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Model OBU-3 Echo Box and Directional Coupler with interconnecting cables and pick-up probe.

The Echo Box

By 1. A. BERESTON, Burean of Ships

Bl The ccho box is the simplest test instrument for
measuring radar performance and for radar trouble-
shooting. Although much has already been written
about its merits and use, the importance of the echo box
cannot be overestimated.

IMPORTANCE

When a radar is allowed to operate day after day
without being checked its performance can be expected
to drop off 15 to 20 db over a period of time. Experi-
ence has shown that, without test equipment, a loss of
this magnitude will probably pass unnoticed by even the
most experienced technician. Table 1 shows the per-
centage loss of range for a radar system operating at
various levels below peak performance. From this table
it can be seen that a loss of 15 db means that the plane
which your sct was designed to "see” at 30 miles will
be detected only if it comes within 13 miles of your
radar. In such a case you are throwing away 589, or

more of the seeing ability of your radar, and possibly as
much as 1007 of its tactical value.

TABLE 1—Effective Range of a Radar System (3000
Mc) for varions reductions in relative performance.

Relative Effective Effective Effective
System Range Range Range
Performance (Aireraf) (Periscope) (Cruiser)
—1.5db 91% 949, 98%
— 3db 84% 880 97%
s b 76% 8200 957
—10 db 58% 69% 90
—15 db 42 S8% 841
--20 db 31% 490 78,
—25 db 24 40, 719
—30 db 18% 349% 629%
—35 db 14%% 289 53%
—40 db 105 249 459
45 db 8% 20% 349,
—50 db 6% 16% 21%
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2 CONFIDENTIAL

ECHO BOX CHARACTERISTICS

Echo Box

TS-349/UP

TS-270/UP

OBU-3, OBU-4

Frequency range.

910—980 Me.

2700—2900 Mec.

2900—3100 Mec.

Ringtime.

5725 yards with MK 12 using 4"
RG-21/U cable.

6900 yards on SP (1 u sec pulse
with 33 db directional coupler).

7500 yards on SG-1 with 27 db
directional coupler.

Change in ringtime with change in
input frequency.

Percentage to correct expected
ringtime is marked on dial.

Percentage to correct expected
ringtime is given by curve in
Instruction Book.

Percentage to correct expected
ringtime is given on dial for any
dial setting.

Change in ringtime with change in
temperature.

+5% from 20° to 120° F.

5% from 20° to 120° F.

=+ 5% from 20° to 120° F.

Approximate dimensions.

N x7" x10%".

14" x 8" x 124",

10%" x 72" x 114",

Approximate weight.

17 Ibs.

26 lbs.

182 Ibs.

Input.

Waterproof type N jack on echo
box.

Input loop (brass, silver-plated
probe assembly threaded from
connection to type N plug).

Input loop (brass, silver-plated
probe assembly, threaded for
connection to type N plug).

Accessories.

Adapter UG-8/AP (type N jack
to Holmdel fitting). Four foot
RG-21/U cable with a type N
plug on each end.

RG-8/U cable with waterproof
type N plug on one end.

Pickup Dipole CABV-66 AIJG.
Directional Coupler 47AAN. Two
lengths of RG-8 with one C-49268
(type N) plug on each end.

Construction.

Cast bronze cavity cylinder with
coaxial quarterwave line. Has
bronze end plate. Output loop
adjustable by means of knurled
sleeve,

Cast bronze cavity (silvered inner
surface) with removable bronze
end plates; output loop adjust-
able by means of knurled sleeve.

Cast bronze cavity with removable
bronze end plates; output loop
adjustable by means of knurled
sleeve.

Calibration data.

Frequency calibration in instruc-
tion book or roughly, multiply
dial reading by 10 and add 200

to get frequency in Mc. Percent-
age above normal ringtime
stamped on meter face. Ringtime

frequency variation engraved on
dial.

Frequency calibration curve and
correction curve for ringtime with
dial setting in Instruction Book.

Frequency calibration on dial.
(Curve in Instruction Book). Per-
centuge above normal ringtime
stamped on meter face. Ringtime
frequency correction engraved on
dial.

Notes,

Includes shock mounts.

Directional coupler supplied with
OBU-4 is 47AAP. (47AAN s
supplied with OBU-3.)

ECHO BOX CHARACTERISTICS

15-275/UP

TS-311A/UP

TS-218A/AP

TS-62/AP

3400—3700 Mc.

8730—8910 Mc.

8995—9175 Mc.

9320—9430 Mc.

4,700 yards on SG-3, 4 with 27
db directional coupler (short
pulse).

4,000 yards, receiver sensitivity
—120 db, 50 kw peak power,
repetition rate 1,000; Y4 microsec.
pulse width; 23 db coupling.

4,000 yards with receiver sensi-
tivity of —120 db, 50 kw peak
power, repetition rate 1,000;
pulse width V4 microsec. coupled
with 20 db coupler and 3 db
patch cord.

4,000 yards with receiver sensi-
tivity of —120 db, 50 kw peak
power, repetition rate 1,000, pulse
width % microsec. coupled with
20 db coupler and 3 db patch
cord.

Percentage to correct expected
ringtime is given by curve in
Instruction Book.

+49, mean ringtime.

+=4% of mean ringtime.

—+=4%, of mean ringtime.

=4=5%, from 20° to 120° F.

+49%, from 20° to 120° F.

449 from 20° to 120° F.

449, from 20° to 120° F.

122" x 7" x 10V2".

82" x 104" x 162",

NA" x 184" x 64",

N%" x 184" x 6".

232 Ibs.

12 Ibs.

10 Ibs.

10 Ibs.

Input loop (brass, silver-plated
probe assembly, threaded for
connection to type N plug).

Tuned input—waterproof type N
jack.

Untuned input.—waterproof type

N jack

Tuned—UG-11/U (to coax to
waveguide to opening in cavity
wall), type N jack.
Untuned—UG-11/U (to coax to
waveguide to crystal unit), type
N jack.

Tuned—UG-11/U (to coax to
waveguide to opening in cavity
wall), type N jack.
Untuned—UG-11/U (to coax to
waveguide to crystal unit), type
N jack.

RG-8/U cable with waterproof
type N plug on one end.

Antenna Unit with waterproof
type N jack. RG-9/U with two
waterproof type N jacks.

Antenna  Assembly AS-106/AP
(RG-9/U with UG-23/U), Cord
CG-92/U (RG-9/U with two
UG-24/U's).

Antenna  Assembly  AS-106/AP
(RG-9/U with UG-23/U, Cord
CG-92/U (RG-9/U with two
UG-24/U's).

Cast bronze cavity (silvered inner
surface) with removable bronze
end plates; output loop adjust-
able by means of knurled sleeve.

Incorporates crystal checker for
X-band crystals.

Cavity of aluminum alloy, inside
silver coated; bakelite disc with
sheet of silver-plated copper foil
for piston.

Cavity of aluminum alloy, inside
silver coated; bakelite disc with
sheet of silver-plated copper foil
for piston.

Frequency calibration (in Mc) is on
outer portion of outer dial (red

numbers).  Ringtime correction
frequency curve in Instruction
Book,

Frequency is marked on dial (in
Mc).

Frequency calibration curve. Fig-
ure on curve on front of echo box
corresponding to dial setting must
be multiplied by ringtime actually
observed.

Frequency calibration curve. Fig-
ure on curve on front of echo box
corresponding to dial setting must
be multiplied by ringtime actually
observed.
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4 CONFIDENTIAL

The column in table I for "aircraft” is based on the
theoretical inverse fourth power law which governs high-
angle search. The column for “periscope” is based on
experiments with an antenna about forty feet above the
water. The column for “cruiser” is based experimentally
on the same type of radar and the same antenna height.

As further reasoning for the use of test equipment it
should be noted from Table I that the loss of range for
large objects, such as cruisers, is less than that for small
objects like planes. A radar 15 db down in performance
will detect a cruiser at 849 of intended range as com-
pared with only 429, of intended range for a plane.
The cruiser which can be detected at 120,000 yards is
detected by a radar 15 db down at 100,800 yards. If the
ability of the radar to "see” a cruiser at a distance is
used as the measurement of performance, the fact that
the radar is 15 db down is almost certain to escape
notice. (It should be noted in passing that wave propa-
gation conditions greatly affect radar range at all levels
of system performance, thereby rendering it additionally
confusing to use range as a criterion of performance.)

CONSTRUCTION

The echo box is essentially a resonant cavity which is
coupled to the radar transmitter output and to the radar
receiver input. Coupled to the resonant cavity is a meter
which indicates relative power output of the radar trans-
mitter and also indicates when the echo box is in reso-
nance with the transmitter frequency. The resonant
frequency of the cavity is determined by the size of the
cavity, which can be wvaried by means of a tuning
mechanism and dial on the front of the box. When the
resonant frequency of the cavity is adjusted to the fre-
quency of the transmitter output, oscillations are in-
duced in the cavity by each pulse from the radar trans-
mitter. These oscillations in the cavity produce a pattern
on the radar indicator scope as well as an indication on
the relative-power meter coupled to the cavity. The pat-
tern on the scope is translated into yards to obtain the
“ringing time” of the equipment, which is the apparent
duration of the oscillations set up in the echo box by
each pulse.

RINGING TIME

The ringing time of an equipment is dependent upon
the following factors: 1--transmitter peak power, 2
receiver sensitivity (noise level), 3-—losses of ecither
transmitter power or signal power (such as those caused
by mistuned or defective TR or ATR tubes), 4—pulse
length, 5—transmitter spectrum, 6—coupling losses, and
7—echo-box sensitivity,

Considering all other factors to be constant, as the
peak power of the transmitter increases, the amplitude of
the oscillations in the echo box will increase, therefore
it will require a longer time for these oscillations to die

down and consequently the ringing time will be in-
creased. Similarly, the lower the receiver input noise
level, the longer the ringing time, since the weaker
signals issuing from the echo box at the trailing end of
the ringing time may be seen and measured, while if the
noise level is high, these faint oscillations will not appear
on the scope.

le———RINGING TIME

(WRONG)

|
|
|
|
|

(-wa’ons)/

FIGURE 1—dAppearance of good ringing time :li.rp.’,,yed
on an A scope, showing corvect and incorrect point; ;1
which ringing time is measured. Note that the recejyey
ain has been adjusted so that the grass is a quarter 1, 4
third the total saturated signal height on the 5c0pe,

It should be pointed out here that the receiver ngjse
level can be attributed to two principal factors, the pe.
ceiver noise figure and the receiver bandwith. Of thege
two factors, the noise figure, which is the general ﬁgure
of merit of receivers, is the quantity which one is trying
to maintain when tuning a receiver. The noise figyre
can be defined as the noise per unit bandwith iy 5
receiver, relative to that which would be present in 4
theoretically ideal receiver.

The receiver bandwith, which does not ordinarily
change, also contributes to the noise level. The wider
the bandwidth the more noise is permitted to pass, A
decrease in the bandwidth which, if large enough, might
impair the performance of the radar, would actually
increase ‘the ringing time. When a receiver goes into
oscillation due to interstage feedback, the bandwidth is
greatly reduced, and under such circumstances the ring-
ing is increased somewhat. (Oscillation can be recog-
nized by a coarseness of the grass, by a tendency of the
gain to increase abruptly at a ]urti(‘u]nr gain control
setting, and by a slightly less abrupt drop in the end
of the ringing time than is common.) Since in radar
design the bandwidth is adjusted to suit the pulse length
used there is an inter-relationship between these two
factors, both of which scparately influence the ringing
time,
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FIGURE 2—Typical radar pulse spectra. Curves A and B illustrate desired spectrum shapes in which the pulse length
i eqmr! to twice the reciprocal of the u’ij]ercwre i j'rﬁr[;twu'_]' of the minima (points marked X). These curves are
distinguished from C and D by the presence of deef mininia.

The pulse length and transmitter spectrum  both
affect the ringing time. The longer the pulse the greater
the ringing time since the echo box charges up to a
greater extent for a longer pulse. A bad spectrum affects
ringing time in that power applied in the narrow band-
pass of the echo box may be reduced due to the greater
frequency scattering of the transmitter energy. Radar
performance, and therefore ringing time in this case,
may be affected by the scattering of the transmitter

energy outside the receiver bandwidth, impaired signal
shape, and inoperative AFC.

Other factors such as the coupling between the box
and the radar, the loss in the cable connecting the box
to the directional coupler (when used), and the echo
box sensitivity also affect the ringing time. If the losses
in the coupling elements are low and the box sensitivity
is high, the ringing time will be increased and vice versa,

The preferred and most efficient method of coupling be-
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Echo Box Trouble Shooting Chart

This chart was designed to facilitate rapid trouble
shooting when using various types of echo boxes. The
technician is cautioned to observe scope and meter indi-
cations with great care, however, due to the fact that
there may be only a very subtle difference in the symp-

toms for several different conditions. In some instances
the scope patterns are identical, and the determining
factor consists only of a slight difference in the behavior
of the meter. Additional echo box tests may be found
in various equipment instruction books.

Effect: Ringtime satisfactory, test set
output reading satisfactory.

Probable Canse: Radar performance
satisfactory.

Effect: Ringtime low, test set output
reading satisfactory.

Probable Canse: Receiver trouble:
detuned mixer or local oscillator, bad
crystal, excessive i-f noise from first
pre-amp stage, adjustment of coupling
loops or probes in mixer cavity, De-
tuned T-R box.

Effect: Ringtime low, test set out-
put reading very low.

Check spectrum.

Effect: Ringtime low, test sct output-
reading low,

Probable Canse: Trouble probably in
transmitter and receiver, and /or trouble

in transmission line.

Probable Canse: Low power output, f

Effect: Ringtime erratic, test set out-
put reading steady.

Probable Canse: Test set slightly de-
tuned. Faulty pulsing, double moding
transmitter, or local oscillator power
supply trouble. Check spectrum.

Effect:  Ringtime erratic, test set
output reading erratic,

Probable Canse: Faulty transmissicn
line or poor connections— condition
worse when line is rapped.

Effect: End of ringtime not steep
but slopes gradually; perhaps even ex-
cessive ringing. (Grass appears coarse,
Test set output reading steady and sat-
isfactory.

Probable Cawse: Oscillating i-f and /
or narrow-band receiver.

Effect: Pronounced dip in ringtime
at end of pulse.

Probable Caunse: Bad T-R tube.

Lffect: Ringtime very hli‘qh[]y low.
poor or bad spectrum.

Probable Canse: Transmitter trouble.

L VIINIAIANOD
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FIGURE 3—Curves illustrating the method of measure-
ment of TR-box recovery tine.

tween the radar and the echo box is by means of the
directional coupler which enables the use of a fixed,
known amount of radar power for testing purposes.
Echo box sensitivity is defined as the change in ringing
time which corresponds to a given change in radar per-
formance. This is nominally a constant for any one type
of echo box, but actually varies with frequency, tem-
perature, and the individual echo box, necessitating
cortection of the nominal value for an accurate deter-
mination of sensitivity in a particular case. The method
of calculation of sensitivity of a particular box at l{no.wn
frequency and temperature is given in the instruction
book.

MEASURING PERFORMANCE

The instruction books for the various echo bO).{(‘S
(with the exception of a few earlier models) will in-
clude the necessary data for determining how long a
particular echo box will ring when coupled by direc-
tional (ouplcr. or other means, to a Particu]zu' type of
radar operating at peak performance. It may be noted that
in such a case power losscs and poor spectra are _ﬂOt
applicable and all of the other factors determining ring-
ing time are known, Usually the ringing time at pcak
performance will also be given, already computed for
those radars with which the echo box is normally used.

Figure 1 illustrates the correct appearance of good
ringing time on an A scope. The receiver gain is set so
lh.('t the grass is from one-quarter to one-third of the

total saturated signal height on the scope. The exact end
of the ringing time occurs at the farthest point to the
right at which the top of the grass is above the normal
level. The range is measured to this particular point and
noted in yards. The performance of the radar under
test can be determined in terms of db below peak by a
simple procedure. Consult the instruction book for the
method of calculating ringing time or the published
ringing time (in yards) for the peak performance of
the radar under test. Subtract the ringing time as
measured on your particular set from the figure ob-
tained from the instruction book. This figure (in yards)
may be divided by the sensitivity of the echo box (in
yards per db) to give the number of db below peak
performance of the radar being checked. However, in
most cases the difference between calculated (as obtained
from instruction book) and measured ringing time is
used as the measure of the radar performance.

Transmitter power: The echo box meter reading is
approximately proportional to the average power radi-
ated by the radar at a particular frequency. The echo
box is tuned to obtain a maximum meter reading and
this reading is compared to the corresponding value
as obtained on previous tests. ‘This measurement is
relative, since the degree of coupling between the radar
transmitter and the box power-measuring circuit is not
known and will vary with different conditions. A low
meter reading, as differentiated from a normal reading,
may be caused by low transmitter power, a poor spec-
trum, or a short pulse length.

Spectrum analysis: The spectrum of a pulse is the fre-
quency distribution of its energy. This spectrum can
be obtained by plotting the echo box meter readings
with the box tuned to various frequencies. Typical
spectra are shown in figure 2. The variance of curve C
from curves A and B may be caused by an unstable
transmitter tube, by operation of - the transmitter tube
with improper voltage, current or magnetic field.
Another possible cause is the application of a high-
voltage pulse of incorrect shape (such as s[opiﬂg sides
or rounded top) to the transmitter tube. Severe irregu-
laritics as in curve D may be caused by a large standing-
wave ratio in the transmission line due to a faulty line
connection, a bad antenna rotating joint, or obstructions
in the line.  Adjustment of the magnetic field or replace-
ment of the transmitter tube may be necessary.

Pulse length: The length of the pulse is arbitrarily
taken as its duration at and above the half-maximum
voltage points. In the case of a good or fair spectrum,
pulse length equals twice the reciprocal of the fre-
quency difference between the two minima on the spec-
trum curve as indicated in figure 2. An abnOl‘mﬂ.[l}’ nar-
row spectrum means that the transmitted PUISC 1s too

long, resulting in a long ringing time and high power
reading on the echo box meter, but which leads to a
false indication of exceptional radar performance.

Freguency measurement: The resonant frequency of
the echo box at a particular setting is either given
directly on the tuning dial or can be determined from
a dial-setting frequency calibration chart supplied with
the equipment. By determining the resonant frequency
of the box at maximum power meter reading, the fre-
quency of the incoming radiation can be obtained.

TR-box recovery: Reducing the receiver gain appre-
ciably means shortening the apparent ringing time on
the scope as shown in figure 3, curves A, B, and C, If
the ringing time is shorter than the TR-box recovery
time the echo-box pattern on the scope is distorted, as
indicated in curve E. The TR recovery time is measured
as shown in curve D, the slope of which differs notice-
ably from receiver saturation. TR-box recovery time
should be less than one mile.

Receiver recovery: When the receiver recovery after a
pulse is normal the grass appears approximately the
same strength regardless of whether the echo box is
tuned or de-tuned, assuming the receiver gain is ad-
justed as it would be when measuring radar perform-
ance. When the echo box is tuned the grass on the
scope will appear immediately at the end of the ringing
pattern as pointed out in a previous paragraph. When
the receiver recovery time is longer than normal, the
noise is weak and docs not appear for some time after
the end of the ringing pattern, or in extreme cases, not
at all. Receiver non-recovery is usually an indication of
a defective i-f or video stage.

TROUBLE SHOOTING

In connection with trouble shooting, radar operation
may be analyzed as follows: A radio-frequency pulse is
produced in the transmitter tube, which is some form of
high-frequency oscillator. For good performance the
pulse must have the proper frequency spectrum and
must be of the desired power, This pulse must be sent
to the antenna through the r-f transmission line with as
little loss as possible, and then must be radiated from
the antenna. If a portion of the pulse power sent out
from the antenna is reflected back to the antenna as a
signal, it must be conducted through the transmission
line, through the T-R tube, and to the mixer, without
appreciable loss. In the mixer, the r-f signal is mixed
with the c-w output of a local oscillator to produce a
beat frequency, or intermediate frequency, at which fre-
quency the signal is amplified sufficiently to produce a
voltage pulse that can be used for indication. Noise gen-
erated in the receiving system is amplified along with
the signal. By careful design and maintenance the re-

ceiver may be made to have a good sensitivity, which
means a low level of internally generated noise. The
receiver must have enough gain so that noise may be
secen on the indicator together with the signal, other-
wise the maximum sensitivity of the receiver is not
utilized, and the performance of the set is therefore
lowered.

Performance is influenced by the transmitter, because
it determines the power and frequency characteristics
of the pulse. Tt is influenced by the condition and tuning
of the transmission line adjustments, which must be
properly tuned or attenuation through them may be
great. It is also influenced by the tuning and the con-
dition of the T-R tube. In the preamplifier mixer and
receiver, performance is influenced by the frequency and
power of the local oscillator input to the mixer, by the
effectiveness of the r-f to i-f converter, and by the noise
generated in the first r-f tube or crystal and first i-f tube.
Beyond the first i-f stage performance is not greatly
altered by the characteristics of the receiver, gain is not
important, except that it must be sufficient to allow noise
to be seen on the indicator. Other components of the

radar system (modulator, synchronizer, etc.) must be

functioning properly, of course, but they have little part
in determining overall performance.

The relative influence upon performance of the com-
ponents mentioned above must be understood in test-
ing a radar set. Ruinous losses are most likely to occur
in the components that deal with the received signal
from the time it is picked up by the antenna until it
passes the first i-f stage. Small troubles, bad con-
nections, and lack of adjustment, unimportant though
they may seem, may cause the complete loss of a signal
as weak as that picked up from a small target. The
receiving part of the radar is by far the most likely place
for losses to occur that affect performance. Noise gen-
erated in the preamplifier and mixer cannot be reduced
below some certain minimum. If a signal has dissipated
too much of its energy before reaching the receiver, no
amount of amplification will enable it to be secen above
this noise on the indicator, since the noise is amplified
with the signal. In the receiving system there are many
opportunities for half the signal power or more to be
lost, and pyramiding of these losses may make the per-
formance extremely poor.

The transmitting system is not as likely to be the cause
of impaired performance. If more than half the output
power is lost, the trouble will usually be indicated by
impropcr transmitter current, a spectrum of low ;me]i.
tude, standing waves in the t-f line, or arcing in the line.

The echo box has proved to maintenance personnel
its value as an aid in trouble shooting. For additional
information on preferred echo boxes for particular
radars, see p. 25 of the March 1946 ELECTRON.
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By Dr. EpwIN G. SCHNEIDER, P

(Formerly of the Radiation Laboratory, ¥
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Now that it is possible to discuss
radar more or less openly, there has
appeared in the literature a veritable
flood of material on the subject.
Most of this is "old siuff” to the
experienced technician, and holds
very little in the way of value or
interest for bim. Now, out of this
material, ELECTRON presents what
is believed to be one of the finest,
most  comprebensive, stories  on
radar. 1t is felt that the reading of
this excellent story showuld be com-
pulsory, and that all persons associ-
ated with elecironics or radar will
benefit by sindying it carefully. 1t is
reprinted here, by permission, from
the Angust, 1946, issue of the Pro-
CEEDINGS of the Institute of Radio
Engineers. Due to the length of the
article, it will be printed in four parts
tn consecutive issnes of ELECTRON.

M Since a fairly large percentage of the effort of physi-
cists and electrical engineers in this country and in Eng-
land was expended on radar development during the
wat, techniques in electronics have advanced at possibly
ten times the normal peacetime rate. The purpose of
this paper is to give a brief survey of the wartime de-
velopments in electronics and to show how these were
used in a few radar sets. Because the applications of
radar to civilian activities will probably be of minor
importance when compared with the sum total of other
electronic applications, this survey makes no attempt to
give a complete description of any particular radar set.

BASIC PRINCIPLES OF RADAR: ELECTRONIC
TECHNIQUES OF RADAR

Basically, radar determines the existence of an object
by observation of reflected radio energy. In the case of
tail-warning radar and one type of air-search equipment
mounted on submarines, the prime use is to give warn-
ing of the presence of aircraft in the neighborhood, the
exact location being a secondary consideration. How-
ever, most radar sets are designed to give reasonably
accurate information on the position of the objects
which are reflecting energy. Bearing or azimuth is nor-
mally determined by rotating a directional antenna to
the position of maximum echo, a process similar to

locating an object by use of a searchlight beam. Simj-
larly, one method of measuring angle of elevation is to
tilt the antenna to center the beam on the target. In
contrast with the optical case, in which range must be
measured by difficult triangulation methods, radar simply
measures the time for a short pulse of radio energy to
travel to the target and return. Although a great deal
of work has gone into development of timing circuits,
range measurement is operationally an extremely simple
process compared with optical measurements. Further-
more, the range accuracy with properly designed equip-
ment is such that secondary bench marks may be located
for topographical surveys by measuring the range to
primary points. An interesting example of the discovery
of a map error by radar occurred in northern Italy.
During the operations, a blind-bombing system called
shoran was very successfully used for bombing pin-
point targets such as bridges. This system consists of
an airborne radar which triggers two coded radio bea-
cons at known points on the ground. The signals from
the two beacons, which merely serve to give signals
which cannot be mistaken for other objects, are displayed
on a cathode-ray tube in the aircraft. By suitable timing
circuits the range to each of these beacons is measured
with an accuracy of a few yards, and the position of the
plane is located by triangulation, using the beacons as
reference points. With one beacon set up in Corsica and
the other in Italy, the positions being accurately located
from maps, a bombing mission was run. Strike photo-
graphs showed a miss of almost a thousand yards. Since
this was about 50 to 100 times the error expected, a
recheck of the calculation of target position was made
but no error was discovered. The suggestion was then
made that the position of Corsica as shown on the map
might be wrong. The problem was therefore worked
backward to correct the position of Corsica. A correc-
tion of very nearly 1,000 yards in the map position of
Corsica was used on the next bombing run with strike
results indistinguishable from optical bombing. That
this result was not fortuitous was borne out by several
months of successful bombing using the corrected posi-
tion for Corsica.

Since the pulse energy travels the distance to the
target twice, once on the way out and again on the
return trip, the time required to receive an echo from
an object a mile away is that necessary for a radio wave
to travel two miles. With radio waves traveling at a
speed of 186,000 miles a second, 10.7 microseconds
elapse between the time the pulse is sent out and the
time it is received from a target one mile away. It is
apparent, therefore, that time measurements must be
made in terms of millionths of a second. Furthermore,
the transmitted pulse may be a large fraction of a mile
or even several miles in length. Tor this reason the
range must be measured by determining the time inter-
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val between the start of the transmitted pulse and the
beginning of the received pulse. Methods for measuring
range and displaying target positions will be discussed
in detail later.

MAXIMUM RANGE OF A RADAR SET

Before discussing details of actual equipments, let us
examine some of the factors which determine whether
or not a measurable reflection of energy can be ob-
tained from an object. To be detectable, the received
power P, must obviously be greater than the minimum
power sensitivity of the receiver. The problem of de-
termining the maximum range of the set is, therefore,
one of calculating the range at which the received power
is just measurable. The relationship between the major
factors which affect the received power may be derived
as follows.

The power per unit area at the “target” will be Pro-
portional to the instantaneous peak power transmitted
by the radar P,, and will be proportional to the gain
G of the transmitting antenna, where the gain in a given
direction represents the increase in power resulting from
focusing of the radio energy by the antenna as compared
with that which would have been present if the energy
had been radiated equally in all directions. For example,
placing a dipole at the focus of a searchlight type of
reflector may result in an increase of a factor of 1,000
in the amount of power sent in one direction. The re-
flector has, therefore, resulted in a gain of 1,000 in the
direction of the focused beam as compared with the
dipole, while in other directions the amount of power
has been correspondingly greatly reduced. Unless other-
wise specified, the gain is understood to mean the ratio
of power increase in the strongest part of the beam. A
so-called “isotropic radiator,” one which radiates equally
in all directions, is usually considered as the source for
measuring gain. On this basis a dipole in its strongest
directions of radiation has a gain of 3/2; hence, the
antenna in the above example has a gain G = 1500.
Using the above facts, we may write for a target a
distance R from an isotropic radiator.

power per unit area — P /4xR? (1)
and for an actual antenna with a gain G,
power per unit area = P,G /4nR>. (2)

This energy is intercepted by the target and scattered
in many directions, a portion being reflected to the re-
ceiving antenna which may or may not be the same as
the transmitting antenna. Since most targets are of a
very complicated form, it is customary to use an effec-
tive scattering cross section for the target which is de-
fined as the cross section of a perfectly reflecting sphere
which would give the same strength of reflection in the
direction of the radar as does the actual object. (The
scattering by such a sphere can be shown to be iso-

tropic.) If this cross section is denoted by §, the total
power received by the equivalent sphere is
PGS

47 R?
This power will be reradiated equally in all directions,
and the amount intercepted by the receiving antenna
and thence transmitted to the receiver will be

PGS A
By 3)
47R? 47zR?

where A is the area of the receiving antenna.

A rather complex calculation shows that the gain of
an antenna is given by

A L
(4) 1

T

G=K
AE
where A, is the area of the antenna, A is the wavelength,
and K is a constant which varies with the type and
efficiency of the antenna but is, in general, between 3
and 10 in magnitude.

Banalier Y

Since most radars use the same antenna for trans-
mitting and receiving, we may take the antenna areas in
(3) and (4) as being equal for simplicity of discussion.
Substituting (4) in (3) and rearranging we obtain

T e g -

g

1/PSKA® _ 4/ CPSAZ

R= “fEmB o _CP,S4%
SR I o
where !
C= K/1672, &

If P, is considered to be the minimum energy detectable .
by the receiver, (5) shows that the maximum range at =

which an object can be detected is proportional to the &

fourth root of the power, the square root of the antenna

arca, and the square root of the frequency since fre- 0

quency bears a reciprocal relationship to the wave-

length. We sce, therefore, that changing the power out- p

put or the receiver sensitivity does not alter the maxi-

. . ]
mum range as rapidly as a change in antenna area or |

wavelength.  Before making a sample substitution in
(5), let us sce what values may be considered reasonable
for the above factors.

If a more accurate value for K is not known from ex-
perimentally measured gains on antennas of the type
to be used, a value of 5 will serve as a fairly representa-
tive number for range calculations,

The effective cross-section area of the target is usually
not under the control of the radar set designer. TFor de-
tection of aircraft, for example, the set must be built
with due regard to the effective reflection from stand-
ard planes. In a few cases, such as the use of radar to
locate a rubber life raft carrying a metal reflector, the
size of the reflecting surface can be varied within reason-

P

-

- - —

able limits to obtain the desired performance. For ob-
jects such as aircraft or ships, the effective cross section
§ will obviously vary with the size, being larger for the
larger craft. On the other hand, because of the compli-
cated shape of such objects the reflection will vary con-
siderably with the orientation. This is especially true
where there are flat surfaces which may give an intense
directional reflection for a very specific orientation. The
flash of the sun from the windshield of an approaching
car when it is in just the right position is a2 common
example of such a highly directional reflection. This
variation in reflection results in a radar signal which
varies considerably in strength as a plane is deflected
slightly from its course by rough air or by small changes
in steering by the pilot. In the case of a ship, the roll-
ing caused by the waves may casily be seen in the chang-
ing signal strength. The net result is that the maximum
range of a set is not a definite quantity. It not only
varies with the size of the object, but will vary from
one trial to another with the same object. For example,
a plane flying away from a radar set will show a con-
tinuous but fluctuating signal when near the set. As it
gets farther away the signal will at times drop below
the minimum detectable value, causing the tracking to
become intermittent. As the distance increases still more,
the intervals during which the signal is lost become
longer because only the peaks are seen. Eventually even
the strongest peaks are too weak to see. The range at
which the last signal is seen will, therefore, depend on
just how the plane happened to be bounced around by
rough air. For radar-set design, it is customary to con-
sider the range of a set for a particular target as that
distance for which the signal is visible half of the time.
It has also been customary to use the effective cross sec-
tion of a medium-sized plane such as an A-20 or B-25
for computing ranges on planes. Fighters will then give
ranges about 25 per cent less, small planes such as
“"Cubs” will be about 35 per cent less, while large
bombers and transports may be followed 20 to 30 per
cent farther, depending on the size. Experimentally, it
has been determined that a value of § = 22 will give a
reasonable prediction of the range on a medium bomber
when used in (3) for frequencies between 100 and 9000
megacycles. This value is only approximate, and the 7*
is used not for theoretical reasons but in order to
simplify the numerical calculation.

In general, the value of § for a given object is very
small when the dimensions are small compared with the
wavelength, As the wavelength is decreased, § rises
rapidly as half-wave resonance is approached, and then
falls very gradually with further decrease in wavelength.
The exact shape of the curve is dependent on the shape

f the object, the maximum at resonance being much
more pronounced for a properly oriented wire than for

a wide object.

The maximum transmitter power available will vary
with the frequency chosen for the set. For example, at
extremely short wavelengths, say in the neighborhood
of 1 centimeter, the antenna dipoles and transmission
lines may impose the eventual limit to the power which
can be handled, whereas at 1 meter the transmitter tube
may always remain the limiting factor. At present, in
all frequency regions used for radar, the power output
of existing transmitters is the limiting factor. For wave-
lengths longer than about 7 centimeters, present tech-
niques will permit a peak pulse-power output greater
than 1,000,000 watts, provided the spacing between
pulses is great enough to keep the average power within
the ratings of the tubes. In the neighborhood of 3
centimeters, peak powers of about 250 kilowatts are
available, while near 1 centimeter only about 50-kilowatt
output may be realized with present tubes. Where
weight and size of the transmitter are not considerations
and it is desired to obtain as great a range as possible,
a radar system should be designed to use the maximum
power available with existing techniques at the chosen
frequency. Frequently weight and size are important
and may set the limit on the practical power for the
application. Tor example, in an aircraft it may not be
feasible to carry a sufficiently large transmitter unit nor
to supply the power to operate a set with an output of
1 megawatt. In such cases, consideration of the proper
allotment of weight between the transmitter and an-
tenna must be made to obtain the optimum-range per-
formance.

In computing the maximum range to be expected from
a radar, P, is the minimum power which the receiver can
detect. For the frequency range commonly used in
radar, receivers can detect signals as small as 1 to 0.1
Since the cost in weight, size, and
complexity of a good receiver is at most only slightly
greater than that of a poor one, the receiver is always
designed to have the greatest possible sensitivity.

micromicrowatt.

Antenna sizes are usually determined by considera-
tions of mechanical design, space, or weight. It is at
present considered impractical to build antennas much
over 30 feet wide for transportable field equipment,
although larger sizes might be quite practical for perma-
nent fixed installations. For ship or airborne sets and
for many ground purposes even this size of antenna is
Furthermore, in many applications the
maximum possible range is unnecessary; hence, a small

impractical.

antenna is adequate. The aspects of antenna design
will be more fully covered in later sections on antennas
and radar systems.

The factors controlling the choice of frcquency are
wave-propagation effects and antenna beamwidth. These
will be discussed in detail in later chapters. Let us now
use (5) to compute the range of a large microwave set
which might have the following values:
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200 square feet
y 4 inches = 1/3 foot
750 kilowatts = 750,000;watts
51013 watt
Re /75 7.5 X 105 X 22, (200)2
T4/ 16z 5 X 10-13 (1/3)2
= 760,000 feet = 144 miles

or roughly 150 miles on a medium bomber.

s
Lo

WAVE PROPAGATION AND ATMOSPHERIC
EFFECTS: HORIZON LIMITATION

Because the effective scattering cross section of an
object decreases very rapidly for wavelengths greater
than the maximum dimension of the object, wavelengths
longer than a few meters are not practical for detection
of aircraft and small ships. This fact is unfortunate,
because at high frequencies very little energy reaches

_ = NORMAL BEAM DIREGTION
- ACTUAL PATH

anTennall

FIGURE 1—Maximum pick-
up range on target.

FIGURE 2—Anomalons
propagation e ffects.

the region below the horizon. Hence, the maximum
range of detection of ships and of very low-flying air-
craft is usually determined by the horizon rather than by
the performance of the radar. A very easily remembered
formula which takes into account a small penetration of
the radio energy below the optical horizon can be used
to calculate the horizon ranges. The formula is

R= 2H (6)

where the range R is in land miles and the height H
is in feet. As may be seen from Figure 1, the range to
the target from the antenna is the sum of the target
horizon range R, and the antenna horizon range R,.
Hence the maximum pickup range (if the set perform-
ance is not the limiting factor) will be

R= Ry + Ry= V2H; + V2H, (1)
where H,, is the target height and H, is the antenna
height. As an example, a plane at 50-feet elevation will
first be seen by a radar at 200 feet when it approaches to

R= /2 X 50 + /2 X 200 = /100 + /400 =
30 miles.

Note that R is slant range to the target rather than
ground range, because the radio waves travel in straight
lines rather than following the surface of the earth.

For large vessels which ‘have an appreciable super-
structure, the maximum pickup range will be determined
by the antenna height and the height of the superstruc-
ture of the target. On the other hand, very small boats
will not be seen appreciably beyond the distance from
the antenna to the horizon.

ANOMALOUS PROPAGATION

Since the atmosphere is not uniform in either density
or moisture content, it is possible for local conditions
to exist under which the radio beam is appreciably bent
by inhomogeneities. Conditions under which the beam
does not follow the normal straight-line path are called
conditions of “‘anomalous propagation.” Bending of the
beam is most apt to occur on days when there is little
wind and in places where the air temperature is different
from the surface temperature. Anomalous propagation
is most prevalent over water, where a pronounced tem-
perature gradient may be established by heat interchange
between the water and the air immediately above it.
Over-water conditions are also favorable for formation

(a) Note echoes corresponding to map position of
Cherbourg

6 JUNE 1944
0629 HOURS

(b) The map outline traced on the photograph does not
appear on radar

FIGURE 3—Radar p/aor.ogmp/n of Cherbourg Peninsula

of a moisture gradient by evaporation from the water
surface. Since the velocity of the radio wave is slightly
less in dense or moist air than in less dense or dry air,
the beam will be bent in the direction of the optically
dense layer. Figure 2(a) shows one condition which
will cause downward bending, while Figure 2(b) shows
a condition which will cause upward bending. Under
the conditions indicated in Figure 2(a), surface targets
may be seen far beyond the horizon. Perhaps the most
extreme case of this type of anomalous propagation has
occurred over the Indian Ocean where the coast of
‘Arabia has been seen by a station on the west coast of
India, a distance of 1200 miles. Less spectacular ex-
amples of this type of anomalous propagation are quite
frequent. Figure 3(a) shows the outline of the Cher-
bourg Peninsula as seen from Start Point, in England,
on the evening of 7 June, 1944. In addition to the
echoes from the land, some of the invasion shipping and
air activity can be seen. The concentric circles are cen-
tered at the radar station and are separated by ten-mile
intervals. Figure 3(b) shows the appearance of the same
indicator a few hours earlier when the atmosphere was
behaving normally. From this station during the spring
and summer, part of the French coast was visible sev-
eral evenings a week. As a rule, near land the condi-
tions for anomalous propagation are more favorable in
some directions than others. For example, at this site
the Cherbourg Peninsula was much more frequently ob-
served than the Brest Peninsula, although the distances
and heights of the land masses were not appreciably
different.

Anomalous propagation of the type shown in Figure
2(a) favors long-range detection of ships and low-flying
aircraft, while that shown in figure 2(b) prevents sceing
objects on the surface until they are very close to the
radar. Although the condition of figure 2(b) is less
common than that in figure 2(a), it has been observed a
number of times. Tor example, a station on the coast of
Rhode Island normally saw Block Island as an extremely
strong signal at a distance of 19 miles, but on several
days no trace of this signal could be observed for sev-
eral hours at a time. During these same periods, echoes
from hills beyond Providence were of normal strength
indicating both that the set was operating normally and
that the unusual atmospheric conditions existed only
over the water. On these days visibility was good near
the surface of the water but graded into a dense fog at
a few hundred feet, giving visible evidence of a moisture
gradient,

Since many complex conditions may exist, such as the
partial trapping of the energy in a layer which is well
above the surface of the earth, this discussion by no
means covers the subject of atmospheric conditions lead-
ing to anomalous propagation. These propagation effects
are dependent on frequency and are usually more pro-

nounced at high frequency but, in the case of trapping
layers, may show rather large changes in behavior near
critical frequencies which are related to the thickness of
the layer. In order to get trapping or to show a pro-
nounced bending, it is necessary for the antenna to be
at about the same height as the layer in which the
gradient exists. For example, a radar set on Saipan was
sited at 1500 feet above sea level, where an almost con-
tinuous condition favorable to trapping of energy exists.
This resulted in unusually long range pickup of aircraft
at altitudes of 1000 to 2000 feet. However, on the days
when this condition moved up to 2500 feet, no effect
could be observed on the pickup range of aircraft at
any altitude.

So far, nothing has been said about the magnitude of
these bending effects. The amount of bending of the
radio beam is rarely more than one or two degrees be-
cause change in the index of refraction of the atmos-
phere with moisture content and density is actually very
small. Furthermore, only the energy traveling within
the layer and within one or two degrees of the direction
of the layer is appreciably affected by the refractive
gradients.

GROUND REFLECTION

A quite different phenomenon of nature still further
limits our ability to place the radio energy exactly where
we desire it. Land and water are good reflecting surfaces
for radio waves, particularly at grazing incidence. Con-
sequently, if a part of the wave from the transmitter
strikes the earth’s surface, it will be reflected into the
beam above the surface. If this reflected wave is in
phase with the direct wave, it will reinforce, and if out
of phase, it will cancel. Furthermore, if the reflected
wave is equal to the directly transmitted wave in ampli-

FIGURE 4—Reflection of radar bean

tude, there will be places where the cancellation is com-
plete and others where the amplitude is doubled. If the
carth is assumed to be flat, the directions of maximum
reinforcement and cancellation can be computed easily.
Many readers will recognize this as the well-known
optical problem of the Lloyd’s mirror. Calculation of
the exact distribution of the wave, c-spcriully for a curved
carth, is beyond the scope of this paper.

The direct wave from the antenna, figure 4, makes an
angle ( with the reflecting plane, while the reflected
wave which reaches the same point in space starts down-
ward striking the earth at an angle a. Since the angle
of reflection is equal to the angle of incidence, the re-
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flected wave will leave the earth at an angle o and will
appear to have come from the mirror image B of the
antenna at A. If the line AC is drawn perpendicular to
BP, the distance BC will very nearly equal the differ-
ence in path between the direct and reflected waves from
the antenna to the point of intersection of these two
lines in space. The more nearly the direct and reflected
waves parallel each other, the more accurate is this ap-
proximation. The approximate path difference is then

BC = 2h sin a. (8)
The condition for reinforcement is that the direct and
reflected waves be in step. This condition will obviously
be met when BC is a whole number of wavelengths if
there is no phase shift upon reflection. (This condition
of no phase shift holds for vertical polarization only.)
Mathematically

BC — nX (92)
where 7 is an integer. Hence,
sin o = 7\/2h. (10)

Equation (10) may be written as

a=n)/2h = direction of maximum reinforcement (11)
if o is small and only the first few maxima above the
horizon are considered. It must be remembered that
this equation was derived with the use of several ap-
proximations and does not apply for large values of #
nor for conditions where the antenna is only a few wave-
lengths high.

For horizontal polarization there is a 180-degree phase
shift on reflection so that (10) and (11) become the
conditions for cancellation.

Cancellation for vertical polarization and reinforce-
ment for horizontal polarization will occur at angles
halfway between those determined by (11).

The result of reflection from the earth’s surface is 2
series of lobes in the vertical plane of the antenna pat-
tern. The spacing between these lobes decreases linearly
with antenna height and increases linearly with wave-
length.

Figure 5 shows the lobe pattern for two different an-
tenna heights for the SCR-270 Army radar which oper-
ates at 106 megacycles. The energy striking the ground
is essentially equal to the direct radiation, with the
result that virtually complete cancellation takes place in
the “nulls.” In the directions of the lobe maxima the
range is twice what it would have been without ground
reflection, because the amplitude of the wave has been
doubled by reinforcement. The power at the target is
thereby increased by a factor of 4, and another factor of
4 in power occurs by reinforcement of the received
radiation.

Although the range has been doubled in certain direc-
tions by ground reflection, this has been accomplished
at the expense of causing blind regions. If the curves of
figure 5 are interpreted as the lines along which the

signal from a given-sized aircraft is just measurable, it
is apparent that between the lobes the plane will not be
seen, while well within the lobes the signal will be
strong. The fading of the signal from an approaching
plane on account of this lobe pattern can be very
troublesome operationally. For example, at 30,000 feet,
under the conditions of figure 5(a), between 115 and
145 miles the whereabouts of a plane cannot be deter-
mined. This presents a very serious difhculty when the
set is being used to intercept hostile aircraft or to avoid
possible collision between friendly planes.

A further disadvantage of designing a set which de-
Pends on ground reflection arises from the fact that re-
inforcement in the desired directions can be obtained
only over relatively flat ground. Sets such as the SCR-
270 were not successful in the mountainous country of
Burma because in many places there was no surface
flat enough to give reflection. Moreover, in other places
the surface was far from horizontal, with the result
that the vertical pattern was unpredictable and differed
radically with the compass direction. On the other hand,
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these sets were extremely successful on the Pacific islands
where they were used for air search over water. At
wavelengths of 20 centimeters or less, tree tops and
bushes absorb so much of the energy that very little
reflection can be expected. However, at these short
wavelengths a flat surface, such as an air field or a water
surface, acts as an excellent mirror.

Figure 6 shows the coverage diagram of a large set
operating at a wavelength of about 10 centimeters. Fig-
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FIGURE 6—Vertical coverage diagram for 3000 mega-
cycles. Antenna beight, 100 feet

ure 6(a) shows the calculated coverage over water when
the center of the beaty is pointed 1 degree above the
horizon. The nulls do ot go to zero because the power
striking the water is considerably less than the direct
wave. The dotted curve labeled A shows the coverage
of this set with the same antenna angle, but when no
ground or water reflection occurs. Figure 6(b) shows
the calculated coverage with the antenna pointcd so that
the center line of the antenna beam lies along the water.
It might be argued that these lobes are so close together
that the nulls would not be troublesome. Tracking
results taken with somewhat reduced performance but
under conditions corresponding to figure 6(b) are

shown in figure 7. The main difference attributable to

the reduced performance is that the whole pattern is
proportionately reduced in slant range so that the air-
craft flights do not have to be as long to pass out of the

coverage of the set. The intermittent tracking is due to
the lobe structure, but with lobes this closely spaced,
variations in aircraft altitude and unsteadiness in the
atmosphere make it impossible to repeat observations on
the exact positions of the nulls. When the lobes are as
large as those in figure 5, flight tests show ‘consistent
results on the null positions.

The only advantage in designing a set to use ground
reflection is to avoid building a tall reflector or radiating
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surface, The same range without the nulls can always
be obtained by making the vertical aperture of the
antenna four times as great and tilting the center of the
beam to prevent a large amount of the radiation from
striking the ground.

ATMOSPHERIC ABSORPTION

Absorption of energy by the atmosphere may limit
the use of certain frequencies for radar. For wave-
lengths greater than 2 centimeters, the absorption of
moist air is not likely to impose a serious limitation.
At shorter wavelengths there are strong absorption bands
caused by water vapor and oxygen, with some narrow
transparent regions between these bands. Because of
this absorption it will probably never be practical to use
wavelengths below 2 centimeters for long-range opera-
tron.
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At 3 centimeters the absorption and scattering of
radiation by the water droplets may cause a serious

decrease in signal strength of a target beyond a heavy
tropical shower 10 miles across.

Obviously, this loss in performance is a serious handi-
cap in certain long-range applications such as warning
of approaching hostile aircraft. At 10 centimeters, 50
miles of heavy rain between the radar and the target
causes no serious decrease in performance, while at
longer wavelengths the loss is not readily measurable.

A part of the loss in a heavy shower is due to absorp-
tion of energy and a part is due to scattering by the
droplets. The scattering not only weakens the beam
beyond the shower but also returns energy to the re-
ceiver, with the result that an echo is observed. At 1200
megacycles, only the very heaviest tropical showers give
an appreciable echo. At 3000 megacycles, a moderate
rain will give a return, while at 9000 megacycles, very
light rain can be seen. However, even at frequencies
as high as 9000 megacycles, fog particles which make
up the ordinary cumulus clouds cannot be seen: drops
large enough to be considered rain rather than a heavy
fog are necessary to give an echo.

Since the rain echo is the sum of the reflections from
a large number of drops spread over a volume of space,
the relative echo strength compared with some object

such as an aircraft will depend on the beamwidth and
pulse length of the radar as well as the frequency. If
the rain storm is wider than the beam, changing the
beamwidth with all other factors constant will not affect
the strength of the returned signal, because a fixed frac-
tion of the energy will be reflected. A’ plane, on the
other hand, is usually much smaller than the beam;
therefore, any concentration of the energy into a nar-
rower pencil will result in a greater amount being inter-
cepted by the plane and also in an increased signal.
Again, if the storm is longer than the wave train in one
pulse, energy will be received simultancously from drops
along the length of this wave train, while the aircraft
will be returning energy from only a short length of the
wave. Hence, decreasing the pulse length will increase
the plane signal relative to the storm. Investigations in
Florida by the Army Air Forces indicate that at 3000
megacycles a 1-degree beamwidth and a 1-microsecond
p.ulse length will give plane signals larger than storm
signals where it is safe to fly. In the tropical thunder-
storms prevalent in that part of the world, turbulent
centers of much greater echo strength are present. In
11.0nc of the cases invcsligated were the pilots willing to
risk entering the regions of very strong storm echoes.
Thus the possibility exists of guiding planes through
gaps in bad weather where the prc—schcc of dangerous
local storms would make it unsafe to fly unaided. At

9000 megacycles, most rain storms give echoes stronger
than small planes, while at 1200 megacycles, only the
most intense regions in a storm are visible. Figure 8

FIGURE 8—Echoes from dense clonds on 10-centimeter
radar

shows the appearance of thunder storms on a 10-centi-
meter radar set. The set was located on the west coast

of Florida.

THE BASIC RADAR SET

So far, this discussion has involved the general be-
havior of the radiation in space. Let us now see what is
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FIGURE 9—Block diagram of basic radar set

needed to build a radar set. Figure 9 shows the basic
components which must be used in all sets.

The modulator, otherwise known as a keyer or pulser,
is a pulse generator. Its output consists of a series of
short squnre-topped voltage pulses separated by time
intervals much greater than the pulse duration. These
pulses drive the transmitter, which in turn generates
short wave trains of high-frequency radiation. These
are piped to the transmitting antenna through coaxial
cable or wave guide in most sets. Since reception takes
place in the time intervals between the transmitted
pulses, it is more economical to use the same antenna
for transmitting and receiving, although this is not neces-
sary. Where a common antenna is used, the receiver
must be isolated by a very fast-acting switch to prevent

damage by the outgoing power. Since mechanical
switches are not fast enough, a gas discharge device is
normally used. The term “TR box” (transmit-receive
box) has become the generally accepted designation for
this switch. During reception the radio-frequency energy
is channeled to the receiver, where it is amplified and
converted into video signals. These are then displayed
on an indicator which is usually some form of cathode-
ray tube. In a few cases, the display is in the form of
a meter or an audio tone. Since range is measured by
timing the pulse to the target and back, the indicator
must have timing circuits which are synchronized with
the out-going pulse. Hence, a sweep synchronizing volt-
age is needed. If the set also determines azimuth posi-
tion of the target by the directional properties of the
antenna, some means must be used to indicate the an-
tenna position.

Although all radars have these basic components
(with the exception that the TR box may be replaced
by a separate receiving antenna), there is considerable
variation in the construction and refinements. Special-
ized components are frequently added to accomplish
some particular purpose. In general, once the frequency
of a new set is chosen, the antenna together with its
mount, the indication, and the special-purpose compo-
nents require the most development.

MODULATOR DESIGN

The major problems consist of controlling the pulse-
repetition frequency (PRF), and of generating a high-
voltage pulse suitable for driving the transmitter. Since
the voltage applied to the transmitter may be as high
as 50 kilovolts with peak power of 5 megawatts there
are also problems of insulation and suitable control, and
safety circuits must be provided. Although there has
been considerable improvement in high-voltage cable
and connector design and in control-relay construction
during the war, these techniques are essentially those
used in standard radio transmitters and need no special
discussion.

SINE-WAVE CONTROL OF PULSE RATE

In most of the carlier radar systems, and in systems
where exl‘rcmcly accurate range measurements must be
made, a sine-wave oscillator is used to control the pulse-
repetition frequency. The oscillator frequency will then
be the same as the pulse-repetition frequency or some
multiple of it. If the exact spacing between the pulses
is not critical, a simple tuned-circuit oscillator or the
alternating-current power line may be used to obtain the
sine wave. Where the spacing between pulses must be
held very constant, a crystal-controlled oscillator is used.

A number of methods can then be used to convert
this sine wave into a series of pulses suitable for driving
the transmitter.
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a. Queramplification and “‘differentiation”: By the
use of several stages of amplification in which the tubes
are driven beyond cutoff, the sine wave can be converted
into a series of almost square waves, as shown in figure
10(b). If this square wave is fed into a small capacitor-
and-resistor combination, as shown in figure 10 (e), the
output will appear as in figure 10(c). During the time
the voltage applied to the left-hand side of the capacitor
is rising, the voltage applied to the grid of the follow-
ing amplifier will rise because of the action of the
capacitor. Because of this rise in voltage, current will
also flow through the resistor and partially discharge the
capacitor, thereby preventing the voltage from rising to
the full value of the input. As soon as the applied volt-
age becomes constant, the current through the resistor
starts discharging the capacitor. Since the capacitor will
discharge to about one-third of its original voltage in a
time K » C seconds (R = resistance in ohms and
€ = the capacitance in farads), the width of the pulses
in figure 10(c) can be adjusted accordingly. Since these
pulses are saw-tooth in shape, further amplification and
clipping by driving tubes beyond cutoff is necessary to
obtain square-topped pulses as shown in figure 10(d).
Proper adjustment of the amplifier-bias points will de-
termine the section of the saw tooth which is finally
used. This method of obtaining square pulses is apt to
be expensive in tubes and power, because of the total
amplification involved. Furthermore, unless the ampli-
fication is extremely great, the sides of the pulses will
not be steep.
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FIGURE 10— Square-wave generation from sine wave

h. Triggering a Square-wave generator: Rather than
using the brute-force method outlined above, the sine
wave with a moderate amount of amplification can be
made to trip a square-wave generator such as a "'multi-
vibrator.” One type of multivibrator is shown in figure
11(a). Other types will be discussed in the section on
indicators.

Before the input is turned on, tube 1 is running at
zero bias and tube 2 is biased beyond cutoff. When a
wave form such as that in figure 11(b) is applied to the

grid of T1, the grid is driven negative to cutoff. This
voltage change is then amplified by the two tubes and
is fed back onto the grid of T by the capacitor C1. Ty
is thereby held beyond cutoff until the charge on Cy
leaks off through Ri. When 11 again becomes conduct-
ing, the multivibrator rapidly returns to its original
condition. The wave forms in figure 11(b) show the
voltage changes on the various electrodes.

The values of Re and Cz are not critical. If they are
so small that the grid of T drops back to cutoff before
T1 begins to draw current, the width of the square pulse
will be determined by this circuit rather than by the
grid circuit of T1 as discussed above. On the other
hand, if Rz and C2 are very large, the excess negative
overshoot (sce figure 11(d)) caused by the drop in
voltage of plate 1 may not have time to leak back to
approximately the bias point. When this happens, the
next cycle turns T1 off, but the impulse on the grid of
T2 may not be great enough to cause T2 to draw current.
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FIGURE 11—Multivibrator and wave forms

Under this condition, the multivibrator fails to catch and
nothing happens in the output. Although large values
of Re and C: may be chosen purposely to make the
multivibrator go only alternate times or even less fre-
quently, for the purpose under discussion the value is
chosen to insure recovery within one cycle. It is advan-
tageous to have the grid circuit of T2 recover only
shortly before the next cycle because this prevents trig-
gering by stray pickup before the desired time,

By replacing Ca with a resistor of the proper value to
give the correct negative bias on the grid of T, it is

=3
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GENERATOR MULTIVIBRATOR AMPLIFIER | QUTPUT

FiGure 12—Block diagram of wiodnlator employing
multivibrator

possible to avoid the problems introduced by the recov-
ery time of Te. This form of multivibrator is particu-
larly advantageous where the trigger spacing is not
uniform.

Figure 12 shows the block diagram of a modulator
using a multivibrator for producing pulses.

GENERATION OF A TRIGGER TO OPERATE
SWITCHING DEVICES

In a later section, networks will be described which
give a square wave when discharged. To operate these,
some form of electronic switch such as a thyratron or
spark gap 1s used. These switches are activated by a
sharp voltage impulse which may be obtained from a
sinc wave by either of the methods described above or
by use of a blocking oscillator which is tripped by a sine

wave.
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FIGURE 13— (a) Cathode follower. (b) Bootstrap
amplifier

Where very accurate pulse spacing is not required, it
is not necessary to use a sine wave as the starting point
for pulse generation. A saw-tooth generator similar to
those used in cathode-ray oscilloscopes has been em-
ployed to set the pulse-repetition frequency using tech-
niques similar to those described above. Another metho.cl
is to start with a multivibrator similar to that shown in
figure 11(a) in which the grid of Tz is returned to
ground rather than to a negative bias. Such a IT]L]“E]-
vibrator will operate without an input trigger and .w111
have a pulse-repetition frequency which is detcrmfncd
by the slowest grid-recovery time. A third method is to
use a rotary spark-gap.

MODULATOR TYPES

Radar modulators fall into two general categories:
(a) those in which the pulse is formed at low level and
is amplified for application to the transmitter; and (b)
those in which the pulse is generated at high level by
means of a special network which is discharged into a
transmitter through a switching device.

HARD-TUBE MODULATORS

Modulators which operate by amplifying a small pulse
require the use of high-power vacuum tubes together
with the necessary direct-current power supply to oper-
ate them. For experimental purposes they have the ad-
vantage that the amplification is easily controlled by

adjustment of the voltages, but for field use they have
the disadvantage of being heavy and complex. Although
the amplification could be obtained by several stages of
conventional amplification, this would be extremely ex-
pensive in power because some of the tubes would be
carrying full current for the long intervals between the
transmitted pulses. In order to keep the average current
as small as possible it is desirable to operate all tubes
near cutoff and have them turned on only during the
transmitting period. This requires that all tubes oper-
ate on positive input pulse. In the conventional ampli-
fier, a positive grid input causes a negative plate output
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FIGURE 14—Hard-tube modulator

which is coupled to the next tube. If the load resistor
is placed in the cathode circuit, this phase inversion can
be avoided. Figure 13 shows two circuits in which the
load resistor is placed in the cathode circuit.

When the voltage E is applied to the grid of the
“cathode follower” (see figure 13(a)), the voltage be-
tween the grid and cathode will be E — I,R where I,
is the plate current. A study of the output voltage using
the curves for any triode will show that the output volt-
age may be nearly equal to the input voltage but can
never be appreciably greater. Hence, no practical volt-
age amplification occurs. On the other hand, the voltage
E may be supplied from a low-current source and still
control a large current through the resistance R. The
cathode follower is, therefore, useful in obtaining cur-
rent amplification. Expressed in another way, the cath-
ode follower is a useful device for matching a high-
impedance circuit to a low-impedance load.

In the case of the “'bootstrap amplifier,” the input
voltage is the actual voltage between the cathode and
grid and is not altered by the voltage drop across the
cathode resistor. This means that the output voltage
will be IR, and will be determined from the tube char-
acteristics in the same way as the plate output of a con-
ventional amplifier with the cathode at ground and the
load connected between the plate and B-+. The one
disadvantage of the bootstrap amplifier is that the whole
circuit supplying the input voltage is at a voltage IR
above the ground. This means that the chassis must be
insulated for this voltage and that the filament and
plate transformers must be insulated to withstand this
voltage. TFurthermore, at high frequencies the capaci-
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tance between this unit and ground may be equivalent
to an appreciable by-pass capacitor across K.

Fi.gure 14 shows the essential parts of a modulator
making use of two stages of bootstrap amplification.

‘ Each of the units enclosed within the dotted lines,
including filaments, must be direct-current insulated
from ground either by the use of batteries or with trans-
fOfmers built to stand the voltage labeled B between
primary and secondary. If the pulse from the pulse
generator is positive, all output pulses will be positive.
The tubes will carry appreciable current only during the
frme of transmission and the current during the dead
interval will be determined by the bias voltages.

A modulator of this type giving an output pulse volt-
age of 30 kilovolts and a 1-megawatt direct-current out-
put pulse of 1-microsecond duration is used in the
SCR-584. The direct-current power supply to furnish
the voltage for the output stage weighs about 1800
pounds and fills a cabinet about 24 % 30 X 60 inches.
The modulator unit is about the same size and weighs
approximately 1500 pounds.
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FIGURE 15—Pulse-forming network (a) Artificial line
(b) Pulse network  (c) Pulse output

PULSE-NETWORK MODULATORS

Much lighter-weight modulators can be built by using
a “pulse-forming network” which is discharged directly
into the transmitter by means of a suitable switch. The
disadvantage of this type of modulator over the type
described above is that the pulse width is not readily
altered. The pulse-forming network is based on the
principle that a charged transmission line will maintain
a constant current through a short-circuiting resistor
which is suddenly placed across the line until the whole
length of line is discharged, and then the current will
suddenly drop to zero. If the line is terminated at the
far end by a resistor equal to the impedance of the line,
no further current will flow. The time for this dis-
charge to take place is equal to the time required for an
electrical impulse to travel the length of the transmis-
sion line. If the far end of the line is not properly
terminated, this initial pulse will be followed by a num-

ber of oscillations which rapidly die out. Instead of an
actual transmisison line, an artificial line made up of
chokes and capacitors may be used. Figure 15(a) shows
one method for making such an artificial line, where all
chokes L have the same inductance, and all capacitors C
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FIGURE 16—Modulator using pulse-forming network

are of the same capacitance. This combination of in-
ductances and capacitances will behave more and more
like an actual transmission line as the number of ele-
ments is increased. At least ten elements are necessary
to obtain a reasonably good approximation to a trans-
mission line. Only a few circuit elements are necessary
to give the desired wave form, if the values of I and C
are properly chosen to have critical values not all equal.
A very complex calculation is required to work back
from a given wave shape to the values of the capacitdrs
and chokes necessary to obtain this desired wave shape.
This calculation has been carried out for a number of
cases, and networks which give a square voltage and cur-
rent pulse when discharged through the proper imped-
ance are now commercially built. Figure 15(b) shows
a circuit used to obtain a pulse 1-microsecond wide at
the base. The output pulse is as shown in figure 15(c).

A network of this type can drive a transmitter directly
provided the transmitter impedance is correct; or thej
impedance may be matched by use of a pulse t’rans-
former which has been developed to pass the high-
frequency components in the pulse without serious am-
plitude or phase distortion. Although these transformers
are iron-cored, they pass video pulses of less than 1
microsecond in width. Figure 16 shows the basic circuit
for a modulator of the pulse-network type.

The pulse-forming network js charged by the high-
voltage power supply in the interval between transmitted
pulses. At the proper time the switching device closes
and allows this charge to be dissipated in the trans-
mitter. The current limiter is placed in the circuit to
prevent overload of the power supply while the switch
is in the closed position. The current obviously must be
kept within the rating of the power supply but must be
great enough to permit charging of the pulse line dur-
ing the time the transmitter is off. As mentioned above,
the output may go to a pulse transformer between the
modulator and transmitter, When the impedance of the
modulator is less than that of the transmitter the pulse
transformer used for impedance matching will also step
up the pulse voltage, thereby permitting a low-voltage
{nodulator to drive a tube at high voltage. For example,
if 30 kilovolts are needed at the transmitter and the

pulse transformer gives a voltage step-up of 3 to 1, only
10 kilovolts need be handled in the modulator, thus
simplifying insulation problems. Since the transmitter
may be some distance from the modulator, it is custom-
ary to make the modulator impedance 50 ohms. The
modulator will then be matched to a 50-ohm cable, a
type which is readily available and is suitable for han-
dling high-voltage pulses.

The switching device in figure 16 may take a number
of different forms. Gas tubes such as thyratrons or
ignitrons may be used. These must be tripped by a
trigger, which may be obtained by the methods dis-
cussed in the first part of this chapter but need not
necessarily be a square wave, provided the leading edge
is steep. One interesting development in thyratrons for
this purpose is a hydrogen-filled tube which will operate
a modulator with a peak power output of over 1 mega-
watt. This tube is only slightly larger than a glass GL6.
Higher powers can be handled by using these t}leS i-n
parallel. The firing time with a suitably fast trigger 1s
reliable enough that two tubes may be fired simultane-
ously to within 1/50th of a microsecond, provided the
time delays in the transmission of the pulse to the grids
are equalized.

Another switching device which has been anessfu[ly
used is a triggered spark gap. The pulse-rf:petltion fre-
quency is set at the desired value by al?plymg a voltage
impulse to the gap. Since this voltage is merely used. to
initiate the spark, the main power and voltage coming
from the pulse-forming network, a simple low-powered

trigger unit can be used.

Probably the simplest type of switching device which
can be used is the rotary spark gap in which the pulse-
repetition frequency is determined by the rotor speed
and the number of points in the gap. This type of
switch has the one serious disadvantage that it cannot
be used in applications where the spacing between pulses
must be held constant. The time interval between
much as 100 microseconds because of
ons and irregularity in the distance
as the gap closes. For many

pulses may vary as
motor-spced variati
that successive sparks jump
applications this is no handicap.

Modulators built around the basic circuit shown in
figure 16 will weigh about one quarter to one cighth as
much as the type described first and will occupy less
than half the space for the same power output.

One other trick which can be used to simplify modu-
lators where the puise-repctilion frequency can be tied
to the frequency of the modulator power supply is to
allow the switching device to act as the rectifier. If the
er supply in figure 16 is replaced by

direct-current pow :
the pulse network will

an alternating-current source,
alternately be charged positively and negatively. If a
positive charge on the network is the desired condition

at the time of closing the switch, the modulator will
operate if the switching device is made to close at the
peak of the charging cycle. This can be done by gen-
erating a trigger from the alternating-current which is
then applied to a thyratron or fixed spark gap. A phase
shift may be required to adjust the timing trigger for
optimum performance, but this presents no great diffi-
culty. An alternate method is to operate a rotary gap
with a synchronous motor, again adjusting the phase
properly.

Since the pulse-forming network acts as a capacitance
in the circuit and the current limiter may be an induct-
ance, the values may be chosen to obtain resonance at
the alternating-current frequency. This results in a volt-
age higher than the output of the transformer, thereby
decreasing the size of the transformer needed. Resonant
charging by the same method will also take place with
a direct-current source of power as shown in figure 16 if
the circuit is resonant at the pulse-repetition frequency.

An early experimental modulator furnishes a good
example of a rotary-gap type using alternating-current
charging. The circuit is essentially that shown in figure
16. Since the set operates on 60-cycle power and a pulse-
repetition frequency of about 400 pulses per second is
desired, a motor generator is used to obtain 400-cycle
single-phase power from the main 60-cycle power. This
power is applied to the pulse network through a step-up
transformer without being rectified. The current limiter
does not appear as a separate choke because of the spe-
cial design of the transformer to obtain resonance with
the pulse network. The switching device is a rotary gap
mounted on the same shaft as the motor generator, the
phasing being adjusted by moving the fixed spark-gap
points. This modulator, including control box, weighs
only 600 pounds and has a power output of 3 mega-
The over-all dimensions are approximately

20 % 30 X 40 inches.

watts.

TRANSMITTERS

The wartime trend in radar has been steadily toward
higher frequencies, but the eventual limit imposed by
the absorption of air is rapidly being approached. It is
interesting to note the wavelengths of about 1 centi-
meter, at which Hertz carried out his studies of electro-
magnetic radiation, are again becoming the subject of
investigation.

The early work on radar was carried out in the fre-
quency region between 30 and 100 megacycles, largely
because the techniques were more advanced than at the
higher frequencies. As techniques improved, the higher
frequencies offered the advantages of higher antenna
gains with smaller antennas and also provided better
resolution because the energy can be focused into a
sharper beam with a moderate-sized antenna.
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It now appears that the best frequencies for long-
range search are between 600 and 6000 megacycles, and
those for most airborne applications lie between 3000
and 60,000 megacycles, the air being too opaque for
satisfactory operation at higher frequencies.

CONVENTIONAL-TUBE TRANSMITTERS

Up to 1000 megacycles, transmitter techniques are
largely extensions of the use of the conventional circuits
using triodes, tetrodes, etc. Two factors which limit the
use of conventional types of tubes and circuits at high
frequency are (1) the time of flight of the electrons
between the cathode and plate; and (2) stray inductance
and capacitance of lead wires and tube elements. If the
frequency is so high that the plate or grid alternating
voltage reverses during the time of flight of the elec-
trons from the cathode to these electrodes, the tube will
fail to oscillate, or at best will put out only small power.
Within limits, the time of flight may be reduced by
decreasing the electrode spacing and by increasing the
direct-current potentials; but manufacturing difficulties,
low power dissipation of small electrodes, and voltage
breakdown make these solutions of the problem less
practical as the frequency is increased.

CAVITY RESONATORS

The problems of stray capacitance due to lead wires,
of internal capacitance in coils, and of internal induct-
ance in capacitors may be easily eliminated by using
metallic cavities as electrical resonators. Although great
Improvements in tuned-cavity techniques have been
worked out during the war, the fundamentals were well
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FIGURE 17—Resomnant cavity

known prior to 1940. Basically, a hollow metallic cavity
will act as a tuned circuit if electrical energy is coupled
into the interior of the cavity by some means such as a
dipole, probe, or loop. The resonant frequency of such
a cavity will be determined by its size, its shape, and the
method of coupling. Figure 17 shows a cross section
through a cavity, the connections being made through
coaxial cable,

On the left, the power is coupled by means of a loop,
while on the right, a probe type of coupling is shown.
Tuning may be accomplished by screwing a plunger in
or out. The choice of coupling method and the position
of the coupling devices will depend on the orientation
of electric field to be established. In most cavities it is
possible to set up several different “modes” or ways in

which the cavity will oscillate. A common mechanical
example of this behavior is a metal rod which may
vibrate with bending or with a twisting motion or may
have a compression wave traveling in it. Each of these
general types of vibration may also have harmonics.
Since the electric fields will be quite different for the
different modes, the position and type of input coupling
used will frequently decide which mode is excited. Most
or all of the energy will go into those modes of oscilla-
tion which have electric and magnetic fields most nearly
like those of the coupling device at the position of the
input. For example, if a mode of the cavity requires a
voltage zero at the input and the input sets up a high
voltage at this point, that mode will not be set into
oscillation. If the frequency of the input power is not
determined by the cavity itself, only the modes for
which the natural frequency of vibration is very close
to that of the input will be excited. For most applica-
tions, the shape and size of the cavity are chosen to
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FIGURE 18—Lighthouse tube in re-entrant cavity

give the cavity a single mode in the desired operating
frequency region. The inputs and outputs are then
chosen and are placed to couple with this mode.

The loop type of coupling is desirable where a direct-
current return path is needed, while a probe or dipole
is useful where direct-current insulation between the
cavity and feed line is required. The coupling efficiency
of a loop will increase with size and may also be varied
by changing the orientation of the loop, provided the
rotation does not cause excitation of a new mode. The
coupling efficiency of a probe will depend on its pene-
tration into the cavity. In both of these cases, altering
the coupling may change the tuning of the cavity.

LIGHTHOUSE TUBE

The “lighthouse tube” offers the best example of the
successful stretching of triode oscillator techniques into
the region above 1000 megacycles. As may be seen from
figure 18, the name is derived from the appearance of
the tube. The cathode, grid, and plate are parallel planes
with extremely small spacing between them and are held
in place by copper disks which extend through the glass
envelope of the tube, Because of the small spacing
between tube elements it has not béen possible to build

tubes with an average power output of more than a few
watts, but it has been possible to obtain a peak-pulse
output of over 1 kilowatt. The tube is “wired” to its
circuit by placing metal cylinders against the disks, as
shown in figure 18. These cylinders must be direct-
current insulated from each other to permit the applica-
tion of direct-current voltage as in normal triode appli-
cations. The cavities formed by the spaces between
these cylinders are the tuned circuits, and feedback from
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FIGURE 19—Klystron

plate to grid is accomplished by using a coupling loop
or a small hole between the cavities. This oscillator has
both tuned grid and tuned plate circuits, and tl:le tuning
is accomplished by sliding the tube in the cylinders to
change their lengths. Conventional methods may be
used for modulating the radio-frequency output of these

tubes.

THE KLYSTRON

A quite different type of high-frequency oscillator
for low-power applications is the klystron. Although
klystrons were discussed in the literature before the war,
a brief discussion will help in understanding the more
recent developments. The present designs use cavity-
type circuits; but at frequencies below 1000 megflcycle:?,
where cavities become too large to be convenient, it
should be possible to use coils and capacitors for the
tuned circuits. As shown in figure 19, a steady stream
of electrons is focused into a beam by an electron gun
similar to that used in a cathode-ray tube. Since the
electron velocity is already appreciable by the time these
electrons strike the working part of the tube, the dis-
tance traveled in one cycle will be much greater than in
a triode where the clectrons stact with low velocity
within the working region; hence, the dithculties due
to time of flight become troublesome only at much
higher frequencies than in a triode with the same

spacing.

The stream of electrons from the gun in figure 19
is directed through two toroidal cavities and finally
reaches a collector. The cavities, which are normally of
similar construction, are designed to oscillate in 2 mode
which causes an alternating electric field to exist be-
tween the entrance and exit holes for the electron beam,
as indicated in figure 19(b) and (c). Now, assuming
cavity 1 to have been set in oscillation by some means
such as the turning-on of the tube (this assumption of
already existent oscillations is necessary to visualize
the behavior of any oscillator), let us see what happens
to the electrons passing through it. Electrons passing
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FIGURE 21—
Reflex klystron

FIGURE 20—
Double-tuned circuit.

through the cavity while the far side is positive, as in
figure 19(b), will be speeded up, while those passing
through a half-cycle later will find the far side negative,
as in figure 19(c), and will be slowed down. Thus, for
alternate half cycles the electrons are speeded up and
slowed down. After the electron stream has gone beyond
cavity 1 the faster electrons will begin to overtake the
slower ones, thereby causing a bunching in much the
same way a group of fast cars which has been held up
by a traffic light overtakes a group of slower cars held
up by the previous turning of the light. This traffic
concentration obviously occurs some distance beyond
the light. The region at which the electron traffic jam
occurs is fairly sharp; and because the amount of speed-
ing-up or slowing-down of the electrons varies with the
phase of the oscillation, it can be shown that the elec-
trons which passed through the cavity between the ex-
treme voltage conditions will all tend to pile up at about
the same place along the electron beam.

If cavity 2 is placed where this electron bunching
occurs, this group of electrons will set up oscillations as
it passes through the cavity by inducing charges on the
walls. When the two cavities are tuned to identical
frequencies the oscillations in cavity 2 will maintain a
constant phase relationship with those in cavity 1, the
phase having been established by the time the first
group of clectrons entered cavity 2. If we now return
our attentions to cavity 1, we sce that a steady stream
of electrons is still entering and the oscillations in cavity
1 are continuing. Therefore, 1 cycle after the first group
of electrons has passed, conditions are duplicated and
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are pr_ope: for forming a second bunch which will arrive
at cavity '2 at the proper time to feed more energy to it.
By drawing a few sketches of the bunched electrons
crossing the cavity and remembering that the wall
nearest the electron group will have positive charges
induced on it, the reader may verify this statement and
may also satisfy himself that the maximum power will
be ?xtr_acted from the electrons if their time within the
cavity is a half cycle. It may also be seen that the field
will be in a direction to slow down the electrons. The
energy going into the electric oscillations has been ob-

tained, therefore, by robbing the electrons of some of
their kinetic energy. '

The tube described so far will operate only so long as
the accidental oscillations in cavity 1 continue. In order
to insure that these oscillations continue, a small amount
of energy from cavity 2 is fed back into cavity 1 by
means of a short length of coaxial transmission line
coupled by loops in the two cavities. The length of this
line must obviously be chosen to maintain the proper
phase relationship between the two cavities. Another
effect of this coupling system is to tie the two circuits
together so that they act as a double-tuned circuit similar
to that shown in figure 20. As long as the two coupled
cavities are each tuned for approximately the same fre-
quency they will oscillate as a unit with a single-fre-
quency output; and over small ranges the tuning of one
cavity will then shift the resonant frequency of the
system as a whole.

The collector beyond the second cavity in figure 19(a)
is used to dispose of the electrons after they have served
their purpose.

When the frequency of operation of the klystron is
chosen, the design of the cavities and the separation
between them can be fixed. In order to provide a reason-
able tuning range the cavities may be made adjustable
in size by making the walls of airtight metal bellows.
After the two cavities have been adjusted to resonate at
approximately the same frequency, the voltage used to
accelerate the electrons from the gun is adjusted for
maximum power output. Frequently, several resettings
of the controls are required to obtain optimum per-
formance and to make the tube oscillate over a reason-
able range of frequencies.

Much of the difficulty in adjusting this type of klys-
tron arises from the fact that there are two cavities
which must be matched. A great simplification in opera-
tion can be made by eliminating one cavity. The "reflex
klystron™ uses the same cavity for bunching the electrons
and for extracting power by reflecting the bunched elec-
trons back through the cavity, as shown in figure 21.

In this device the electrons, on their way through the
cavity from the gun, are speeded up or slowed down

as in the two-cavity klystron. This process on the
average requires no power, because half of the time

electrons absorb power by being speeded up and the

other half of the time give power to the cavity by being
slowed down. After the electrons have passed through
the cavity they are reflected by a negative voltage on the
reflector, so that they return through the exit hole into
the cavity. The reflector must be properly shaped to
keep the electrons focused into a beam. The point at
which these electrons turn around will depend on the
voltage applied to the reflector; hence, the distance
traversed outside of the cavity may be adjusted by
changing this voltage. During the time these electrons
are outside of the cavity the faster ones are catching up

FIGURE 22—Cnlaway view 0f magnetron

on the slower ones, as was previously discussed. Now,
if the dimensions and voltages are properly adjusted,
the electron bunches will start back through the cavity
in the proper phase to increase the oscillations. When
this condition occurs, the cavity will oscillate and power
can be extracted. Since only one cavity is involved, oscil-
lation will occur at the resonant frequency of the cavity
when the voltage on the reflector is properly set. Hence,
the frequency is primarily set by the cavity and the
power output can be adjusted by the reflector voltage.
If the exit hole of the cavity is large, a change in the
reflector voltage will also cause a shift in frequency and
may be used for tuning over a small range. Likewise,
altering the cavity size will cause a change in power
output. Reflex tubes are available in two types; one
with a built-in cavity and the other with col_-npcr-disk
seals similar to those in a lighthouse tube, to which an
external cavity may be attached,

All klystron transmitters can be amplitude modulated
by varying the current from the electron gun. Although
the average power output is limited to a few watts, pulse
peak power of a few kilowatts may be obtained from the
larger tubes. It is interesting to note that the reflex
klystrons which may be tuned by varying the voltage
of the reflector are readily frequency modulated by
applying the signal to the reflector.

MAGNETRONS

For high-power radar scts at frequencies above 1000
megacycles, the most successful tube is the magnetron.
For the same frequencies at which a few kilowatts of
pulse power may be obtained from a triode or klystron,
a magnetron will give 2 or 3 megawatts. For example,
at 3000 megacycles, tubes capable of giving over 1000
kilowatts have been in large-scale production for some
time and tubes giving 2500 kilowatts are now being
produced. The former will operate with an average
power input of about 1200 watts and the latter at about
twice this level. Since these tubes will not operate well
as continuous-wave oscillators and cannot be modulated
readily except by a square pulse of less than 5 micro-
seconds duration, their use is largely limited to radar,
Pulse-communication systems, and other applications
using pulse techniques. A somewhat different design of
magnetron is built for continuous-wave use. The maxi-
mum output is about 10 kilowatts at 3000 megacycles,
but here again modulation is difficult.

Although the magnetron was invented by Hull in
1921, it was not put to much practical use until early
in the war when the British first investigated it as a
pulsed transmitter. The “cavity magnetron™ as used
during the war is a split-anode type with resonant cir-
cuits built into the tube. Most of the British and Ameri-
can tubes have had eight or more anode segments with
a resonant cavity between each segment. The Japanese
used four-segment tubes in their 10-centimeter radar.
Figure 22 shows the internal construction of an 8-cavity
magnetron. The anode is the solid metal block into
which the resonators are cut as slots and holes. The
natural frequency is determined largely by the width
and radial depth of these slots and to some extent by
the axial length and the position of the ends of the
tube. The space which is left between each end or lid of
the tube and the block in which the slots are cut serves
to act as a coup[ing cavity between the separate oscilla-
tors, and also provides space for the cathode and heater
leads. The cathode lies along the axis at the center of
the block and is usually an oxide-coated nickel tube en-
closing a heater winding. The radio-frequency power is
extracted by a coupling loop in one of the cavities and
is brought out through a short coaxial line, The tube is

normally operated with the anode at ground potential
since this simplifies the problem of connecting the out-
put to the remainder of the system.

For operation, the magnetron is placed between the
poles of a magnet so that the field is parallel to the axis
of the cathode. An electron leaving the cathode thus
finds itself in a radial electric field produced by the
cathode-anode potential and also in an axial magnetic
field. The electric field tries to accelerate the electron
toward the anode, while the magnetic field acts to make
the electron circle back to the cathode. When the mag-
netic field and anode voltages are adjusted to make
the tube oscillate these two counteracting effects are
balanced, so that most of the electrons come close to the
anode but do not quite strike it. Because of the com-
plicated geometry and the effects of space chargs on the
electron paths, it has not been possible to work out a
complete analysis of the operation of the magnetron.

v )\JQL//
T earwone -/
(a) (b)

FIGURE 23—Electron paths in magnetron

It is certain, however, that the presence of the oscillat-
ing fields across the openings of the resonators causes
the electron cloud to become bunched in the region
close to the anode. It is also certain that this elec-
tron cloud rotates around the cathode at the correct
rate for these electron groups to feed power into the
circuit as they pass the resonator openings. The probable
mechanism for the electron bunching is as follows: the
magnetic field causes the electrons which miss the anode
to return to the vicinity of the cathode. Since the sharp-
ness of curvature of the path of an electron moving in
a magnetic field is greater for slow than for fast electrons
those electrons which have been slowed down by giving
power to the oscillators will be bent around sharply and
will miss the cathode, as shown in figure 23 (a). Those
which have neither gained nor lost energy should just
touch the cathode, while those which have increased
speed by gaining energy should strike the cathode, as in
figure 23 (b), and be captured. (That the latter action
occurs is proved by the large amount of secondary elec-
tron emission from the cathode and by heating which
may be sufficient to permit turning-off of the filament
power in some tubes after oscillations start.) The net
result of these changes in electron velocity is to remove
those which passed a slot during one half cycle of
oscillation of the resonator, while those which passed
the slot a half cycle later remain to go through another
loop, as shown in figure 23 (a). This remaining group
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of electrons will feed energy into the next oscillator if
it passes during the proper phase in the radio-frequency
cycle. Since the first passage of the electrons gave no
net energy to the resonator, it is obvious that the volt-
age and magnetic field must be adjusted to obtain this
timing of the electrons if the tube is to oscillate.

Because the factors controlling efficiency, power out-
put, and stability of magnetrons are only partially under-
stood, successful designs at one frequency are often
transferred to a different frequency by scaling. If all
dimensions are scaled in proportion to the wave-length,
the tube will have similar characteristics. The operating
voltage and average power output will remain constant,

but the magnetic field will vary inversely with the wave-
length.

Some idea of the operating conditions may be ob-
tained from Table I.

TaBLE I
Wave- Power Anode

length in|Peak Pulse Average |Per Cent| Voltage | Gauss
Centi- | Output in  Inputin| Effi- in Magnetic

meters | Kilowatts Watts | ciency |Kilovolts| Field

23 1000 2000 50 28 1800

10 1060 1200 50 28 2800

3 250 700 40 21 5000

1 50 100 22 14 7600

These values are near maximum output for particular
tube types but may vary with the design of the tube
and must be taken merely as an indication of what may
be expected for the different frequency regions.

Most of the magnetrons now in use are “fixed tuned,”
ie., the frequency is determined by the construction at
the factory and is not controllable in the set. These
tubes are tested and labeled to show the frequency
region of operation, but individual tubes of a particular
marking may differ by several megacycles. A definite
preassigned frequency for each station cannot be made,
therefore, without laborious tube selection. Recently,
tunable tube designs have been worked out, one method
being a movable diaphragm which changes the size
of the space between the resonator block and the lid.
Thermal expansion of the resonant cavities makes exact
frequency control difficult, even with tunable tubes.

Another factor which makes operation on an exact
frequency difficult is the frequency “pulling” which oc-
curs when standing waves exist in the transmitting sys-
tem. A change in phase and amplitude of a wave re-
flected back into the magnetron may cause a shift in
frequency of the output. Under certain conditions this
frequency change may alter the reflected-wave phase in
the proper direction to change the frequency still further.

When this happens there may be a frequency region in
which the magnetron will not operate unless the re-
flected wave is changed by altering some other part of
the radio-frequency system. The pulling may cause
considerable trouble in systems where the reflected wave
changes with antenna position. For example, in aircraft
radar installations where the antenna must be housed in
a streamlined plastic dome, the reflection from the plastic
may vary with the direction of the antenna. When this
happens the frequency of the transmitter varies with
antenna orientation, making it difficult to keep the re-
ceiver tuned. The best cure is to reshape the antenna
housing.

The frequency pulling can, however, be used as a
method of frequency modulating a magnetron. If a
resonant cavity is placed in the transmission line near
the magnetron, the frequency of the transmitter may be
varied by tuning this cavity. Voice modulation, for
éxample, may be applied by making one side of the
cavity a thin diaphragm which vibrates under the im-
pact of sound waves, thereby changing the cavity di-
mensions and hence its resonant frequency. When a
magnetron is tuned by this means, care must be taken
to sce that the standing waves do not cause v

. i oltage
breakdown in the transmission line,

(Continued next month )

VJ RADAR REPEATER DAMAGE

The Bureau of Ships recently received reports of eight
Model V] Radar repeater installations on one vesscl. Six
of these reports indicated that the ranging mechanism
(helipot and synchro) in the indicator had been mis-
aligned or damaged when the range
was removed to gain access to the
boards during installation,

transmitting synchro
indicator's terminal

The proper method of gaining access to the terminal
boards in the indicator is to disconnect and remove the
video amplifier chassis. This unit is held in place by
thumb screws. The ranging mechanism should not he
removed except when the unit serjal number is below
#400, and the indicator is installed in CIC and connected
to the target designation system. When installed in this
manner it will be necessary to re-zero the range transmit-
ting synchro electrically at 10,000 yards.

The first 400 equipments were supplied with range
transmitting synchros electrically zeroed at 0 yards. Be-
ginning with serial #401, the range transmitting synchros
will be electrically zeroed at 10,000 yards when shipped
from the factory,

Your Ship’s Electronic Inventory Report
in the making

Operator punches a card for ea(_}') equipment listed on .f/)jp'J_ inventory—ithe card is then plareld in the m_;rc’l’iine u‘[r;'::l;

prints the complete inventory in report [orm.—eavrb card s m:{fd (_md punched and contains the :W”P fyf:’e,_S_.up

number, Equipment 1ype, Equipment mode{', Lgnipment serial, Eguipment Navy type number, quwpufeﬂf. oz‘c:nm_/

aboard ship, and the Equipment 1#{)."!‘1ge. _7 he finished product is a complete ](f?-f()-ddfé’.H.’I’C’H.”OII'}’ mpa:rfc ()/).IC’J of

the inventory are mailed to the ship service force, type _mmnmnder home yard and the installation and procurement
’ sections in the burean.

M Every ship in the fleet will receive a printcc? list of the
electronic cquipments which the Bu.reﬁu believes lonbc
aboard that ship. This list was compiled after expending
considerable effort in studying all available information
including ship’s inspection and installa?ion rccords.. By
the time you read this, you probably will have rcccn\"cd
a copy of your Ship Electronics Inventory, together with
a full set of instructions on the new business-machine

accountt ng S)’S(Cl'ﬂ.

These new Electronic Inventory Reports scrve as a
system with which BuShips, C. N. O., Service Force
and other activities can keep their eyes on 200,000 pieces
of equipment as effectively as they might 200 pieces.
The flect has a vital interest in a systern which so affects
every piece of electronic equipment installed today or to

be installed in the future. Such interest by the fleet is
essential to the success of the system, as a guarantee
that the US Navy will, electronically, always be the best
equipped navy in the world. To adopt a system that will
provide accurate information, be readily available, and
which will ultimately simplify and reduce the number
of reports required from  ships, the Chief of Nawval
Operations has vested the entire responsibility for such
reports with the Bureau of Ships. The burcau appre-
ciates the cooperation given by C. N. O. and Service-
Force personnel in the establishment of this system and
the climination of duplicate ship reports to their re-
spective organizations. It is not an easy task to set up
this new system. It was necessary to check all available
data on ship installations, and to establish the nomen-

clature and codes used to determine equipment locations.
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It was also necessary to endeavor to anticipate all pitfalls,
difficulties, future ship and equipment improvements, etc.

The June issue of ELECTRON told how the electronic
equipment inventory simultaneously reduces the number
of inventories a ship must submit, and yet enables the
bureau to serve the fleet more efficiently than ever before.
It is planned this month to give a more detailed view of
the inner mechanics of this new system. Ships can see
exactly how the inventories they mail to the bureau today

will be used to equip the fleet of tomorrow, and to
maintain the fleet of today.

The bureau must serve the flect in two distinct ways.
It must design, procure, and distribute equipments so
that they will be available where needed. The bureau
must also determine what equipments are needed on each
class of ship, give proper priority by ship type to in-
stallations of new and expensive equipments, draw up
necessary installation plans, and determine adequate
weight and moment compensation for equipments. For
convenience we will speak of these two functions of the
bureau in general terms as procurement and installation.
The installation section of the bureau must complete
information regarding what should be and what is in-
stalled on each ship in the navy, listed ship by ship. The
procurement section of the bureau must have the same

This machine anutomaticall y takes in-

formation contained in the prnched
cards and converts it into a com-

plete inventory of all electronic
equipments on board each ship.

information in an entirely different form, They are not
concerned with what equipments are in a particular ship,
but want to know only how many models XYZ equip-
ments there are in the fleet and how many are in certain

classes of vessels, or how many are in active, reserve, or
inactive ships.

The problem of obtaining this second type of infor-
mation is quite complex and exceedingly cumbersome,
The peacetime navy will consist of approximately 4000
vessels active, inactive and reserve. If one wants to
know the total quantity installed of each of 1000 models
of quipments, he must go through 4000 separate in-
ventories, counting each equipment 1000 times. This is
equivalent to scanning approximately 16,000,000 pages,
assuming that an average ship inventory will cover four
pages. The problem is further comp[icated by the fact

that a straight addition is inadequate. It is necessary
first to go through each inventory and checking whether
instftlled equipments are adequate substitutes for the
¢quipments considered to be the newest. This is neces-
sary because equipments which are considered adequate
substitutes on smaller or inactive ships may be con-
sidered inadequate for larger or active ships. Obviously,
tabulating information of this sort in the bureau by
hand is inefficient and likely to require so much time
that it will possibly suffer in accuracy and value.

RY
LECTRONIC EQU'I'PMENT INVENTO

SHIP E
e . 1“

o

In the new system, a punch is used to make identify-
ing holes in a separate punch card for each equipment
on board every ship. These cards are then placed in a
tabulating machine which automatically prints the in-
formation previously punched in the cards. The result

is an inventory of the equipment which the bureau be-
lieves to be aboard that particular ship.

THE FLEET CAN HELP

Full cooperation is expected from the fleet in correct-
ing and completing the data on these listings. They were
collected under the stress of wartime from numerous
and diversified inspection systems, and it is known that
they will often be found inaccurate or incomplete. But
they are the best the burcau has, and the burcau must
have accurate and complete knowledge of existing in-
stallations in order to properly serve the fleet.

When the corrected listings have been returned to the
bureau the punch cards will be corrected to agree with
the ship’s corrections. The bureau will keep an accurate
file of all existing installations, kept up to date through
the annual inventories received from ships and the de-
parture inspection inventories received from naval ship-
yards after each overhaul, Whenever any electronic
equipments are installed or removed from a ship the
bureau should be notified at once. Upon receipt of this

A portion of the inventory Iistirig for DE-708, showing
the manner in which the ship should enter corrections.
Note the line through the SU radar and the new entry
beneath it. This indicates that the ship no longer has an
SU radar but now has an SG-1B radar, serial #388,
operating on 115-volts single phase, and located in
C.I.C. The remainder of the markings show a change in
location, a correction to a model number, and the addi-
tion of a new piece of test equipment. The numbers
used under “location”, “‘voltage” are part of a code
which is fully explained in the instructions for this new
system, which have been sent to all ships.

information a new listing will be prepared and copies
sent to the ship and other cognizant activities. The
correct listing will enable the bureau to procure replace-
ment equipment, set up an allowance for necessary spare
parts and make all necessary preparations in sufhcient

time to insure that proper repairs and alterations are
accomplished during scheduled overhauls.

WHAT THE MACHINES WILL DO

The punch-card business-machine system will he
capable of supplying, almost instantaneously, informa-
tion which formerly required months to obtain. A few
of the many tricks which the business machines can do
with punch-cards will be explained. The machine can:
1—print an inventory of what is on board a given ship,
2—print an allowance list of what should be on board
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Froportio al

God of love

Myself

Rested

Bone

Antenna passage

Horses' chow

Neither

Same guy as 28 (horizontal)
Lamb's papa

Lacking firmness

Merge

Kind of duck

Bristle

Sculler

The sun

Corn comes in these
Bomb-sight

Pedal digit

Siamese racial stock
Procrastinating

Gold (chemical symbol)
Facility of speech

Voice recorder (Navy modell
End of radio message
Radio link

Aircraft homing beacen
Muscle spasm

Atop

Obsolete shipboard transmitter
Printer's measure

Magnetic curve
Comparative ending

Rough fix

A mechanical engineering society
Leads carrying no voltage
Loud voiced persons
Transfer a liquid

Defamed

Master of arts

New England state (abbr.)
Mutual conductance
Impersonal pronoun

Bone

Transmission line

Ocean

Latest type of broadcasting
Literary collection

Obsolete aircraft transmitter
Carrier-based search radar
Supplicant

Tall corn state (abbr.)
Sweet scented

Metric unit of area
Electrically charged atom
South American rodent

Type of directive antenna
Exist

Smoke (south of the border)
Irishman

ltalian volcano

Pertaining to a node
Obsolete motor cars
Lighted

Heavy cruiser

Attila was one of these
Fully developed

What you call a chick in Paris
Either

Aquatic mammal

Light cruiser

Units of length

Unexclusive

Capable

Ancient vacuum tube transmitter
Air (combining form)

Decay

What you made to 144 (herizontal)
Fast

Nip cent

Unci-arged porticle

Thete are handy in aute er radio
stations

One wha coes in

LR ]
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Containing wphpe'gdu,
irborne searc
‘r\éllurium (chemical symboll
Child's toy
Cam
Humeoer
Colloguialism
Taut
Feline
Air-operated
erit
c:'hul one ham cullf another
Feeble g
Electricity (combini
Like
Choke
Power
All right
Steps over a fence
American poet
Rodent
Wails
Positive pole i
Foggiest city in Cal'
Thus
Banquet
Interval of time
Behold
Rectifier {chemical ¢
City in Nevada
Champagne
Beam
Owing
Obsolete transmitte
Make of thin layery
Painted on wings o
aircraft
Chinese weight
Cleaning solvent d
Magician's commar
Knowledge
Article
Jail
Back of neck
Mass of ice
Void

Rave

M) form)

fornia

ymbel)

r test equipment

all commercial

83 A submarina -

Chalk marks on an empty acetylene
cylinder

A swilching tube .

Unit of quantity of electricity
(electrostatic system)

§mall craft search radar

Amplification factor

Sonic depth finder

Aircraft emergency power supply

Type of palm free

French article

Powerfully aftractive

Long race

Pouring gate in mold

Den

One card of a svit

Half "em

Suitable

UHF transceiver

Northeast

Benefit

Narrow valley

Narrow piece

Citrus fruit

Accomplish

Receiver test set

Opposite of zenith

Native of Dark Continent

Modulating equipment (RCM)

That is (abbr.)

Fastidious

Like

Atmosphere

Hard shelled fruit

Either

Punctuation inark

Protection

Cerium (chemical symbol)

Brave warrior

Black

Obsolete receiving equipment

Opposite of weather

Radar test equipment

Native metal

Number .

Aircraft receiving equipment

Scorch radar




