approximately 50 *C long.

The gate-50-psec pulse mixer is simiiar to the coincidence mixer
described above. It selects a particular pulse from the first divider.

[a) Slow oscilloscope pattern
w!thout signals

Q---A-Signal (Local)

--B-Signal(Remote)

lb) Slowoscilloscope pattern
with signals as it appears

at an A-station

(c) Slow oscilloscope pattern (d) Fast oscdloscope pattern
with signals as d appears with markers and with A-

at a B-station and B-signals allgned

FIQ. 7.5.—Basic oscilloscope patterns.

The continuous delay is a multivibrator whose delay can be varied
continuously from 40 to 120 psec.

Exciter Driver.-At a master station the pulse-output circuit is con-
nected to the A-selector so that the local pulse appears on the upper or
A-pedestal. At a slave station it is connected to the B-selector so that
the local pulse appears on the lower or B-pedestal. The pulse-output
circuit and exciter driver amplify and shape the pulse that drives the
local transmitter.
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Marker Mixer.-Calibration markers derived from the dividers are
mixed and applied to the vertical plates of the fast and slow oscilloscopes
for the measurement of the time difference between the initiations of the
two fast traces. The 10-~sec markers are derived from the 100-kc/sec
blocking oscillator; the 100-psec markers are derived from the second
divider; and the 1000-psec markers are derived from the fourth divider.

Sweep Generators.—The output pulses from the A- and B-selectors
are mixed and applied to the fast-sweep generator to produce the upper
and lower traces on the fast-sweep oscilloscope and the upper and lower
pedestals on the slow-sweep oscilloscope.

When the fast-sweep generator is triggered, it produces two equal and
opposite voltage outputs that vary linearly with time and are applied to
the horizontal deflecting plates of the cathode-ray tube. The intensifying
grid of the cathode-ray tube is so biased that the electron beam is blanked
out except for the duration of the fast trace. In this way the short
intervals of time represented by the pedestals on the slow-trace pattern
are expanded to form the fast-trace pattern of Fig. 7.5d, which shows the
remote and local signals and the calibration markers.

The slow-sweep generator is synchronized by pulses from the last
divider and produces two voltage outputs that vary linearly with time
during the interval bet\\-eenthe synchronizing pulses. These equal and
opposite voltage outputs are impress~d on the horizontal plates of the
slolv-sweep oscilloscope to produce the two linear traces of the slow-trace
pattern shown in Fig. 7.5a.

Trace Scpurator.-The voltage output of the square-~rave generator is
applied to the vertical plates of both the slow- and fast-slveep oscilloscopes
to produce the separation bct$vecn the upper and lo~rer traces. On the
fast-s!veep oscilloscope the separation is vcwiable, whereas on the slow-
sweep oscilloscope the separation is fixed.

An output voltage from the fast-sweep generator is mixed with that
from the tram scp:uutor and impressed on the vertical plates of the slow-
sweep oscilloscope to produce the upper and lower traces and pedestals
sho]vn in Fig. 7.5a.

Attenuator-bias Driwr.-Sincc the attenuator does not respond instan-
taneously, it is nccess:wy to :LPPIY the attcnuat,ing bias some time before
the transmission of the local signal. The attenuating bias is initiated,
therefore, by a puisc from the coarse A- or B-delay multivibrator, the
choice depending on the operation of the timer as master or slave. The
operfition of the attenuator is drscribml in Sec. 8.3.

Rccciuer.—Thc attenuated local signal from the sampling network and
the signals from the rccciving &ntcnn:L are amplified in the receiver and
impressed on the phitcs of the fast- and S1O}V-SWCCPoscilloscopes to pro-
duce vertical Mfcctions.
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The receiver is a superheterodyne with one stage of r-f amplification,
a frequency converter, three stages of i-f amplification, a video amplifier,
and an output cathode follower. A ganged tuning capacitor tunes the
receiver over a frequency range of 150 kc/see. By the adjustment of
three slug-tuned coils the center of the capacitor tuning range can be set
at any frequency between 1750 and 2100 kc/see. The intermediate
frequency is 1600 kc/see. The over-all bandwidth is approximately
65 kc/see at 6 db dew-n from maximum response and 140 kc/see at 30 db
down. The receiver noise is equivalent to an input signal of less than
3 ~v, and the sensitivity is such that a 15-w signal saturates the video
amplifier and gives a deflection of 2 in. on the dual oscilloscope.

The signals from the electronic attenuator are introduced to the
receiver through a resistance network. The electronic attenuator elimi-
nates all signals induced on the receiving antenna for a short time (approxi-
mately 1800 ~sec) during which the local signal is transmitted. The local
signal is picked up on a small loop located near the transmitting-antenna
coupling unit and is introduced to the receiver through a potentiometer
in the resistance network. The potentiometer permits the equalization
of the amplitudes of the local and remote signals as they appear on the
cathode-ray tubes.

Synchronizer.—The synchronizer automatically controls the frequency
of the oscillator of the slave timer in order to maintain the prescribed
time difference between the reception of the remote signal and the trans-
mission of the local signal. A gate, adjustable in time to give the pre-
scribed time difference, is used to sample, for the duration of the gate,
the voltage of the signal from the master (remote) station. The sampled
voltage is applied to the crystal oscillator to control the frequency in such
a way that the gate seeks a position a third of the way up the leading edge
of the signal from the master station. The same equipment is used at
the master station (but disconnected from the oscillator) to sound an
alarm when the synchronism is incorrect.

Test Oscilloscope.-The test oscilloscope is designed for checking the
operation of the timer and especially of the dividers and selectors, which
are so designed that they can be checked while the timer is in service
without interfering with its operation. The schematic diagram is shown
in Fig. 7“6.

The test oscilloscope consists of a 3-in. cathode-ray tube, a video
amplifier, a sweep generator, and a delay multivibrator. A selection of
three sweep speeds giving full deflection in approximately 130, 2400, and
22,OOO~sec is available. Pulses from any one of the last four dividers
or from the square-wave generator can be used to trigger the delay multi-
vibrator which in turn triggers the sweep generator. The time difference
introduced by the delay multivibrator between the input trigger pulse
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and the initiation of the trace can be adjusted from 25 to 18,(MI psec so
that almost any desired portion of the period between trigger pulses can
be displayed on the cathode-ray tube.

7.6. Model C-1 Oscillator.-As shown in Fig. 7-7, the oscillator
consists of a crystal, an ampliiier, an automatic volume control, and a



216 TIMERS [SEC. 75

series inductance, capacitance, and resistance circuit. A signal applied
to the amplifier is increased about one-hundred fifty times and applied to
the automatic volume control, which maintains a constant amplitude of
oscillation. The output of the automatic volume control drives the
crystal at its natural frequency of 50 kc/see. In series with the crystal,
tuning coil, and resistor is a variable capacitor that controls the frequency.
The signal generated across the resistor and applied to the amplifier com-
pletes the oscillator circuit.

The oscillator must be stable to 1 part in 100 million for an hour or
two at a time. This requirement means that the Q of the crystal must
be high lest its frequency of oscillation be appreciably influenced by
variations in the electrical driving circuit. It must have a lo~v-tempera-
ture coefficient; the oven temperature must be constant; and the electrical
driving circuit must be so designed that any phase shift Which it intro-
duces \\-illbe small and stable.

The crystal is an X-cut quartz bar that oscillates at 50 kcisec. The
dimensions are 54 mm along the Y-, or mechanical, axis; 9+ mm along
the X-, or electrical, axis; and 7* mm along the Z-, or optical axis. The
upper and loJver surfaces (7* by 54 mm) are electroplated, and electrical
contact is made to them through very fine wires that are soldered to the
metallic plating at the center of each surface. The crystal is supported
between a cork pad and a felt pad of small cross section, which clamp the
plated surfaces at the center points to ~vhich the vires are soldered.
Since these points are nodes of vibration at the desired frequency, the
clamping does not seriously affect the vibration of the crystal. The
clamping pressure is controlled by a scre]v adjustment on the crystal
mount.

The dimensions of the c~stal are chosen to give a high Q and a low
temperature coefficient. If the crystal is represented by its equivalent
electrical circuit of an inductance, capacitance, and resistance in series,
Q is the ratio of A to R. The Q is approximately 65,000, and the resist-
ance is approximately 3500 ohms. The temperature coefficient is nega-
tive, about 1 part per million per degree centigrade at an operating
temperature of 60”C.

Baffle plates are mounted at short distances from the ends of the
crystal to serve as sound reflectors. They reduce the amount of sound
energy uselessly radiated and so increase the Q of the crystal. Since at
reflection the sound wave is re~.ersed in phase, the reflected wave at the
end of the crystal should be in phase with the transmitted wave to rein-
force the normal ~-ibration. The baffles are therefore adjusted for a
distance of a quarter wavelength of 50-kc/sec sound in air.

The crystal oven consists of an outer aluminum case, an insulating
layer of asbestos, and an intenor aluminum case that contains the crystal;




