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The three signals Ey, E,, and E required in the color system are
obtained by adding the outputs of the three color cameras in the propor-
tions given by Eqs. (25-2), (25-3), and (25-4), respectively. The adders
(or matrices as they are often called) can be of the type illustrated in
Fig. 18-49; negative quantities can be obtained with the aid of a phase
inverter consisting of a one-stage amplifier having unity gain. Filters
are incorporated in the / and @ channels in order to restrici their band-
widths to the appropriate values.

The Q signal is then modulated on a subcarrier having a frequeney of
4554 times the line frequency, or approximately 3.6 Mc. A balanced

TO TRANSMITTER
—
£ LUMINANCE CHANNEL VIDEO
0. + d
9 £y*0.59 £ +030En+0NEY [ror s AMPLIFIER
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§ L. « 1 CHANNEL
3z, 81U sy ren £\ | sacanceo] | ruren ) [rme-oear]] BLamems
x e S 0-16MC |MODULATOR| | 2.0- 4.2 Mc [| NETWORK .
~
3 X
© SUBCARRIER
] 90° DELAY| |OSCuLATOR
© @ CHANNEL T
W £ \
L S H rurer vl gaLanceo | | Furer
< 0-06 MC | MODULATOR | | 3.0-4.2 MC
N

Fie. 25-21, Simplified schematic diagram of color-television transmitter.

modulator is used (see Fig. 15-13), thus giving a pair of sidebands extend-
ing from 3.0 to 4.2 Mc, and free of carrier. The I channel is likewise
modulated upon a subcarrier that is identical except for a 90° phase dif-
ference. This causes the sidebands of the I channel to differ by 90° with
respect to the phase of the sideband components of the @ channel. A
filter at the output of the I modulator limits the frequency range to
2.0 to 4.2 Mc; the result is a vestigial-sideband signal possessing double
sidebands for modulation frequencies up to 0.6 Mc¢, and a single sideband
for modulation frequencies between 0.6 and 1.6 Mec.

The sidebands from the I and @ channels are then superimposed on the
luminance channel, ‘to give a combined video signal covering the fre-
quency range 60 cycles to 4 2 Me, and to which standard blanking and
synehronizing pulses are added.! In addition, a “burst” of at least eight
cycles of the subcarrier frequency at a standard phase is superimposed on
the back porch of each horizontal synchronizing pulse, as shown in Fig.

1 Time-delay networks are inserted in the ¥ and I channels as shown to compensate

for the greater time delay in the Q channel (due to its narrower bandwidth) and thus
ensure that the currents from all three channels are transmitted in time coincidence.
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25-22.1* These color bursts tell the color television receiver the correct
frequency anfl exa?t phase of the color subearrier. The resulting com-
bined video signal is then amplified and modulated on the transmitter in
the usual manner. 2007

95-12. Reception of Color Signal on e sme pwse
Monochrome Receiver. When a con- BURST OF 36 MC
ventional monochrome receiver is tuned (O CTELES MW}
to the signal radiated by the transmitter
of Fig. 25-21, the luminance component
of the incoming signal produces a con-
ventional black-and-white picture, while
the I and Q sidebands that are also con-
tained in the received signal produce
little or no.visible effect on the picture
tube. This color system is therefore
compatible with the standard monochrome system.

The invisibility of the I and Q sideband components arises from the
fact that their subcarrier frequency is an odd multiple of half the line fre-
quency. This causes the phase of the [ and Q sideband components to
reverse on successive frames, since if the subcarrier oscillation is at the
start of & cycle when a particular frame begins, it will end that frame after
the completion of a full number of cycles plus a half cycle. Now the suc-
cessive half cycles of the chrominance sidebands produce a spurious pat-
tern of alternate light and dark

HORIZONTAL BLANKING -
INTERVAL

Fia. 25-22. Horizontal blanking
and synchronizing pulse, together
with color-synchronizing burst.

ACTUAL
- 'NESS - 0 .
acruss pmgumiess-  SMGHTNES.  dots during a single frame of the

monochrome picture. However,
the phase reversal of the chro-

CORRECT
BRIGHTNESS™

"y

ST e POSITION ALONG LINE (3 € TIME)
Fie. 25-23. Diagram illustrating fre-
quency interlacing, showing how the
brightness error of successive traces along
the same line are of opposite polarity,
and hence tend to average out.

minance sidebands on successive
frames causes the light dots of one
frame to be superimposed on the
dark dots of the next frame, and
vice versa, as shown in Fig. 25-23.

To the extent that the system is
linear, the chrominance compo-

nents therefore have no effect on the average brightness of the black-and-
white picture, but merely cause a 15-cycle flicker in the very small areas.
Since a 15-cycle flicker of a very small area is imperceptible to the eye,’

1 The bursts are omitted during the portion of the vertical aynchro.n.i:ing period in
which the horizontal synchronizing pulses are replaced by thé equalizing pulses and

the vertical blocks.

1 Means for producing and inserting the color bursta sre omitted from Fig. 25-21

to avoid complicating the figure.

3 In contrast, a 15-cycle flicker of & single large srea is very visible if the area is at

all bright,
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the Q and I components are to a first approximation invisible on a black-
and-white receiver. /
This phenomenon, by which an effect is made invisible by proper
choice of relative frequencies, is sometimes termed frequency interlacing.
25-13. Three-color Picture Tube. A practical color-television receiver
requires & picture tube that is capable of producing any combination of

PHOSPHOR SCREEN

(@) SHADOW-MASK TUBE

0OT SCREEN

(D) DETAILS OF BEAMS, MASK, AND DOTS
Fia. 256-24. Schematic diagram of shadow-mask color tube,

red, green, and blue by application of appropriate voltages. Two types
of tubes that successfully achieve this result are available in at least
sample quantities at the time of this writing. These are the shadow-
mask and the Chromatron (or Lawrence) tubes.

Shadow-mask Color Tube. The basic idea of the shadow-mask tube is
illustrated in Fig. 25-24. Here three spaced electron guns in the neck of
the cathode-ray tube provide three separately controllable beams, one for
each primary color. These guns are so aligned that their beams cross
at a moderate distance from the fluorescent screen. At the plane of the



Sxc. 25-13] THREE-COLOR PICTURE TUBE 1005

crossover is a thin metal sheet or shadow mask perforated with several
hundred thousand very fine holes. The viewing screen is a glass plate
upon which closely spaced groups of phosphor-dot trios are deposited
Each trio is associated with a particular hole in the shadow mask and
consists of three dots of phosphors that respectively emit red, green, and
blue light when struck by electrons. The alighment and g;ometrg’y are
such that the electrons from the “red” gun can strike only red emitting
dots, and are prevented by the shadow mask from striking the other dots.
Similarly, the electrons from the “green” gun can strike only dots that
emit green light, vyhile electrons from the “blue” gun can strike only
those dots that emit blue light.

By separately .controlling the number of electrons produced by each
gun, the proportions of red, green, and blue light originating with any
trio can be varied at will. If the viewing distance is then great enough
so that the separate dots of the trio cannot be resolved, the eye will
perceive a color determined by the proportions of red, green, and blue
light originating from the trio. By deflecting the three beams together,
it is possible to scan the surface of the fluorescent screen and thus produce
a colored scene.

The shadow-mask tube is capable of giving good-quality color, and at
the time of this writing is available in moderate production quantities.
The chief disadvantages of the shadow-mask tube are the facts that it is
expensive to construct, and that the shadow mask intercepts a substantial
fraction of the electrons in the beams so that a bright picture is obtained
only with difficulty.

The Chromatron Color Tube. The Chromatron tube is illustrated
schematically in Fig. 25-25.! Here the fluorescent screen consists of very
narrow strips of color phosphors arranged in the sequence: red, green,
blue, green, red, green, etc., as shown. Immediately in front of this
fluorescent screen is a grid structure consisting of wires accurately alighed
parallel with the red and blue strips. The grid wires associated with the
red strips are connected together, while those associated with the blue
phosphor strips are connected in parallel but are insulated from the red
wires. A common d-c accelerating voltage is applied to the two sets of
grids.

A single electron beam directed toward the grid can be made to strike
a red, green, or blue phosphor strip as desired by controlling the voltage
difference between the two sets of grids. Thus if no voltage difference
exists between the grids, the d-c accelerating volta_ge common to both
grids produces a focusing field that dcflects all incanu_n.g clt?ctrons 80 t..hat
they hit green strips irrespective of their initial position in the vertical

11n order to make this illustration legible the spacing between grid wires an
phosphor strips has been greatly exaggerated. Actually, there are typically of the

order of 100 phosphor lines and 50 grid wires per inch.
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plane, as shown in Fig. 25-25c. However, if a voltage difference is
applied between the two sets of grids, then the electrons approaching the
grid structure will be deflected toward the phosphor strips that are
opposite the more positive set of grid wires, as in Fig. 25-25d. Such g
tube can therefore be made to produce a color picture by switching the
beam back and forth rapidly between the color strips (for example, at the
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Fia. 25-25. Schematic diagram of Chromatron color tube. For the sake of clarity,
the spacings between adjacent grid wires and phosphor strips are enormously exag-
gerated in part a (but not in parts ¢ and d.)

subearrier frequency, of approximately 3.6 Mc), and then synchronously
supplying the control electrode of the gun with voltages corresponding to
the amount of each color desired.

The Chromatron tube is much simpler to construct than the shadow-
mask tube. However, the presently available tubes of this type have the
disadvantage that the line structure is definitely noticeable in the bright
red areas. They have the further disadvantage that the switching fre-
quency required for television is so high, namely, 3.6 Mc, that the reactive
power that must be supplied to the grids is great enough to present 2
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radiation problem within the receiver. At the preeent time of
Chromatron tubes showing promise have been made, but thm“t::::.m
not available on a production basis.

2571.4. Color-televidon Reeeiver The schematic diagram of a color-
television receiver 18 shown in Fig. 25-26. Here the radio-frequency
gection, mixer, intermediate-frequency amplifier, second detector, and
intercarrier sound system are the same as in a monochrome ree;aiver.
The luminance or Ey channel is also similar to the video channel of a
monochrome receiver except for a sharply tuned trap resonant at 3.6 Me
that suppresses the subcarrier bursts and thus prevents them from
unblanking the color tube.

The chrominance sidebands are selected by a bandpass filter as shown.
Separate I and Q signals are derived from these sidebands by means of
appropriately operated synchronous detectors, as explained below. The
[ channel contains an equalizer that develops an output twice as great
above 0.6 Mc as it does below 0.6 Mc, in order to compensate for the
fact that the I channel contains only a single sideband above 0.6 Me.

Red, green, and blue signals corresponding to Ex, Eo, and Es are then
generated by adding' Ev, Eq, and E, in the proportions given by Egs.
(25-5). After amplification, they are applied to the color tube, which is
adjusted so that it will produce a white (or gray) picture when the color
signals applied to the red, green, blue guns are equal in amplitude.

During the blanking periods the / and Q components are zero, and the
red, green, and blue channels contain only the blanking and synchronizing
signals. Direct-current restoration similar to that in a monochrome sys-
tem is required for each color channel. The sweep circuits and their con-
trol hy the synchronizing pulses are the same as in a monochrome receiver,
and so are not shown. )

Demodulation of Chrominance Sidebands. The Q and I components of
the reccived signal are recovered from the chrominance sidebands by
means of the so-called ‘‘synchronous detectors” shown in Fig. 25-26.
Each of these consists of an ordinary amplitude-modulation detector, to
the input of which is simultancously applicd the various chrominance
sidebands superimposed upon & locally generated oscillation identical in
frequency and phase with the transmitter subcarrier of the corresponding
channel. The output of such a detector, after appropriate filtering, will
then contain only the I or @ component, a8 the casc may be.

The ability of a synchronous detector to respond only to the I or Q
sidebands, but not to both, arises from the phase relations that exist
between these sidebands. Thus in the case of the I detector, the / and Q

sidebands are so phased relative to the reinserted carrier as to produce
1 The adders, which arc aleo often termed matrices, are eqnveniently of t.he resistance
type illustrated in Fig. 18-49. Where negative I and @ signals are required, & phase
inverter is irtserted in series with the approp iate branch of the adder.
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amplitude and frequency modulation, respectively. However, as the I
detector does not respond to frequency modulation, its output is unaf-
fected by the presence of the Q sidebands. The situation is analogous in
the case of the Q detector up to 0.6 Mc, where the J component consists of
double sidebands phased to correspond to frequency modulation. Above
0.6 Mc the single sideband of the I channel will produce an amplitude
fluctuation that appears as output from the Q detector, but as this
fluctuation is above 0.6 Mc it is removed by the filter in the output of the
Q@ channel.

Elimination of Interference between Luminance and Chrominance Chan-
nels by Frequency Interlacing. In the above discussion the fact that the
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Fi1a. 25-26. Simplified schematic diagram of color-television receiver.

chrominance sidebands appear in the luminance channel has been
ignored, as has likewise the fact that the components of the luminance
signal lying in the frequency range 2.6 to 4.2 Mc pass through the chro-
minance filter and are applied to the synchronous detectors. This is
permissible because these spurious components are to a first approxima-
tion invisible as a result of the frequency interlacing phenomenon dis-
cussed on page 1004. Thus the chrominance sidebands present in the
luminance channel produce a 15-cycle small-area brightness flicker in a
colored picture just as they do in a monochrome receiver. Similarly, the
luminance components that find their way into the @ and I channels pro-
duce analogous 15-cycle color fluctuations about the correct color that are
likewise not perceived by the eye, because they do not affect brightness,
and are moreover usually small-area effects.
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Reverse Compalibility. The color receiver of Fig. 25-26 will reproduce
a black-and-white picture when receiving signals from a monochrome
television transmitter. This is termed reverse compatibility, and results
from the fact that the monochrome signal contains no chrominance side-
bands, but only the luminance or Ey component. Since it follows from
Eqs. (25-5) that under these circumstances equal voltages are applied to
the red, green, and blue guns of the color tube, the resulting picture is in
shades of gray.

Synchronization of Receiver Subcarrier Oscillator. 'The receiver oscil-
lator assocl.ated with the synchronousdetectors must maintain a definite
phase relation to the transmitter subcarrier oscillations as indicated to the
receiver by the subcarrier bursts contained in the received signal. An
arrangement for achieving this result is shown schematically in Fig. 25-26:
It consists of a phase detector that compares the phases of the color
bursts! and the receiver oscillator, and generates a d-c control voltage
having a magnitude and polarity determined by the magnitude and direc-
tion, respectively, of the phase difference. The d-c¢ voltage is then
applied to a reactance tube that controls the frequency of the receiver
oscillator. The polarities are so chosen that when the oscillator phase
starts to lag the oscillator frequency is raised, and vice versa, thus
achieving control action.

A suitable phase detector is shown schematically in Fig. 25-27a.2 'This
id the same as Fig. 17-14a except that the E; in Fig. 17-14a is now supplied
by voltage E, from the local oscillator, while the voltages across S in Fig.
17-14a become + E,, and are derived from the synchronizing color bursts
associated with the received signal. The d-¢ output E,. is the difference
between the rectified outputs of diodes T and 7', and so depends on the
difference e, —es between ey = |Eo+E.| and e2= |Eo—E.|. The effect of the
relative phascs of Eo and E, on this difference is shown in the diagrams
of Fig. 25-27¢ (analogous to Fig. 17-14b), and by the curve of b which
gives the d-¢ output voltage as a function of phase and is analogous
to Fig. 17-14d. It is apparent that whenever the phase difference
between Eo and E, departs from 90°, the phase detector develops a d-c
output voltage having a polarity determined by the sense of the phase
deviation, and a magnitude proportional to the amount of the Pha,se
differcnce. No complications arc introduced by the fact the E, is inter-
mittent; this is because in the absence of E, the phase detector output is

1 These color bursts are separated from the chrominance s.ignnl by a gate, taef'med a
burst keyer, controlled from the horizontal synchronizing' slgnnll/, This gx.nf is open
only during the part of the back-porch period of the hfmzontu synchronizing pulse
when the color bursts are present, and is associated with & sharply tuned resonant

trap circuit, as shown in Fig. 25-26. .
*In pra.c’tice, a modification of this circuit would be used that bears the same

relation to Fig. 25-27a that Fig. 17-15 bears to Fig. 17-14a.
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zero. It is merely necessary that the time constant RC be very large so
that the control voltage E,. will be substantially constant in amplitude in
spite of the fact that the color-synchronizing signal arrives only inter-
mittently in short bursts,

s
Jb
3
79 TC g
cocon b oureur on
BURSTS g cownrrot 180°
R3 IR, VOLTAGE
3 PHASE OIFFERENCE
4 OF & aND &,
U, !
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[ e
1
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e (7
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(€) VECTOR DIAGRAMS
F1a. 25-27. Circuit and operating details of phase detector.

25-16. Receiving Antennas. Receiving antennas used in television
are always directional systems designed to cover the entire television band
without requiring any adjustment. A typical arrangement consists of a
folded dipole associated with reflector and/or director antennas to provide
directivity. A wideband characteristic is obtained by taking advantage
of the inherently wide bandwidth characteristics of a folded dipole, com-
bined with the fact that an antenna so proportioned as to be suitable for
the lower-frequency ghannels in the very high-frequency band when
operating in the fundamental mode will likewise be suitable for the higher
very high frequencies when operating in the third-harmonic mode (i.e.,
length approximately 1.51). A second antenna associated with the same
transmission line can be used for signals from the ultra-high-frequency
band when one desires to employ a common antenna system and trans-
mission line for the ultra-high and very high-frequency bands.

Television receiving antennas are usually mounted as high as practical
above the earth, because the strength of the high-frequency signals from a
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%ﬁtant transmltlte;h will be directly proportional to height (see Sec 224)
e minimum height necessary to obtai i i ' X
the distance to the transmitter. fain & usable signal will depend on,

Directivity is required in the receiving antenna in order to increase the
capture area, and to provide the possibility of discriminating against
undesired transmission paths. When the signal strength is not great the
receiving antenna should not only be as high as possible, but should be of
a type having a relatively large directive gain.

25-16. Multiple-path Phenomena. When a large structure such as
a building or tower is near the receiving antenna, it is then possible for a
television signal to reach the receiver over two paths, as illustrated by the
solid lines in Fig. 25-28. The reflected or indirect signal is delayed by a
time interval corresponding to the additional distance it must travel, and
is usually weaker than the direct signal. As a result, a normal picture is
obtained from the direct signal, which also controls the synchronization
and blanking, but superimposed on this is a weak or ghost image displaced

REFLECTIN T INDIRECT REFLECTING
&z LECTING OBJEC PATHS or
/ —=
al
@ LN -
DIRECT PATH
\TIMNSHITTER {Ez;lVER

F1a. 25-28. Schematic diagram illustrating how reflecting objects near either the
transmitter or receiver cause a signal to reach the receiver that is delayed slightly in
time with respect to the signal that follows a direct path.

horizontally to the right by a distance corresponding to the time delay
involved.!

Ghost images arising from reflections occurring near the receiver can be
minimized by a receiving antenna location that gives a strong direct
signal, combined with trial and error adjustment of the antenna orienta-
tion such that the directional pattern of the receiving antenna possesses
a null in the direction of the indirect signai.

Ghost images can also arise as a result of reflections occurring near the
transmitter, as illustrated by the dotted paths in Fig. 25-28. While tele-
vision broadeasting transmitters are always located where there are no
nearby reflecting objects, this is not necessarily the case with mobile
transmitters that relay a program to the broadcasting station. As a
result, programs originating in ficld pickups often exhibit ghos.ts.- )

Reflecting objects more or less midway between transn.nttmg. and
receiving locations do not produce ghost images bccg,use the_ z.nten.sxty of
the reflected signal that reaches the receiver under thése conditions is rela-
tively weak compared with the dircct signal.

1If the indirect signal is the stronger, it controls thc.synchronizstion, and a ghost
displaced to the left is produced by the weaker direct signal.
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PROBLEMS AND EXERCISES

28-1. Would it be possible to obtain interlacing if a picture frame contained an
even number of lines?

26-2. Explain why interlacing would accomplish no useful result if the eye were ag
responsive to flicker in a small area as it is to flicker in a large area.

25-8. Explain why it would be undesirable to use an ordinary sine wave for scanning
instead of the saw-tooth wave always employed, even if sine waves were employed
at both transmitter and receiver and were carefully synchronized.

25-4. Synchronizing could be achieved by momentarily reducing the amplitude of
the blanking pulse to zero. Is there any disadvantage to such an arrangement? -

28-5. Show that if the vertical synchronizing blocks had a length of nearly one
horizontal line and & repetition frequency equal to the line frequency, instead of half
this length and twice this frequency, then the horizontal line synchronization would
be interrupted during the vertical return of every other field.

26-6. In the image orthicon, what would be the consequences of making the leakage
conductance of the target plate negligible?

26-7. In the image orthicon, would it be permissible to allow the beam to strike
the target plate during the return period, and then subsequently blank out the signal
obtained during the return time by means of a blanking pulse?

26-8. Sketch a diagram similar to Fig. 25-5, but applying to a scenc consisting of
two parallel, diagonal black bars sloping upward to the right and on a white
background.

26-9. In the image orthicon, how is the return circuit completed to the cathode for
the current represented by those electrons that are deposited on the back of the target
plate?

25-10. In the image orthicon of Fig. 25-4, how is the d-¢ voltage across R, related
to the average brightness of the scene being sranned ?

26-11. In the vidicon tube, is it necessary to prevent the scanning beam from
reaching the photoconductive material during the return periods, or is it merely
sufficient to blank out the output of a subsequent amplifier tube during the return
periods by means of blanking pulses?

25-12. Would it be possible to use the current variations in the returning beam
of the vidicon tube to develop the output of the tube in the same way as is done in the
image orthicon?

26-18. In the vidicon tube what would be the consequence of employing photo-
conductive material having such high leakage when illuminated that practically all
of the charge deposited by the beam would leak off in less than 144 sec with only
moderately bright illumination?

26-14. What is the order of magnitude of the maximum persistence permissible for
a cathode-ray tube used in a flying-spot scanner?

25-156. Determine the frequency band required to obtain equal vertical and hori-
zontal resolution in a television system employing 725 lines and reproducing a picture
having a width-to-height ‘ratio of 1:1. Assume that the vertical- and horizontal-
return times are the same percentage as in the standard United States television
signal.

26-16, Calculate the band width required to transmit the equalizing pulses with
reasonable fidelity.

25-17. Draw a circuit diagram for the portion of the transmitter in Fig. 25-10
between point a and the grid electrode of the grid-modulated amplifier.

26-18. How could the d-c restorer be arranged in Fig. 25-10 so that it would be
unnecessary to provide direct coupling between the video power amplifier and the
grid-modulated amplifier? Show an actual circuit arrangement.



Caae. 25) PROBLEMS AND EXERCISES 1018

25-19. Is it necessary in Fig. 25-10 that the white ol .
26-20. The antenna for a television tmn:;ng‘:;mf:fu? ):ﬁm’
: risontal loo]
stacked coaxially hbove each other in the vertical dirics: i oops
. : ! ertical direction. Show a diplexer
angenm“‘:r;.l suitable f::k use wn;h this antenna system.

25-21. y is care taken to design a televisi i . .
this is not done in a standard br::.l::ast remsive‘;ffl receiver for low noise figure, while

26-28. A 60-cycle buzz will be heard on an intercarri i
white clipper at the transmitter is incorrectly adjusted me:hi‘p:h:fm:;::::lz::
amplitude of the transmitted signal can become very small. Explain.

26-38. Sketch a circuit arrangement for a second-detector, one-stage video ampli-
fier employing pentode tube, d-c restorer, and picture tube that will reproduce the
standard television signal with correct polarity.

25-24. In & television receiver using the circuit arrangement of Fig. 25-14, what
will be thg eﬁect. on t:he eontragt.of the reproduced picture,.and on the functioning of
the blanking action, if th_e eensitivity (gain) of the receiver is (a) considerably greater
than the value which gives the best picture, and (b) considerably less than this
optimum?

25-26. In Fig. 25-14 what would be the effect, if any, on the separation of the
synchronizing pulses from the remainder of the signal, if the sensitivity (gain) of the
receiver is (a) much greater than that giving the best picture, and (b) much less than
this optimum?

26-26. Sketch the way the raster of Fig. 25-1 would be modified if the vertical
synchronization were obtained as in Fig. 25-16.

26-27. Sketch the complete circuit of a vertical sweep system, including a suitable
sweep generator and sweep voltage amplifier to drive the deflecting system. Show
means for injecting the synchronizing pulses.

26-28. Show oscillograms giving the voltage across the terminals ab of the horizontal
deflecting coil in Fig. 25-17, the current in this coil, the current passing through the
diode tube, and the voltage between d and b. Neglect the possibility of capacitance
in the deflecting coil.

256-29. Assume.the circuit of Fig. 25-18a is arranged so that it will correctly. control
the frequency of a saw-tooth-wave generator in the manner indicated. 1s there then
anything that prevents the system from synchronizing so that point d of the saw-
tooth wave coincides with the synchronizing pulses instead of the desired poiat b
in the oscillogram of Fig. 25-18b?

25-80. Why is it necessary in the automatic-frequency-control system of Fig. 25-18
that the pulses have a greater amplitude than the saw-tooth wave?

25-31. Show that if the actual transfer characteristic of a télevision system is a
straight line, then superimposing a constant amount of light upon the reproduced
picture will cause the transfer characteristic to be curved in such a manner as to
reduce the gamma for the portions of the picture that are the least bright.

25-32. Two areas of & scene have equal brightness, but the first is green and the
other is blue. Determine the relative values of the Q signals for these two areas.

25-88. Derive Eq. (25-5a) starting with Eqgs. (25-2) to (25-4).

26-84. In Fig. 25-20, determine the magnitude of the Er and Eq components of the
color vector for yellow (Eg = E¢ = 1, Ez = 0), using Eqs. (25-3) and (25-4).

26-35. By means of rotating vectors show that each balanced modulator, such as
used in the television transmitter of Fig. 25-21, will develop-an output that can be
represented by a vector of constant phase that osci'llam in length between +2E,,
where E, is the amplitude of an individual sideband in the output. . )

25-36. When a color signal is received on a monochrome television receiver, i
there any difference in the reproduced picture when the gamma of the transmitter-
receiver combination is greater than unity, as compared with v = 1?
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28-37. In a shadow-mask color tube, calculate the number of holes required in the
shadow mask if the resolution of the tube is to be limited by the line structure of the
raster and not by the number of holes,

26-88. Draw electric field lines between the grids and the viewing screen for the
situations existing in Fig. 25-25¢ and ¢, and explain how these fields cause the electrons
to land on the green and red phosphor strips, respectively.

25-89. In Fig. 25-26, what would be the effect on the reproduced picture of drasti-
cally reducing the bandwidths of the filters in the J and @ channels to, say, 0.4 and
0.15 Me, respectively.

26-40. In Fig. 25-26, what would be the effect on the reproduced picture if the box
labeled ‘‘phase adjustment” were incorrectly adjusted?

26-41. Where in Fig, 25-26 could the synchronizing signals be separated from the
video signal and the blanking pulses?

26-48. In a color-television system, what would the picture be like if the Q channel
at the transmitter became inoperative so that the radiated signal contained no @
component?

26-48. Devise a phase detector based on the ratio detector of Fig. 17-17a in the
same way that the phase detector of Fig. 27-27a is based on the phase-shift dis-
criminator of Fig. 17-14a.

26-44. In a television picture that is 15 by 20 in., & ghost appears that is displaced
Yo in. What is the difference between the lengths of the direct and indirect paths?



CHAPTER 26

RADAR AND RADIO AIDS TO NAVIGATION

26-1. Radar.! The term radar is derived from the phrase “radio
detection and ranging.” Radar is essentially an echo-ranging system in
which the radar transmitter sends out energy in the form of periodic
pulses of very high power but very short duration. Objects such as air-
craft, ships, mountains, buildings, etc., reflect some of this energy back to
the transmitter. The time delay of a returned echo is a measure of the
distance to the reflecting object, since, for a wave traveling with the
velocity of light, each microsecond of delay corresponds to a round-trip
time of travel over & path 492 ft long. The direction of the reflecting
object can be obtained by the use of directional transmitting and receiving
antennas.

Radar can be employed in various ways as a navigational aid, and it
has numerous military uses. Since mountains, plains, cities, oceans,
rivers, etc., differ in the extent to which they reflect high-frequency radio
waves, radar equipment in an aircraft can provide information useful for
navigation that is not affected by poor visibility or darkness. Similarly,
radar equipment on a ship can give information as to the location of land
masses, other ships, marker buoys, etc. In military operations, radar is
used for such purposes as aiming guns at ships and aircraft, bombing ships
or cities through overcast or at night, directing guided missiles, giving
warning of approaching aircraft or ships, searching for submarines, aiding
night-fighter aircraft in locating and attacking enemy aircraft, etc.* In

1 Radar systems are based largely on the components and techniques considered in
detail in the previous chapters describing high-frequency oscillators, receivers, pulse
generators, directional antennas, wideband video and intermediate-frequency ampli-
fiers, waveguides and transmission lines, cathode-ray tubes, servo systems, etc.
Because of space considerations, this chapter attempts only to present a general
picture of what is involved in radar systems. The most complete treatment of radar
and related techniques is the 28-volume Radiation Laboratory Series on radar pt‘xb-
lished by McGraw-Hill Book Company, Inc., New York, th‘e ﬁn.t volumes appearing
in 1947; a general survey is given in “Radar System Engineering,” vol. 1. Other
useful books include J. F. Reintjes and G. T. Coate, “Principles of Radar,” 3d ed.,
MecGraw-Hill Book Company, Inc., New York, 1952; Donald Fink, “ Radar Engincer-
ing,” McGraw-Hill Book Company, Inc.,, New York, 1847 Suggested summary
articles are Edwin G. Schneider, Radar, Proc. IRE, vol. 34, p. 528, August, 1946;
Lloyd V. Berkner, Naval Airborne Radar, Proc. IRE, vol. 34, p. 671, September, 1946.

* An excellent summary of the military uses of airborne radar in naval warfare is

given in Berkner, loc. cit.
1015
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addition, radar finds important uses in aiding the landing of aireraft under
conditions of poor visibility, in monitoring air traffic in the vicinity of ajr-
ports, in enabling an aircraft to determine its height above ground, ete,
Some microwave radars are particularly suitable for distinguishing dense
cloud masses, and these find extensive use in locating highly turbulent
storm centers that should be avoided in aircraft flight.

Elements of a Radar System. A bloek diagram of a radar system is
given in Fig. 26-1. The transmitting system usually consists of a radio-
frequency oscillator that is controlled by a modulator (pulser) in such g

TRANSMITTING SYSTEM

A

MODULATOR R-F
(PULSER) - OSCILLATOR -

A

HRO-
S,D;I}I‘EE ﬂa ODUPLEXER

¥

INDICATOR RECEIVER

ANTENNA

. J/
W

RECEIVING SYSTEM
F1a. 26-1. Block diagram of a radar system.

manner as to generate periodic pulses of high power but of relatively short
duration.

The antenna is highly directional and is ordinarily arranged so that it
can be rotated to direct the beam as desired. In most systems, a single
antenna is used for both transmitting and receiving. This necessitates
the use of a switching arrangement, called a duplexer, which isolates the
sensitive receiver from the damaging effects of the high-power trans-
mitter pulses, and then switches the antenna to the receiver in the inter-
vals between pulses during which the reflected energy is being received.

The radar recciver is an ordinary radio receiver having the lowest
possible noise figure, high sensitivity, and a bandwidth appropriate for
handling the pulses involved. The receiver video output is usually dis-
played on a cathode-ray tube indicator in such a manner as to show the
time difference between the outgoing pulses and the returning echoes.
To achieve this result, the sweep voltage of the cathode-ray-tube display
is synchronized with ‘the transmitted pulses.

The Radar Equation. The factors that determine the range of a radar
set can be derived as follows:

Notations:

d = distance to target
S = equivalent cross-sectional area of target,
Py = transmitter power (peak)
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Pz = .echo power (peak) absorbed by receiving antenna

g,. = power gain o:f transmitter antenna relative to isotropic radiator
x = power gain of receiving antenna relative to isotropi i
A = wavelength pio madiator
A = capture area of receiving antenna

A, = aperture area of receiving antenna

k = A/A, = a constant having a value of about 0.65 for parabolic
antennas, and 0.9 for mattress antennas

Consistent units of length and power must be used.
The equivalent power in the direction of the beam is P+Gr, while the
surface area of a sphere of radius d is 4xd®. Hence

Power per unit PGy
area at target | ~ 4wd® (26-1)

This energy strikes the target and is scattered in various directions, some
being returned in the direction of the radar antenna. It is customary to
describe the ‘target in terms of an equivalent cross section S such that if
the total power contained in a section of the incident wavefront having
the area S were radiated by an isotropic radiator located at the target, the
strength of the wave thereby reaching the receiving antenna would be the
same as the strength of the actual echo produced by the target. The echo
power per unit area of wavefront at the radar receiver is accordingly

Echo power per unitl _PilGrg 1 (26-2)

area at receiver 4xd? ~ 4xd?

The power delivered to the receiving system is this power density multi-
plied by the capture area A4, of the receiving antenna, or

Received power = Pz = (Izp—)'%g A (26-3)

The capture area A is related to the gain of the antenna according to

Eq. (23-28):
G = x4 = 24 (26-4)

When the same antenna is used for reception and transmission, Gz = Gr,
ang one has P1G\1S _ PrSk4 ¢
Pz= @) aNidh

If P&, is then the minimum value of available rec.eived power P
that is detectable by the receiver as limited by receiver noise, then
solving Eq. (26-5) for d gives the maximum range:

4P,Gx*\*S A[P:k*A4*8
do = [P ~ VNP @)

(26-5)
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Radar Performance Faciors. Examination of Eq. (28-5) shows that the
received echo energy is inversely proportional to the fourth power of the
range; & 16-fold increase in peak power is thus required to doublé the
range. In contrast, it follows from Eq. (26-6) that increasing the phys-
ical size of the antenna is a very effective means for increasing the range,
this is because a larger antenna concentrates the transmitted power in g
narrower beam and simultaneously has a larger capture area.! Reducing
the wavelength likewise increases the received power for & given trans.
mitter power (neglecting variation of atmospheric absorption with fre-
quency), because with an antenna of a given physical size, a shorter wave.-
length concentrates a given amount of radiated power into a narrower,
and hence more intense, beam, while not affecting capture area.

The proper pulse length is a compromise. A short pulse is necessary
for resolving individual targets close together in range, or for seeing
targets close to the radar. On the other hand, the receiver bandwidth,
and hence receiver noise power, are inversely proportional to the pulse
length. Thus for a given peak power, long pulses give greater range than
short pulses. In actual practice radar pulse lengths usually lie in the
range 0.1 to 10 usec.

The maximum allowable pulse-repetition frequency is limited by the
need for allowing a sufficient time interval between successive pulses for
the return of echoes from the maximum range desired for the radar. On
the other hand, the repetition frequency should not be lower than neces-
sary, since the integration effect discussed below causes weak echoes to be
more easily detected the greater the number of pulses received per second.
Pulse-repetition frequencies normally lie in the range 200 to 10,000 cycles,
although values as low as 60 cycles are sometimes employed.

The fact that long pulses give greater range than short pulses of the
same peak power, plus the fact that a weak echo is more easily distin-
guished from the noise the higher the pulse-repetition frequency, leads to
the important conclusion that range depends primarily upon the average
power rather than upon the peak power.

The effective target area S is a function of the properties of the target
rather than of radar design. For a small propeller-driven fighter plane,
S may on the average be 10 sq m, while for a large bomber S might be
150 sq m, although the exact values will vary greatly with the direction
from which the aircraft is viewed. Ships represent much larger values of
8, while land masses, cities, etc., are even larger targets.

The noise figure of the radar receiver is a particularly important factor
in determining the performance of a radar system. It is apparent from
Eq. (26-6) that decreasing Pa,, by improving the noise figure of the

1 The maximum amount of directivity that it is practical to use is limited, however,
since if the beam is too sharp, the time it takes to scan a region thoroughly enough to
locate a target becomes excessive.
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receiver is eguivalent to increasing the transmitter power.
improvement in the receiving system usually involves not zzly le-m
but also less size and weight than does an equivalent improvement
obtained by increased transmitter power.

The ability to observe a weak echo in the resence i i
is increased by the fact that the echo reappearspon each m slwv:pn:':
fixed range for successive radar pulses, whereas interfering noise is
random in character. Thus any integration process that averages the
response over a period of time emphasizges the echo in relationship to the
noise. The eye is an effective ingegrator of this type, and there are like-
wise types of cathode-ray screens for which the full visual response is
obtained only by a succession of pulses (“hits’) at the same point on the
fluorescent screen. .

The maximum range of a radar set is ordinarily many miles for even a
small aircraft. For example, if one assumes Pr = 250 kw, Gx = 2000,
8 = 12.58qm, A = 10cm, and Pg,, = 1 X 10~!* watt (corresponding to
a receiver bandwidth of 1 Mc and a noise figure of 14 db for signal equal
to noise), Eq. (26-6) gives the maximum range d... as 158 km or 98 miles.

Powers and Frequencies Used in Radar. The output of a radar trans-
mitter is expressed in terms of the peak power. This is the power that
would be generated if the transmitter operated continuously at the power
level represented by the pulses. Typical values of radar power lie within
the range 100 to 500 kw, although values both lower and higher find use
in particular cases.

The fraction of time the radar transmitter is generating pulse power
is termed the duty cycle, and is given by the product of pulse repetition
frequency and pulse width. Thus, in any one second, a radar producing
1-usec pulses at a rate of 1000 per sec is ‘“‘on”’ for

1 X 10~¢ X 1000 = 0.001 sec

The duty cycle is then 0.001, and the average power is given by the product
of duty cycle and peak power; thus if the peak power were 500 kw, the
average power would be 500 watts.

Most radar equipments operate in the frequency range 100 to 25,000
Me, with concentrations in & few bands in the 1000- to 10,000-Mec range.
These bands are commonly identified by letjers—L, S, X, etc.—commonly
applied to the broader frequency divisions listed in Table 26-'1.

Long-range radars usually operate in the Sand L Pands, with P band
also finding some use for this application. Moat'glrbome radars, a.nd
practically all radars designed for high resolution in range and bearing,
operate at frequencies above 2500 Mc and generally.m th.e order of
10,000 Mc. This permits the generation of narrow, lnghﬂm\ antenna
patterns with antenna structures of reasonable size.
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TABLE 26-1
BAND DESIGNATION

Band Frequency | Wavelength | Center of active
range, Kme® | range, om* region, Mo

P | 0.220.30 | 13377 300
L | 0.39-1.58 | 77-19 1,000
8 | 1.55-5.2 19-5.8 3,000
ct | 3962 | 7.748 5,500
X 5.2-10.9 | 5.8-2.7 9,000
K | 10.9-36 2.7-0.83 ;25,000

* The limits given are approximate as no formal standards exist.
t The C band is composed of adjoining portions of the S and X bands.

26-2. Radar Transmitting Systems. As indicated in Fig. 26-1, a radar
transmitter, when reduced to its simplest elements, consists of a source of
radio-frequency power, a modulator and associated synchronizer for con-
trolling this power in the form of pulses, an antenna, and a duplexer.

Radars operating at frequencies up to about 600 Mc commonly obtain
their power from triode tubes in a resonant-line oscillator.circuit. For
higher frequencies, the cavity magnetron has until recently been the only
tube capable of generating the high peak powers required in radar. How-
ever, the successful development of the high-power klystron now makes
available an alternative to the magnetron.

/ Modulators.! The modulator, indicated in Fig. 26-1, generates a pulse
“of appropriate amplitude, length, and repetition rate, for application
between the anode and cathode of the power tube of the radar trans-
mitter. The power requirements involved may be considerable; thus a
1-megawatt radar operating at 50 per cent efficiency will require a
modulator capable of supplying 2000 kw peak power to the power tube.

Two types of modulators are in common use: the line pulser, described
in Sec. 18-9, and the hard-tube, or power-amplifier, pulser. A typical
line pulser for operating a magnetron is shown in Fig. 26-2. Here an
artificial line is employed which is designed to have a characteristic
impedance equal to the load impedance represented by magnetron tube
T., and an equivalent length such that a round trip corresponds to the
desired pulse duration. During the interval between pulses the line is
charged to the voltage E; through inductance L and diode T's; the diode is
necesgary to permit the passage of the line charging current because the
magnetron does not conduct when its anode: is negative. The syn-
chronizer initiates output pulses by applying trigger pulses to T, which
connects the line to its magnetron load during the short pulse interval;

1 The reader desiring detailed information on modulator practices is referred to
J. F. Reintjes and G. T. Coate, op. cil., chap. 3, pp. 153-214,
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the inductance L serves to isolate th ] ine pulser i
simple and efficient but inflexible in :m;n?m' The line i

A typical hard-tube pulser is shown in Fig. 26-3a, where the load is
again supplied by magnetron tube 7). Here triode tube T is biased
beyond cutoff and then excited by positive pulses of the desired length
and repetition t:requency. Between these pulses tube T, carries no cur-
rent and capacitor C is charged up to plate-supply voltage E, through
very high resistance R and series diode T;. However, during the pulse
the grid of T, is driven moderately positive, causing the plate-cathode
circuit of T'; to change suddenly from an open circuit to a low resistance

R-F CHOKE ARTIFICIAL LINE
L L L4 T
T.IT]
. I

B

mrrarron % Lolooe = PULSE TRANSFORMER
(0) DIRECT-COUPLED LINE PULSER (0) LINE PULSER WITH PULSE TRANSFORMER

Fia. 26-2. Magnetron tube operated by a line pulser,

+|c-
s
K'Y
—=i|ili
(g) ACTUAL CIRCUIT (5) EQUIVALENT CiR=
CUIT DURING PULSE

F1q. 26-3. Hard-tube pulser.

Ri. The equivalent circuit of the system then takes the form shown in
Fig. 26-3b, and a large positive voltage is applied to the magnetron anode.
For proper operation, the capacitor C should be sufficiently large so that
during the time it is discharging into the magnetron the change of voltage
across C will not be sufficient to alter appreciably the frequency and
power output of the magnetron.

As compared with the line pulser, the hard-tube pulser has the advan-
tage that the pulse length can be easily adjusted by merely changing the
length of the driving pulse; it is also more suitable for generating multiple
or “coded” pulses. The disadvantage of the hard-tube pulser is that it .ia
bulkier and more expensive, since the total energy that must be stored in
the capacitor is much greater than the energy of a single pulse; also the
high-vacuum switching tube has a higher voltage drop and hence con-
sumes more power than does the thyratron. Both types of modulators

find extensive use in radar systems.
Apuhetrgnnfomerisoiﬁenusedtompleamoduhtortoﬂwlud
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impedance. Suchnnamngementappliedtotbelineplﬂmcfmg.
26-2a is shown in Fig. 26-2b; a similar arrangement could also be used
with a hard-tube pulser. The pulse transformer must be designéd to
preserve the shape of the pulse, as discussed on page 658, and must like-
wise be so proportioned that it can handle high power and high voltage
without core saturation or insulation breakdown. The use of & pulse
transformer provides flexibility in the design and use of a modulator..~
26-3. Radar Antennas. Patlern Types and Considerations. The
character of the directive pattern desired in a radar antenna depends upon
the application. Thus, radars designed to locate targets by “‘search-
light” techniques use “‘pencil”’ beams of circular cross section. On the
other hand, ground-based air-search radars normally employ a beam with
maximum possible azimuth resolution, but with a vertical pattern shaped

et A -J TERNS Y amsonne
N
o = 0 ANTENNA PAT |~ Aumson
GROUND r) o

wiw be— ax/s OF
RADAR —o Orrw ROTATION

F10. 26-4. Typical antenna directional patterns used in a ground-based radar intended
to search for airborne targets, and used in airborne radar for observing ground
targets.

as shown in Fig. 26-4. Here some energy is radiated at high vertical
angles in order to detect the presence of planes at these angles (compare
with Fig. 26-8d), but since the planes at such vertical angles will be close
to the radar, the energy at high angles is made less than at low angles.!?
Again, “height-finder” radars, i.e., radars which are to give an accurate
measure. of elevation angle, will have a directivity in the vertical plane
that greatly exceeds that in the horizontal plane. Antenna directivity
and coverage is sufficiently important so that some complex radar sys-
tems employ multiple transmitters and antennas, which in combination
produce the desired pattern.

The type of antenna employed in a particular radar system depends on
the frequency and also on the application involved. Low-frequency
ground radars normally employ mattress antennas with reflectors. At
higher frequencies parabolic reflectors are standard for practically all
applications. Such reflectors are sometimes rotational paraboloids, and

1 The strength of the echoes received from a particular target at a given altitude
will be independent of the distance over the range of vertical angles # (measured with
respect to the horizontal) for which the antenna pattern possesses a field strength
proportional to csc 0. This corresponds to radiated power proportional to esc? 4,
and the antenna giving this result is commonly called a ‘‘cosecant-squared '’ antenns.
The antenna patterns of Fig. 26-4 possess a csc  characteristic for values of ¢ from
Ouia t0 0— 80°,

% The same pattern is commonly used by an airborne radar that is to view ground
targets, as shown in Fig. 26-4. -
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sometimes cylindrical paraboloids: portions
or are do;forn?ed in“order to modif'y% :ﬁp:f t:f:ﬁ:v:a cutamay
The directive gain of a radar antenng depends upon the physxctl sine
of the antenna measured in wavelengths in accordance with Eq. (23-28)
Thus even a la.rge antenna will have only a moderate gain at the lowe;
radar frequencies, whereas at the shorter microwaves beams of small
diameter can be produced for tracking radars such that a target is diffi-
cult to find without the aid of a second radar having a less directive beam.
It is important that the directive pattern of a radar antennsa be free
from minor lobes of significant amplitude, particularly in the horizontal
plane. Otherwise objects that are not too distant will produce detectable
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HORIZONTAL SCAN
Fia. 26-5. Representative scanning methods,

echoes when illuminated by a minor lobe. Such echoes will be displayed
by the radar indicator as though they were returned from the direction in
which the main lobe points, with the result that the radar indication is
partially incorrect in a way that results in confusion. Thus the tech-
niques mentioned on page 876 for minimizing or eliminating minor lobes
find important applications in radar work.

Antenna Scanning. In nearly all types of radar it is necessary to be
able to vary the direction in which the antenna beam points. Such
scanning is ordinarily accomplished by an actual motion of the antenna;
a few representative examples of scanning sequences are shown in Fig.
26-5. In radar equipment designed for general search or navigational
purposes, scanning ordinarily involves rotating the antenna about &
vertical axis (Fig. 26-5a). A typical scan for height-finder radars com-
bines a rapid rocker motion in the vertical plane with a much slower
azimuth scan about a vertical axis, as in Fig. 26-5b. The spiru! scan of
Fig. 26-5¢ provides an effective means of searching s limited solid angle.
In all complex arrangements involving motion in b.oth vertical anq hori-
zontal directions, it is necessary that the separation between ad;aoe.nt
sweeps of the beam not exceed half of the width of the beam. Otherwise

some directions in space will not be searched.



1024 RADAR AND RADIO AIDS TO NAVIGATION {Cmr. 2

Rommg Joint. Insystems where the antenna is mechanically scanned,
it is necessary to transfer the transmitted and received power
some form of rotating joint. Sliding contacts can be avoided by the use
of choke joints, such as shown in Fig. 26-6. Here gap a acts as a short
circuit to current flowing axially in the wall of the outer conductor
because it is a half wavelength distant from short circuit ¢ (see page 121).
At the same time, gap b does not adversely effect the behavior since it is
located a quarter of a wavelength away from the short circuit, and so is
in series with the line abc at a point where the line impedance looking
toward c is extremely high. A similar arrangement can be devised for
the center conductor, as shown. Thus the right-hand side of the coaxial
.._x,,_,.._;\ﬂ_,, line in Fig. 26-6 may be rotated
freely with respect to the left-hand
side without the necessity of pro-
\\\\\\\\\\\\\\\\“f“ | ///////////// viding an electrical contact.

With circular waveguides, a

T M) =R rotating joint can be used that is
Fia. 266, A °h°ke"'ype rotating joint gimilar to that of Fig. 26-6. In the
for use with coaxial line. case of systems involving rectangu-
lar guides, it is possible to use a tapered section to transform to a guide
having a circular cross section that contains the rotating section, and then
to taper back to a rectangular guide; alternatively one may transform
from waveguide to coaxial line and back again.

Lobe Switching. The accuracy with which the angular direction of a
radar target can be determined is greatly increased by comparing the
power received for two different orientations of the radiated beam. This
technique, termed lobe switching, is illustrated in Fig. 26-7a, where the
directional pattern of the antenna is switched rapidly between 4 and B.
A target in the direction a, will then give echo signals that have equal
strength for the two lobe positions, while targets that are slightly off to
one side, such as a; or as, will give return signals for the two lobe positions
that are distinctly unequal in strength. The direction ap in which
equality in response is obtained for the two lobe positions is very sharply
defined, so its angular position can be obtained with high precision.

With mattress antennas lobe switching can be obtained by a mechan-
ical switch that connects the feed line alternately to one end and to the
other end of the anténna system, as illustrated schematically in Fig.
26-7a. Such an arrangement takes advantage of the fact that the
attenuation and phase shift accompanying the transmission of power
across the mattress can be made to cause the lobe maximum to deviate
slightly from perpendicular to the array, toward the end away from the
feed point.

A common method of obtaining lobe switching in parabolic antennas
consists in placing the exciting antenna slightly off center with respect to
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the focal point, and then rotating it about the axi
; ; exis of the parabo

rotation rate slow compared with the pulse-repetition frequency h':‘:xi:
.a,n-ange.ment, termgd conical scanning, is illustrated in Fig. 26—%1; and
is especially convenient where it is necessary to make angle measurelilents
in both vertical and horizontal planes.

Effect of Ground on Radar Antenna Characteristics. The
. lar A , ound has
important effect on the directional characteristics of the radg:r antenna?;
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Fig. 26-7. Lobe switching with mattress antenna, and conical-scan type of lobe
switching.
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Fia. 26-8. Effect of ground on directional characteristics of antennas,

the vertical plane when the antenna is located near the ground. Thus if
the directional characteristic of the particular radar antenna in the
absence of the ground is as shown in Fig. 26-8a, then the directional pat-
tern at 100 Mc with the antenna 7.5 m (25 ft) above the ground is as
shown in Fig. 26-8b.! It will be noted that while the ground reflection
can produce an important increase in the field strength at certain angles,
it also produces blind spots resulting from the pattern nulls. When an
aircraft flies through the lobes at a constant height, it will as a conse-
quence alternately appear and disappear from the sight of the radar.
Increasing the frequency of the radar, while keepipg the antenna heig.ht
above the ground constant, lowers the angle above the horizon at which
the first lobe appears (as shown in Fig. 26-8¢), and thus improves the low-

1 This assumes horizontal polarization, or in the case of vertical polarisation, that
the vertical angle is appreciably less than the Brewster angle.
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angle ‘voverage.! As the frequency increases, the lobe structure also
becomesﬁner,uaresultofthemorenumerounnullsmthepatﬁem,m
aircraft target is lost more frequently but for shorter time intervals,

Ground effects can be eliminated by orienting the transmitting antenna
80 that little energy strikes the ground. This is illustrated in Fig. 26-84.
Under such conditions there is no fine-lobed structure, but the coverage is
poorer at low vertical angles.

26-4. The Duplexer. The duplezer, indicated in Fig. 26-1, enables
the same antenna to be used for both transmission and reception. It
makes use of fast-acting radio-frequency switches known as “TR (trans-
mit-receive) boxes’ and “anti-TR (ATR) boxes’ which are operated by

F1a. 26-9. Typical microwave TR tube and cavity for use with a coaxial transmission
system.

energy from the transmitted pulse, and which protect the sensitive
receiver from the damaging effect of the high energy of the transmitter.

A typical TR box arranged for use in coaxial circuits is shown in Fig.
26-9 and consists of a resonant cavity associated with a special cold-
cathode tube.? The tube contains gas at low pressure, and the presence
of the high-energy transmitter pulse causes ionization across the narrow,
internal gap. This destroys the resonance in the TR box, which then
acts essentially as a short circuit, and there is little transmission of energy
from input to output line. The discharge takes very little energy to
maintain. On the other hand, when the gas tube is inoperative, the
cavity resonance enables energy to be transferred freely through the
resonant cavity. There are similar units for waveguide systems, the
coupling loops being replaced by “windows” that match the cavity to
the impedance of the,guide.

An anti-TR box is 8 TR box with the output lead omxttod Normally
it serves as either a short-circuited or open-circuited load impedance.

1Low-angle coverage is very important to a long-range search radar, since the
range for low-flying aircraft, which at best is severely limited by the earth curvature,
is further reduced if there is little or no signal radiated close to the horizon.

% An extensive discussion of gas tubes suitable for TR and ATR service is given by
A. L. SBamuel, J. W Clark, and W. W. Mumford, The Gas-discharge Transmit-receive
Tube, Bell System Tech. J., vol. 25, p. 48,Jnnmry, 1946,
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A typical duplexer, suitable for either g coaxial or two-wire line system,

is shown in Fig. 26-10a. With the

and ATR boxes both ionize and ap

transmitter output power on, the TR
roximate short circuits. The equiv-

alent,cirouit of the aystem is then as shown in Fig. 26-103. The branch

lines od and ab now have no effect upon the

transmitter operation,

because, being an odd number of quarter wavelengths lon
ecau g and short-
circuited at the ends d and b, respectively, they represent an extremely

high impedance shunting the trans-
mission line. At the same time,
gince the TR box approximates a
short circuit at b, it prevents what
little energy does reach b from
going on to the receiver, and so
serves the highly important pur-
pose of isolating the receiver.

Following the end of the pulse,
the TR and ATR boxes deionize
very rapidly and become open cir-
cuits, which leads to the equivalent
circuit shown in Fig. 26-10c. The
open circuit at d places a very low
impedance across the line at ¢,
which in turn causes the impedance
looking toward the transmitter
from a to be very high. As a con-
sequence, substantially all of the
echo energy coming in from the
receiving antenna and reaching a
travels toward the receiver, and
the transmitter is effectively
disconnected.

Duplexers analogous to that of
Fig. 26-10 can be devised for use
with waveguide systems.

26-5. Radar Receivers. Radar
receivers are fundamentally ordi-
nary ultra-high-frequency or micro-

wave superheterodyne receivers (Sec.
possessing the intermediate-frequency
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MITEIER —
1 TP
Y Y, ANTENNA
a4 L [
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70 RECEIVER

(0) LAYOUT OF DUPLEXER SYSTEM

TRANS - r_&‘
MITTER ¢ T ¢ s »
4\1 A, ANTEMNA
ol Lo

‘ TO RECEIVER

(D) EQUIVALENT CIRCUIT DURING
TRANSMISSION OF PULSE

LY
TRANS- . ‘-,_I

MITTER c' f T .
% Y
oli e

& 70 RECEIVER

e

FROM
ANTENNA

(€) EQUIVALENT CIRCUIT WHEN
TRANSMITTER IS INOPERATIVE

Fra. 26-10. A duplexer system for ena-
bling the same antenna to be used for
both transmission and reception.

24-4) having a low noise figure and
and video bandwidths required to

reproduce the radar pulse. The most commonly ueed intermediate fre~

quencies are 30 and 60 Mc.

A low noise figure is important

beeause at the frequencies used in

radar, the weakest signal that can be detected is determined by noise gen-

erated within the receiver itself, as discussed on page 961.

At frequencies
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in the L band and lower, a grounded-grid triode radio-frequency amplifier
aids in achieving a low noise figure. However, at higher frequencies 5
good.erystal mixer will have a lower noise figure than an amplifier, which
is therefore omitted. In the S band, an over-all noise figure of the order
of 8 to 10 db is about the best that can be obtained when duplexer and
transmission-line losses are taken into account. At lower frequencies the
noise figure will generally be better than this, and at higher frequencieg
somewhat worse.

The proper receiver bandwidth is a compromise between the desire to
preserve the form of the received echo pulses, and the desire not to admit
an undue amount of noise. If the pulse width is  sec, the highest signal-
to-noise ratio is obtained when the bandwidth of the intermediate-fre-
quency system is approximately 1.2/r. The maximum is broad, and

10 REPELLER
ELECTRODE

n
AAAA
VYYV

o) L 47D
~ ¢ A

AUXILIARY | T-i
MIXER [=n~
FROM LOCAL

OSCILLATOR A 1~ ooveLe-runeo

‘.\I

LY}

<6

AAAA
VVVv
>

ﬁ?)
A
TRANSFORMER

F1a. 26-11. Automatic-frequency-control system suitable for use in a microwave radar
receiver to correct for slow drifts in the frequencies of transmitter and receiver
oscillators. .

bandwidths between 1/r and 2/r are acceptable in most radar applica-
tions. However, in those systems in which it is necessary to preserve the
sharpness of the leading edge of a pulse as an aid to accurate range
determination, bandwidths up to 5/ are sometimes used at the expense
of a poorer signal-to-noise ratio. The bandwidth of the video system
should be at least half that of the intermediate-frequency amplifier.

Automatic Frequency Control. In microwave radar receivers, the inter-
mediate frequency is such a small percentage of the transmitted fre-
quency that it is desirable automatically to control the frequency of the
local oscillator in such a manner as to ensure that the difference between
the transmitted and local-oscillator frequencies will lie within the pass-
band of the intermediate-frequency amplifier.

- A typical automatic-frequency-control system that will prevent slow
drifts in the intermediate frequency is shown in Fig. 26-11. Here, &
small amount of pulsed energy obtained directly from the transmitter is
combined in a separate mixer with energy from a klystron local oscillator..
The resulting difference-frequency output of the mixer is applied to a
phase-shift discriminator such as that of Fig: 17-15, which is adjusted so
that its center frequency corresponds to the desired intermediate fre-
quency. «The discriminator will accordingly develop a d-c output having
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& m..'!?'w“ aud polarity determined by the magnitude and sense of the
deviation of the local oscillator from the valye i ‘
desired intermediate f s required fo produce the
the repeller electrode o;‘eq Jee;cg k'l]‘hm oontral voltage is then applied to
its frequency. + ex-ystron local oscnlht.or’, thus correcting
he time constan ircui Sorimi
26'-’1;1 st bo tt of the output circuit of the discriminator in Fig.
great enough to maintain the output voltage sufficient}
constant during the interval between transmitted pulses so that the fm}:
quency change in the reflex klystron between pulses will be appreciab}
less than the bandwidth of the intermediate-frequency amp!:i‘;'ier -.A}t',
the same time, the time constant of the circuit should be no greater.than
required to achieve this result, since otherwise the automatic-frequency-
control system will be unnecessarily sluggish in responding to needed
thanges in frequency,,~ ‘

In radar transmitters operating at the higher microwave frequencies
and powered by magnetron tubes, the transmitted frequency is affected
by waves reflected back into the antenna from nearby reflecting objects.
The transmitted frequency then varics as the radar beam is scanned past
such an object; if this scanning is rapid it may be necessary to employ a
fast-acting automatic-frequency-control system in the receiver. This
requires that the output circuit of the discriminator have a small time
constant, i.e., small by-pass capacitors. The resulting output is then in
the form of pulses having a magnitude and sign which depend on the
amount and direction of the deviation of the intermediate frequency from
the assigned value. Since these pulses would pulse the klystron fre-
quency if they were applied directly to its repeller electrode, they are
instead used as & control for the magnitude of the d-c voltage that is
actually applied to the repeller electrode. This control operates so that
each pulse from the discriminator outputs corrects the d-c voltage in a
way determined by the magnitude and polarity of the pulse.!

926-8. Indicators for Radar Receivers. “The output of a radar receiver
is nearly always presented to the radar operator in the form of visual
indications obtained with the aid of & cathode-ray tube. Presentations
are deflection modulated, or intensity moduloted, depending on whether the
trace is deflected or brightened by the presence of an echo. ' Since radar
is fundamentally a range-measuring device, one coordinate in practically
all displays represents range. Beyond this, the displays take a variety of
forms in accordance with the nature and objective of the radar.

Deflection Modulation. The most common form of deflection is the
type A display, illustrated in Fig. 26-12. Here horizontal deflection is
obtained by the use of a linear saw-tooth voltage wave synchronized with
the transmitted pulses, while vertical deflection is produced by the

1 For further details see ““Microwave Receivers” (vol. 23, Radiation Laboratory
Series), pp. 56-74. McGraw-Hill Book Company, Inc., New York, 1948,
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receiver output. Direct-ourrent restoration is employed in the receiver
8o that the vertical deflection will always be upward from the base line,

The type A presentation, such ss illustrated in Fig. 26-12, will nofmally
show numerous fixed echoes originating from objects in the vicinity of the
transmitter and often called “ground clutter,” as illustrated, together
with additional more-distant permanent echoes arising from relatively
large fixed objects further away. In general, the sensitivity of radar
receivers is always adjusted so that the receiver noise will produce visible
deflections, termed “ grass,” above the base line.

CATHODE ~RAY TUBE INDICATOR
TRANSMITTER PULSE

~.

~~

“PERMANENT "

GROUND cwrrfﬁ——-'
- |"6rass”

OISTANCE ———»
\FIME) | RanGE MarKs

|
| |
f————— RANGE \TINE DELAY) :
L
! i
' ' s
—
CURVED EARTH

Fia. 26-12, Type A presentation, showing correlation of recewed echoes with ground
and air targets

— T -

g

Intensity Modulation. The most widely used form of intensity modula-
tion is the plan-position indicator (PPI) illustrated in Fig. 26-13. Here
a saw-tooth timing wave deflects the cathode-ray spot radially outward
from the center, and is so synchronized with the transmitted pulse that
distance outward from the center is proportional to the distance of the
echo-producing target from the radar transmitter. The angular direction
in which the saw-tooth timing wave deflects the cathode-ray spot at any
instant is made to correspond to the direction in which the antenna beam
is directed at that moment. The signals from the receiver output are
applied to the control electrode of the cathode-ray tube after d-c restora-
tion. The bias on the control electrode is adjusted to be just slightly
greater than cutoff. A Thus a signal of significant amplitude causes the
spot to be turned on. The result is that the echoes are presented to the
radar operator as bright spots that give range and azimuth on a map in
their true relation in polar coordinates.! The usual method of obtaining

! In the case of a PPI picture of the ground obtained from an aircraft (or of aircraft
as observed on a ground radar), the distance to the target is the slanf range, and is
significantly greater than the true horisontal distance for horizontal distances that
are not considerably greater than the aircraft height. Under these conditions the
PPI pattern is distorted near the center.



Brc, 26-6] -INDICATORS FOR RADAR RECEIVERS 1031

the radial deflection required in the PP] indication i magnetio
) 1 " on is to 1
deflecting coils! that are rotated synchronously with thee?:t::m.

Fi1a. 26-13. PPI presentation showing Cape Cod as viewed by a radar in an aircraft,

Electrical Coordinates. Coordinates are often introduced electrically
in such a manner as to be made part of the presentation. Thus range
markers can be introduced on & type A presentation, as shown in Fig.
26-12, by superimposing on the GATE NQ.1 OPEN
vertical deflecting system very short ]‘:_
pulses spaced in time according to OVERLAP
the range intervals to be indicated, YLEag ThAN o) ]—/—“”’;”“ ¢
and appropriately synchronized
with the transmitted pulses.

Again, circles corresponding
particular range values may be
added to the PPI display as shown in Fig. 26-13. These are produced by
applying to the control electrode short positive pu!ses that are synchro-

1To obtain & deflection that starts from the center and travels outward linearly

with time, it is necessary that the current through the magnetic deflecting coil be &
saw-tooth wave, and include a d-c component such that the minimum amplitude of

the wave is zero,

RANGE (TIME OELAY)—>

to Fie. 26-14. Arrangement of gates used
in range tracking.
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nized with the transmitted pulse, but delayed to correspond totbennmm
ranges to be marked.

Cathode-ray-tube Characteristics. Cathode-ray tubes used in. PPI dis-
plays employ long-persistence phosphors which retain the pattern from
antenna scan to antenna scan. The build-up characteristics of such phos-
phors are such as to favor repetitive ‘hits"” representing successive
returns from a particular target; this improves the signal-to-noise dis-
crimination, as discussed on page 1019.

On the other hand, short-persistence screens are normally used in
deflection-modulation displays. Here the same pattern is normally
retraced many times per second, and the eye serves as an effective
integrating device. .

26-7. Automatic-tracking Radars. A radar is sometimes arranged so
that its antenna is continuously pointed in the direction of a target, while
simultaneously a ‘‘range gate’’ follows the same target and provides
contimuous range information. Such an automatic-tracking arrangement
can be used to aim guns, provide continuous data for plotting, etc.

Tracking both in azimuth and elevation can be readily obtained by
employing a conical scan.! When the antenna does not point in exactly
the proper direction, the return pulses will then be modulated in ampli-
tude at the conical-scan rate, with the phase of the amplitude modulation
indicating the error in direction. This modulation envelope of the
returning pulses is used as an error signal to actuate a servo system that
readjusts the antenna position in both azimuth and elevation as required.

Tracking in range can be achieved by applying the receiver output to
two gated amplifiers having their inputs connected in parallel. The gates
on these amplifiers are synchronized with the transmitted pulses in such
a manner that each gate is open for only a moderate number of micro-
seconds at a definite and adjustable time interval after each transmitted
pulse. The two gates are adjusted in timing to give an overlap slightly
less than a pulse length, as illustrated in Fig. 26-14. If the returning
pulses lie entirely in one gate or in the other, the overlap portion corre-
sponds to a range that is either slightly too small or slightly too large, as
the case may be. The difference in output of the gates thus represents
an error signal that can be used to readjust the range of the pair of gates
so that the overlap of the two gates corresponds to a time delay repre-
senting the exact range of the target. When the gate system is thus
correctly adjusted, the two gated amplifiers produce equal output signals,
and the time delay of the gates corresponding to this condition gives the

1 Automatic tracking in azimuth only is obtained by employing a simple lobe-
switching arrangement that shifts the position of the beam slightly in the horizontal
plane (see Fig. 26-7a). The difference in strength of the returned signals for the
two positions is then used as an error signal that actuates a servomechanism
which the antenna position.
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actual range. As an aid to target discrimination nergy common
'tobothmngegatuisfedtothemgle-tmldngcim:.?ze

26-8. Moving-target Indicators (MTT) and Suppression of Permanent
Echoes. Itisdiﬁcultforanobservertodiatingm.movinghrget
in the presence of permanent echoes of comparable appearance on a radar
presentation. A further difficulty arises if the moving target has a range
and bearing such thntitsechoinnctuallymperimposedontheground
clutter. This is a particularly troublesome situation in mountainous
regions and near cities.

The Doppler Effect Associated with Moving Targets. The relationship
existing at the radar between the phase of the transmitted pulse and the
phase of the resulting echo from a fixed target is the same for successive
pulses. In contrast, the relative phase of the echo signals received from a
moving target continually changes with respect to the phase of the trans-
mitted pulse, because of the fact that the distance to the target is chang-
ing. For example, movement of the target by a distance Ad/\ wave-
lengths during the time interval At between pulses will cause the relative
phase of the returned echoes to shift by an amount A¢ radians, where

A¢-=2x21rATd © (26-7)

The fact that the relative phase of the echo varies when the target is
moving, and is constant when the target is fixed, provides a means of dis-
tinguishing between fixed and moving targets. .

The continuous change in phase of the echoes from a radially moving
target causes the frequency of the echoes to differ from the frequency of
the outgoing pulses. This Doppler shift Af in frequency is given by the
relation

1 A¢ V.-

“wa "2 (26-8)
where Af is the time between pulses during which the phase shifts A¢
radians, and V, = Ad/At is the radial velocity of the target.

MTI Systems. A means of utilizing the Doppler effect to eliminate
permanent echoes while preserving echoes from a moving target, illus-
trated in Figs. 26-15 and 26-16, is termed a nwving—tm:ge&-ind.icalor
(MTI) system. Here the phase of the echo signal existing in th? inter-
mediate-frequency amplifier system of a standard radar receiver is cor-
pared in a phase detector with the phase of a reference oscillator so
operated that its phase is related in a definite way to the phase of the
transmitted pulse. In such a system, the permanént echoes have the
same relative phase from pulse to pulse, and so produ'ce a phase-detector
output that is identical for successive pulses (see Fig. 26-15). Conse-
quently, by subtracting the phase-detector output for the first pulse from
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that for the second, the second from the third, ete., the permanent echoes
are canceled out, and so do not appear on the oscxlloscope presenta.hon
of the radar receiver output

In contrast, successive echoes from moving targets have dxﬁerent
phases with respect to the reference oscillator. The phase detector will
accordingly deliver an output from a moving target that varies in ampli-
tude from pulse to pulse, as illustrated in Fig. 26-15. When the phase-
detector outputs for sucoessive pulses are subtracted from each other the

cLurren aecion —— moving targets therefore fail to
cancel, and so are visible in the
presentation,! free of fixed echoes.

The apparatus for carrying out
the necessary MTI operations is
illustrated schematically in Fig.

MOVING

TARGETS TARGET

NOISE

| RANGE —>»
(0) PHASE DETECTOR OUTPUT FOR PULSE NO. |

26-16. Here the receiver-channel
components are identical with those
of a standard radar receiver,
except that the local oscillator is
designed to have particularly good
frequency stability,? and a limiter
(i.e., clipper) is included in the
intermediate-frequency amplifier so
that the echo signals applied to the
phase detector will always have the
same amplitude. The oscillator
providing the reference phase is
termed a coherent or coho oscillator,
and is a stable oscillatér operating at a frequency that is very closely the
difference between transmitter and stalo frequencies.

When a magnetron is employed in the radar transmitter, the phase of
each transmitted pulse is randomly related to the phase of the previous
pulses. It is hence necessary that the phase of the coho oscillator be
matched anew with the phase of the transmitter for each transmitted
pulse. This is accomplished by injecting power from each transmitted
pulse into the “coho channel’ of Fig. 26-16 by means of the coupling
indicated. If the coho oscillator is stable in frequency, its phase in the
time interval betweerr pulses is then related to the phase of the oscillations
of the last outgoing pulse in exactly the same way for successive pulses.
The phase comparison between the coho oscillator and the amplitude-

1The only exceptions to this occur when (1) the radial velocity of the target is
sero, or (2) when the velocity is such that the phase difference between sucoessive
returning pulses is exactly a multiple of 2x; this latter condition is termed a ‘blind”
speed. However, in practice, neither of these conditions is likely to persist for more
than a few seconds at a time,

3 The term stalo is often used to designate such a stable local oscillator.

QWA;QMWMFV———

(D) PHASE DETECTOR OUTPUT FOR PULSE NO.2

L}
€) PHASE DETECTOR OUTPUT FOR PULSE NO.3

MOVING 3 ISE

/mm:m
(d) OUTPUT OF SUBTRACTING CIRCUIT FOR
A SUCCESSION OF PULSES

Fia. 26-15. MTI video waveforms,
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limited intermediate-frequency echo si means
phase detector of the type ﬂlcuystmwamc;g; made by e
The phase-detector outputs for successive puls;s may be subtracted
frol.n qe.ch other by employing a delay line in the manner illustrated
This lme. typically consists of a mercury or quartz transmission lino.
upon which are impressed mechanical vibrations lying in the frequenc;
range 10 to 20 Me¢, modulated by the video signals.! The line length is
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Fic. 26-16. Schematic diagram of MTl_mdlr system.

such as to produce a delay corresponding exactly to the interval between
successive pulses; this can be ensured by using the delayed outgoing pulse
to trigger off the next outgoing pulse. Thus at the same instant that an
echo is received from a particular target due to the last pulse transmitted,
the output of the delay line is delivering an echo from the same target
corresponding to the phase-detector output produced by the next-to-last
transmitted pulse. The delayed and undelayed echoes are then sub-
tracted by first reversing the polarity of one of them, and adding.

It will be noted that the phase comparison in Fig. 25-16 is carried out
at the intermediate frequency. This is more convenient than doing it at
the much higher transmitted frequency, and is permissible be.cauue, as
explained on page 570, the relative phase relations between two signals are

1 The electrical signals are converted into mechanical vibrations, and viae. versa,
at the terminals of the line by means of piesoelectric or magnetostriction _dmeu, in
association with suitable modulation and demodulation equipment. This terminal
equipment is indicated by z and y in Fig. 26-16.
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not altered by the mixing process provided the same local oscillator signaj
is employed in both channels.

Practical MTI systems following the general pattern illustrated in Fig,.
26-16 are capable of canceling echoes from fixed targets having ampli-
tudes of the order of 40 db or greater above visibility. At the same time,
it is possible to observe moving targets which are superimposed on fixed
targets and which are weaker than the fixed targets by as much as 25 db,

26-9. Continuous-wave (CW) and Frequency-modulation Radar.!
Although most radar systems employ energy radiated in the form of
pulses, it is possible to detect moving targets by radiating unmodulated
continuous-wave energy. The idea is illustrated in Fig. 26-17. Here

OSCILLATOR RADIarED ’A.f‘ovg:_cr
.“ ——————— -'_"E 2" 'I“_"fﬂ:r p R

e ———— ney 2
reman iz e & o
INDICATOR FOR
DIFFERENCE FREQUENCY 48T

F1a. 26-17. Schematic diagram of a CW radar.

the energy reflected by the moving target is shifted in frequency in
accordance with Eq. (26-8). At the receiver this reflected energy com-
bines with energy of frequency f reaching the receiver directly from the
transmitter to produce a difference frequency Af that indicates the pres-
ence of the moving target, and simultaneously gives its radial velocity
through Eq. (26-8).

Such a continuous-wave radar system provides a simple and accurate
method of measuring the speed of automobiles, shells, guided missiles,
etc. It is also able to detect the presence of moving objects such as
people, motor vehicles, ete., and so is useful in military work as a sentry
that functions in the dark, in bad weather, and in the presence of camou-
flage. A continuous-wave radar system is also able to detect the presence
of aircraft and has the merit that unlike pulse radar, its ability to do so is
not adversely affected by echoes from fixed objects. However, the prac-
tical usefulness of CW radar in this application is limited by the fact that
multiple targets at a given bearing introduce confusion, and range dis-
crimination can be added only at a severe cost in system complexity.

Frequency-modulatipn Radar (FM Altimeter). In frequency-modula-
tion radar the schematic arrangement of equipment is the same as for CW
radar as given in Fig. 26-17, except that the transmitted wave is frequency
modulated in a manner such that the instantaneous frequency will on the
average change many cycles per microsecond. The direct and reflected
signals reaching the receiver will then have different instantaneous fre-

1 An excellent discussion of this subject is to be found in ‘“ Radar System Engineer-
ing” (vol. 1, Radiation Laboratory Series), chap. 5, McGraw-Hill Book Company,
Inc., New York, 1947,
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quencies, because during the time it takes a wa:
transmitter to the target and back to the reeeiver,vt.ixetoinsut,:::::e;“: frﬂ:
quency of the transmitter will have changed. The frequency difference
between the two waves reaching the receiver hence indicates the time
delay of the reflected wave, i.e., the distance to the reflecting point, which
can be either a fixed or a moving target. With sinusoidal fre;;uenc
. P Y
modulation this difference frequency will vary during the modulation
cycle; nevertheless its average value over a modulation eycle of the trans-
mitter i8 still proportional to the distance from the transmitter to the
target.!:?

The principal use of frequency-modulation radar is as an altimeter for
enabling an aircraft to determine its height above the ground. Typical
equipment developed for this purpose has a power of less than 1 watt, and
operates at a carrier frequency of 440 Mc, with f. = 120 cycles and Af
either 2 or 20 Mc. In such applications, the output of the receiver is
applied to a frequency meter that develops a d-c output current propor-
tional to the average frequency; this current is then passed through a d-c
meter calibrated to read altitude in feet.

26-10. Radar Beacons. A radar beacon, sometimes called a trans-
ponder, includes a receiver, pulse transmitter, and antenna system.
Beacon action is ordinarily initiated by the reception of a radar pulse.
If this “interrogation’’ is in a form acceptable to the beacon (i.e., pre-
selected frequency, pulse width, pulse-repetition frequency, etc.), the
beacon replies by transmitting a pulse or a combination of pulses. The
reply can be on the radar frequency, in which case the radar receiver
handles both radar echoes and beacon replies simultaneously. Alter-
natively the repiy may be on a widely different frequency, perhaps

, assigned to beacons alone; in this case a separate beacon receiver is
required. :

Since the beacon replies with full power even when the signal it receives
is weak, long ranges are possible with only moderate beacon receiver
sensitivities and beacon transmitter powers. The maximum range limi-
tation is usually set by line-of-sight propagation to the horizon.

The response of a radar beacon can be so coded that it replies with a

1 Radial motion of the target will also affect the difference frequency; however, in
frequency-modulation radar the frequency differences produced by the frequency
modulation are purposcly made hundreds of times the frequency shift arising from
target motion. As a result, the latter can be neglected.

* For sinusoidal frequency modulation it can be shown that if fu d_enohes the modu-
lating frequency and Af the frequency deviation, then the target distarce d and the
average difference frequency at the receiver output have the relation

Average frequency of | _ 8w Afd (26-9)
receiver output ¢

where ¢ is the velocity of light.
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distinctive combination of pulses that serve to identify the particular
beacon. Beacons can also be arranged so that they will not respond to
the usual radar signal, but will operate if, for example, the pulse length is
increased, or if the pulse-repetition frequency is changed to some par-
ticular value. L

Beacon Applications. Radar beacons have a variety of uses. They
can be employed to extend the range of radar tracking by reinforcing the
normal echo signal from a small target. Beacons are also used to identify
landing fields, shore lines, mountains, ships, or other important locations
as an aid to air or sea navigation. Coded beacon techniques can be used
to add identification and other information to the beacon reply, and are
used by the military to distinguish between friendly and unfriendly radars
in so-called IFF systems (identification, friend or foe).

Radar beacons can be used by an aircraft to determine its position.
Thus the response of a single beacon supplies information both on the
distance and direction of the beacon with respect to the interrogating
aircraft radar. The distance obtained in this way is very accurate, while
the directional information has an accuracy determined by the beam
width of the interrogating radar. Very precise location of position can
be obtained by determining the distance from beacons located at two
known positions.!

The ease with which distance may be measured by the radar beacon
technique has led to the development of special distance-measuring equip-
ment (commonly abbreviated DME) for use in commercial aircraft.
This consists of a low-power radar transmitter with an omnidirectional
transmitting antenna, which is used in conjunction with beacons located
along air traffic lanes. Frequencies in the'vicinity of 1000 Mc have been
allocated for this application. Range at this frequency is limited to the
line of sight. Accuracies of the order of 0.25 mile are possible up to
maximum range. The range indication is typically presented on a clock-
type meter driven by an automatic range-tracking circuit, such as dis-
cussed on page 1032. Choice of a particular beacon is made by transmit-
ting the interrogating signal on the proper frequency and using the
appropriate pulse-code combination.

26-11. Loran. In loran (short for long-range navigation), high-
powered pulses are sent out from two transmitting stations. A constant
known time difference'is maintained between the instants of departure of
these pulses, so that the time difference of arrival of the pulses from the
two transmitters as observed at a receiving point becomes a measure of
the difference in distance of this receiving point from the two transmitters.
A particular difference in distance corresponds to a receiving point

1 Equipment specially designed for determining position in this manner has been
developed for military purposes and is referred to as shoran (for short range
navigation).
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located somewhere on a particular h rbola.! is is because a hyper-
bohisthelwusofpointsthatdiﬁeri?ediahhoefmrmv:ﬁxod :mb
conataqt amount. A station at a third location can now ll::luaedyt:
determine a second hyperbola, the intersection of which with the first
hyperbola gives the position of the receiver, as shown in Fig. 26-18.
sufndard loran operates in the frequency range 1.8 to 2.0 Mo. The
indiw?lual stations are typically 200 to 400 miles apart, ;nd m syn-
chronized by means of the ground wave, one station actiné as the master
and the qthers as the controlled or slave stations. Ranges of the order of
700 nautical miles are obtained over sea water for ground-wave propaga-~
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F1a. 26-18. Details pertaining to loran system.

tion, with an error of the order of 1 mile at this maximum range. With
sky-wave propagation somewhat greater ranges can be obtained at night,
but the error is appreciably greater in proportion to the distance.

A low-frequency version of loran operating at about 100 ke has also
been developed. This increases the ground-wave range, and also gives
more reliable sky-wave operation at higher latitudes since the lower fre-
quencies are relatively unaffected by ionospheric storms and related dis-
turbances that center about the polar regions.

Loran finds extensive use as a navigetional aid for both ships and
aircraft.

26-12. Radio Range. A navigation system that establishes a course
through space along which aircraft can navigate from one location to
another is termed a radio range. )

Long-wave Radio Range. The long-wave or low-frequency radio range
has been & standard airway navigational aid for many years. As ordi-
narily employed, it makes use of a special five-tower antenna system in
association with two transmitters operating in the frequency range 200 to

1 For this reason, navigation systems of this type are sometimes called hyperbolic

navigation systems.



1040 RADAR AND RADIO AIDS TO NAVIGATION {Cumar. 26

400 ke, and dxﬁermg in frequency from each other by a convenient aucho
frequency that is oommonly 1020 cycles.

The antenna system is shown in Fig. 26-19¢. Here, tower pairs A4’
and BB’ each form a two-element antenna array, arranged to have figure-
of-eight directional patterns in the horizontal plane, as shown in Fig,
26-19b. The unmodulated output of the first transmitter is switched
back and forth between antenna systems AA’ and BB’ in a systematic
manner, so that the radiation of one antenna pair corresponds to the code
character for the letter A (— —), while the radiation from the other pair is
the complementary code character corresponding to the letter N (— -).

) RADIATION PATTERNS IN
(0) ANTENNA ARRANGEMENT W DTN TAL ELANE

Fia. 26-19. Antenna system and lobe patterns for generating the equisignal courses
of a long-wave radio range.

The central tower C continuously radiates energy from the second trans-
mitter in an omnidirectional pattern.

When such signals are observed on an ordinary radio receiver, one hears
an audio-frequency beat note of 1020 cycles, corresponding to the differ-
ence between the frequencies of the two transmitters. In the directions
indicated by the arrows in Fig. 26-19b this note is of constant intensity
because switching from AA’ to BB’ does not affect the strength of the
signal received from the first transmitter. In contrast, any position
either to the right or left of such an equisignal course will receive greater
radiation from either A4’ or BB’ as the case may be, with the result that
the code character A or N, respectively, will predominate.

The four courses of the radio range in Fig. 26-19 can be aligned to the
actual routes used in air travel by such expedients as supplying unequal
powers to the two antennas of a single pair, exciting one pair of antennas
with less power than the other pair, etc.

The long-wave radio range has the disadvantage that it provides only a
limited number of courses in preselected arbitrary directions; likewise, the
aircraft has no simple means of determining which of the four possible
courses it is following. In addition, the range signals are occasionally
drowned out by precipitation static. The principal merit of the long-
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wave range is that since it operates at f; uencies where the ground
is strong, itslfgnahmachaircrgftﬂyinrgeqwen belowthemofdght.m
The Very High-frequency Omnirange.! The very high-frequency (VHF)
omnirange, or VOR (short forvery high-frequency omnidirectional range)
overcomes most of the limitations of the long-wave range, and hl;
largely replaced it on the airways of the United States. '
In the standard United States system the VOR transmitter operates in
the frequency band 108 to 118 Mc, and is associated with an antenns sys-
tem that at any instant has a directional pattern that is a limacon, as

LOHCW

180° 270° o°
"Fra. 26-20. Antenna patterns at successive 90° intervals of 30-cycle pattern rotation
of VOR antenna.

shown in Fig. 26-20, which rotates at a rate of 30 revolutions per second.?
The rotation of the unsymmetrical antenna pattern causes the signal at a
particular receiving point to be amplitude modulated at a 30-cycle rate,
with the phase of the 30-cycle modulation being determined by the
bearing of the transmitting station relative to the receiver, as shown in
Fig. 26-21. A reference phase independent of bearing is supplied to the
receiver by frequency modulating a 9960-cycle wave at a 30-cycle fre-
quency in synchronism with the rotation of the antenna pattern, and
then amplitude modulating this frequency-modulated subcarrier on the
radiated earrier.® The phase of this reference 30-cycle frequency modula-
tion is such that it is in phase with the 30-cycle modulation due toantenna
rotation when the receiving point is due north of the VOR.

The aircraft VOR receiver is typically a high-quality superheterodyne
provided with means for recovering and separating the audio frequencies
obtained from the complex signal radiated by the VOR. The 30-cycle
amplitude modulation due to pattern rotation is recovered directly. The
9960-cycle subcarrier is selected by a suitable filter, and applied to a fre-
quency-modulation detector to recover the 30-cycle ret:erence sigfm.l.
The phase difference between the two 30-cycle signals, which determines

1 For a more detailed discussion, see H. C. Hurley, S: R. Anderson, and H. F,
Keary, The Civil Aeronautics Administration VHF Omnirange, Proc. IRE, vol. 39,

. 1506, December, 1951. .
P ' The’ rotation cs,n be achieved in a variety of ways; the arringement in the standard

system is an electromechanical one that is described by Hurley, Anderson, and Keary,

”' The radiated carrier can be further amplitude modulated by voice or tone for

communication or identification purposes.
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the bearing from the VOR relative to north, is then determined by some
form of phase meter, for example, the one shown in Fig. 25-27. ,
The carrier power of VOR stations ranges from 50 to 200 watts, and
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(D). AMPLITUDE MODULATION FROM PATTERN “}

ROTATION FOR RECEIVER IN DIFFERENT ¢
OIRECTIONS FROM VOR

Fia. 26-21, Phase relations in VOR sys-
tem, showing effects of azimuth on phase
of received amplitude modulation pro-
duced by pattern rotation in Fig. 26-20.

provides line-of-sight coverage for
aircraft flying as high as 20,000
ft. Accuracy is typically within
less than +1.5°. Different VOR
stations are identified by their
frequencies, the same frequencies
not being repeated for stations
separated by less than about 500
miles.

Compared with the long-wave
radio range, the VOR has the ad-
vantage that it supplies bearing
information to all directions, and
18 therefore not restricted in the
number of radial courses it pro-
vides. In addition, it operates in
a frequency range where both
natural static and precipitation
static are largely absent. The chief
disadvantage of the VOR is that
since it operates in the very high-
frequency range, the received signal
will be dependable only under line-
of-sight conditions. Hence the
VOR does not serve aircraft that
are flying very low unless they are
close to the VOR transmitter.

» 26-13. Aircraft-landing Systems.
The ability to land an aircraft
under conditions of low or zero visi-
bility and ceiling is one of the most
important factors determining the
reliability of air travel. Two elec-
tronic systems now in use provideat

least a partial solution to this problem. These are the ground-conirolled
approach (GCA) and the instrument landing system (ILS). Although
they can be used in emergencies to accomplish a true blind landing,
both of these arrangements are fundamentally blind-approach systems,
in which the final landing is normally carried out visually after the
electronics system has brought the aircraft out of the overcast in the
correct position to complete a landing.
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Instrument Landing System.! The essential elements of the instrumen
h?dmg m, illustrated in Fig. 26-22, oonsist of a runway loct.lilert
ghgv:ep‘th eqmplment, and marker beacons. ’

. runway localizer provides the lateral guidance tha
airplane to approach the runway from the pmg;:r directionf e?:l:m
of 8 special f?rm of two-~course horizontally polarized very high-frequency
radio range, in which the equisignal course is defined by antenna patterns
of the character shown in Fig. 26-23. The runway localizer range differs
from the long-wave radio range, however, in that the radiated wave con-

GLIDE-PATH

MARKER BEACONS 200 F 75\ EQUIPMENT
- |«
N ==
QUISIGNAL COURSE OF
RUNWAY LOCALIZER 4800 FT RUNWAY
5 MILES LOCALIZER

TRANSMITTER
EQUISIGNAL PATH OF (0) PLAN VIEW
GLIDE -PATH EQUIPMENT

OUTER MARKER  MIDDLE
BEACON MARKER
AIRPLANE BEACON

INNER MARKER
BEACON

IPPITITIITT 727777777777 777777777 IS 7777

() SIDE VIEW
Fic. 26-22. Schematic diagram showing cssential features of the instrument landing
system.

sists of a single carrier wave which is simultaneously associated with two
sets of continuously radiated amplitude-modulated gidebands represent-
ing modulation frequencies of 90 and 150 cycles, respectively. The two
patterns of Fig. 26-23 then correspond to the relative strengths of the 90-
and 150-cycle sidebands, respectively, 88 & function of direction. Thus
the equisignal course directions are indicated by equality in the strengths
of the two modulations, which are separated by suitable filters in the
receiver output, separatelv rectified, and then applied with opposite
polarity to a zero-center meter. Equal tone amplitudes (i.e., the on-
course condition) hence produce no meter deflection, while a preponder-
ance of one or the other tone will deflect the pointer in 8 way that indi-
cates the direction to be taken by the aireraft to “correct’ its flight.
Marker beacons are used to indicate position along the localizer path
as shown in Fig. 26-22. They consist of low-power very high-frequency
transmitters exciting antenna systems that produce ,fm-shnped beams 80
orientated that the broad dimension of the fan is at right angles to the

1 For detailed information on this type of equipment, see Sidney Pickles, Army
Air Forces Portable Instrument Landing System, Elec. Commun., vol. 22, no. 4, p. 262,
1945.
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localiser path.! The different markers are identified by means of distinc-
tive tone modulations, and by dot-and-dash

cousignar  KeYing.
CouRSE The glide-path equipment, or ‘‘glide-path facil-
ity” as it is officially designated, provides an
“~ equisignal-path type of guidance in the vertica]
so°~ plane analogous to the guidance in azimuth pro-
\ vided by the equisignal path of the localizer.
This result can be achieved by employing two
horizontally polarized antennas one above the
other at heights that give patterns such as those
N indicated by the solid and dotted lines in Fig.
-~ 26-24. In order to ensure that there will be only
\ J' one equisignal glide path, the lower antenna is (1)
80 excited that its lobe maximum is larger than the
maxima of the upper antenna, and (2) placed so
close to the ground that its pattern in the vertical
Fia, 26-23. Directional plane is broad and has a maximum that is at a
{::c?lei:r“::di:; orunwey  relatively large angle above the horizon. Dif-
landing system. ferent sideband frequencies are radiated from these
two antennas, in the same manner as in Fig. 26-23.
The proper glide angle is in the range 2 to 5°. Since the glide-path
equipment must be placed to the side of the runway so that it will not
present a hazard (see Fig. 26-22), the
antenna patterns in the horizontal
plane must be carefully controlled so
that the glide path will have the cor-
rect slope along the aZimuth course

4
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- ANTENNA NO.1

«= ANTENNA NO.2

defined by the localizer. A fre- 10) ANTENNA ARRANGEMENT
quency in the high end of the very
high-frequency band such as 330 Mc LOWER ANTENNA ~

is commonly used.
The receiver for the glide path ueeen
signals separates the two modulation
tones, which are then rectified and
applied with opposite polarity to a
zero-center meter. This indication (6) ANTENNA PATTERNS
is non:melly fzombined wi.t.h the local- f;ﬁ;j&ﬁf 3&“3&%‘?@&”&‘::{
izer indication by housing the two janding system.
meter movements in & common case
in such a manner that localizer and glide-path pointers are, respectively,
vertical and horizontal when not deflected. Thus any flight corrections
1 Thus the marker-beacon antenna patterns shown in Fig. 26-22 represent the thin
dimension of the fan.
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required to follow the prescribed courses in both horizon
phl':“ °:tn be (;bf:ained by a quick glance at one :‘:l':::l.::d 'hl
1s extremely important that both the localizer i

systems of an ILS installation be completely fr::ldo%l l::;ﬁ‘ th;:yn t::::
spurious equisignal paths arising from side-lobe effects or reflections from
hangars, etc. Otherwise there is always the possibility that an aircraft
will sometime accidentally run across such a spurious equisignal path,
assume it to be the desired path, and carry through with a landing that
might well end in disaster. Therefore each ILS installation is always
carefully checked for spurious courses by flight tests before it is released
for general service.

.The com.binatxzon of runway localizer and glide-path equipment pro-
vides the'pllo!: with sufficient information to approach the runway in the
correct diréction, and to bring the aircraft down to earth along a glide
path that will provide a safe landing. The marker beacons keep the
pilot informed as to his distance from the runway. When the final
marker beacon is reached, the plane should be only a few feet above the
ground, and unless there is absolutely zero visibility and zero ceiling the
pilot should be able to carry out the remainder of the landing visually.

Ground-controlled Approach (GCA). The ground-controlled approach
system employs two radars. The first is for general surveillance, and for
control of the traffic pattern of aircraft in the vicinity of the landing
field; it has a range of approximately 30 miles. The second is a high-
resolution short-range set! that is used to conduct the actual landing.
This second radar has two displays: one arranged to present elevation as a
vertical displacement, and range as a horizontal displacement, while the
other presents azimuth on a PPI indicator. An appropriate glide path
is indicated on the first display in the form of an overlay, while the
direction of approach that should be followed-to make a proper landing
is indicated by an overlay on the face of the second display.

An aireraft to be landed with this system is first brought into the proper
position for starting its descent by means of the surveillance radar. A
controller at the indicators of the high-resolution radar set then takes
over, and from moment to moment issues instructions to the pilot as to
what must be done to keep the plane on the desired glide path. Thus the
aireraft is “talked” down a path corresponding to a proper landing, so
that when it breaks through the overcast, it should be in the proper posi-
tion to permit the landing to be completed visually. If for any reason
the aircraft cannot be talked into the proper glide path, it is instructed
to discontinue the landing and turn back for a second attempt.

The ground-controlled approach system has the advantage that no

1The GCA is a mobile equipment. For permanent installation, .tl.ne two radars
are designated the Airport Surveillance Radar (ASR) and the Precision Approach

Radar (PAR).
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eqmpmentmreqmredmtheurcmftotherthanmordmuymdi
receiver, and that the ground installation can be mobile. The disadvan-
tages are that there are a number of human links in the chain, and that the
chief responsibility for making a successful landing is taken away from
the pilot.

26-14. Radio Direction Finding.! The fact that radio waves propagate
Awa.y from the transmitter along a great-circle route makes radio direc-
” tion finding & useful navigational aid. Thus a ship or aircraft can obtain
its location by determining the directions of arrival of radio waves sent
out by two transmitters at known locations.: Similarly, it is possible to

N & ML LA

PLAN VIEW OF LOOP VECTOR DIAGRAMS OF VOLTAGES
SHOWING DIRECTION OF SIDE VIEW OF LOOP ACTING IN LOOP
WAVE TRAVEL

F1a. 26-25. Vector diagrams showing how the voltages induced in the two sides of a
loop by a passing radio wave combine to give a resultant voltage acting around the
loop.

determine the location of a radio transmitter by simultaneously taking
bearings on the radio waves at two receiving locations.

Loop Direction Finders. *Direction finding at broadcast and lower fre-
quencies is normally carried out with the aid of a loop antenna, utilizing
the ground wave. The loop antenna is arranged with its plane vertical
and is rotatable about a vertical axis.» The directional pattern of such a
loop, discussed on page 907, is characterized by sharp nulls in the hori-
zontal plane in directions perpendlculal' to the plane of the loop.

The physical action ‘invélved in the loop receiving antenna.can be
understood with the aid of Fig. 26-25, which:shows the effect that a
vertically polarized wave produces on a vertical rectangular loop.. When
the plane of such a loop is perpendicular to the direction of travel of the
wave, as shown by C-in Fig,. 26-25,.the voltages induced in the two vertical
sides are of equal magnitude and have the same phase.. Being directed
around the loop in opposite directions, however, these voltages cancel
each other and result in zero loop current. . On the other hand,.when the
plane of the loop is parallel to the direction of wave travel; as in cases 4
and E-of Fig. 26-25; the wavé reaches the two sides at slightly different
times. This causes a phase difference that gives rise to a resultant volt-
age asting around tKe loop as shown. -

The quantitative relationship between the volta.ge induced in such &

1 An encyclopedic coverage of direotion finding, as well as of various types of radio
navigational systems, is given by R. Keen, * Wireless Direction Finding,” 4th ed.,
Iliffe and Sons, Ltd., London, 1947; also see D. 8. Bond, “Radio Direction Finders,”
MoGraw-Hill Book Company, Inc., New York, 1844,
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vertical loop by a vertically polariged wave and the rength '
) vertical field st
wave, assuming the loop is small compared with a wavelength, is! of the

Resultant voltage E, — E, loop area
acting around the loop } = 2xEN !‘..;'%2‘_

cos § (26-10)
where & = strength of radio wave, volts per m
N = number of turns in loop
A = wavelength of radio wave, m
6 = direction of travel of wave with respect to plane of loop
Equation (26-10) applies to loops of any shape, provided that the maxi-
mum dimension does not exceed about 0.15 wavelength. P
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EFFECT THAT IS IN THAT IS SHIFTED 90° N PHASE
PHASE WITH LOOP VOLTAGE WITH RESPECT TO LOOP VOLTAGE

F1a. 26-26. Directional characteristics for vertically polarized wave of a vertical loop
which possesses a small amount of vertical-antenna effect.

The direction in which a radio wave travels is determined by rotating
the loop antenna until an associated radio receiver indicates zero response. .
The radio wave is then seen from Eq. (26-10) and Fig. 23-40 (or Fig.
26-26a) to be traveling in a direction that is perpendicular to the plane of
the loop. - It is customary to adjust the loop for minimum rather than
maximum response because the minimum is sharper than the maximum.-

“ The sense of the bearing can be determined by inducing in series with
the loop a small voltage derived from a vertical antenna, but 90° out of
phase with the voltage that the passing wave induces in the vertical
antenna. The directional pattern of the combination of a loop and a
vertical antenna arranged in this manner is shown in Fig. 26-26b, where
one lobe of the loop pattern is seen to be enlarged while the other is
reduced. This action is & consequence of the fact that, as shown in Fig.
26-25, the equivalent voltage acting around the loop as a result of loop

1 This formula can be readily derived as follows for the case of a square loop with
height ! and width s. The voltage induced in each vertical side is EN!, while the

phase difference between the voltages is (2xs/A) cos 0 radians, since the wave must
travel a distance s cos 8 to pass from one side to the other. Subtracting the voltages

in the sides to get the resultant voltage acting around the loop (voltage E; — E; in
Fig. 26-25) gives
. fxs
E, — By = 28N!sin (’-;Too- 0)

‘When (xe/)) cos 0 is small, this leads at once t¢ Eq. (26-10)
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pickup is 90° out of phase with the voltage induced in & vertical antenns
located at the loop center, and has a polarity that depends upon the
direction of arrival of the radio wave. Hence, when the voltage induced
in such & vertical is used to introduce a voltage into the loop with a 90°
phase shift, this voltage will either add to or subtract from the loop pickup
according to the direction from which the wave arrives.

» The practical procedure for determining the direction of arrival of a
radio wave! is accordingly first to adjust the loop for minimum response

TO RECEIVER TO RECEIVER

(0) UNBALANCED LOOP () EXAMPLE OF (¢) SHIELDED LOOP
BALANCED LOOP

F1e. 26-27. Unbalanced, balanced, and shielded loop arrangements.

with the vertical antenna disconnected. The loop is then rotated 90° and
the vertical antenna is connected into the receiving system by means of a
push button. This causes the receiver output to decrease or increase,
according to sense of the bearing. . By checking the arrangement against
a wave of known sense at the time of installation, and thereafter always
making the 90° rotation of the loop in the same direction, all uncertainty
as to the sense of the bearing is removed.

Errors in Loop Bearing. A loop antenna will give spurious bearings
unless it is electrically balanced with respect to ground. The reason for
this can be understood by considering the action of the unbalanced loop
of Fig. 26-27a. When the loop is in the zero-signal position, the voltages
induced in the vertical sides are of the same magnitude and phase, and,
being directed around the loop in opposite directions, produce no resultant
voltage around the loop circuit. However, if one side of the tuning
capacitor is grounded, the resulting dissymmetry causes capacitance cur-
rents to flow to ground through C, and tuning capacitance C, whereas the
corresponding currents through C, do not flow through C. This behavior
causes a signal to be delivered to the receiver even though the loop is in

! Iy direction-finding systems employed on aircraft, it is gommon practice to employ
a motor-driven loop that automatically seeks a signal null. The loop orientation is
then displayed to the pilot by means of a pointer indicator. Such automatic direction
finders include a sense antenna as well as a loop, and employ a circuit arrangement
such that there is no ambiguity in the sense of the bearing that is indicated. For
details of various apparatus arrangements that can be used to obtain this result, see
Bond, op. cit., chap. 6.
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the position for zero response; the action is equivalen "

amount of vertical antenna pickup into th:lqoop mm:l?mwm
shift. Zero response then corresponds to a loop position other than per-
pendicular to the direction of travel of the radio wave, as is apparent from
Fig. 26-26b. The presence of such antenna effect can be detected by
rotating'the loop 180° after the zero-response setting has been obtained.
If there is no unbalance, the output will again be sero. However, if some
antenna effect is present, a signal will appear upon reversal of the loop,
because, as seen from Fig. 26-26b, the two zero directions are not exactly
180° with respect to each other in the presence of antenna effect.

Errors from unbalance can be minimized by using circuit arrangements
that are symmetrical with respect to ground, such as shown in Fig. 26-27b.
It is also helpful to enclose the loop in an electrostatic shield, such as a
metal housing broken by an insulated bushing, as shown schematically in
Fig. 26-27c. Such a shield ensures that all parts of the loop will always
have the same capacitance to ground irrespective of the loop orientation
in relation to neighboring objects. It is also customary in loop antennas
to provide an adjustment such as shown in Fig. 26-27b to compensate for
any residual unbalances that may be present. The proper adjustment
of such a balancing arrangement is obtained experimentally by varying
the compensation until a 180° rotation of the loop does not affect the
null, as explained above.

The bearings obtdined with a loop are influenced by the presence of
wires and other conductors in the vicinity of the loop. This is because
these metal objects abstract energy from the passing wave and then pro-
duce radiation and induction fields that induce spurious voltages in the
nearby loop. It is accordingly always necessary experimentally to deter-
mine a correotion curve for loop bearings unless the space near the loop is
entirely free of metal objects, including those that are buried.

When the influence of nearby conductors is appreciable, it is commonly
found that, in addition to the errors in bearing, there will be no position
for which the loop output drops to zero. This arises when the spurious
voltage induced in the loop contains a component 90° out of phase with
the voltage acting around the loop. There is then no loop position for
which the total voltage acting around the loop will.be zero, and the
minimum will be obscured, as in Fig. 26-26¢. '

A properly balanced, compensated, and calibrgbed. loop antenna will
give bearings acourate to better than 1° on radio signals from nearby
transmitters operating at frequencies below 500 Kc. The error becomea
greater the higher the frequency and the greater, the transmission dis-
tance, as the result of *night effect.” Greater errors may also occur when
the bearings closely follow a coast line, or when the waves travel over

mountainous land. .
Night Effect. A loop antenna will give correct bearings only when no
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horizontally polarized downcoming waves are present. The reason for
this is that such waves induce voltages in horizontal members of the loop
that do not cancel out even when the plane of the loop is perpendicular to
the bearing angle of the radio wave. The result is then either a false
bearing, or an indistinet minimum, or both. This action is termed night
effect, because at the frequencies ordinarily used in loop direction-finding
work, i.e., below 2000 ke, the strength of the sky wave reflected to earth
by the ionosphere, and hence the strength of the downcoming wave, are
much greater at night than during the day. Night effect becomes more
pronounced the higher the frequency and the greater the distance,
because under these conditions the ratio of
sky-wave strength to ground-wave strength
is higher.

Adcock Antenna. The errors in bearing
caused by downcoming horizontally polarized

sky waves can be eliminated by replacing the
loop antenna with an Adcock antenna, which

rom)] in its simplest form consists of two spaced
vertical antennas, connected as shown in Fig.
ovreur 26-28. The action of such an antenna, as far

as vertically polarized waves are concerned,
is identical with the loop. This is so because
the resultant current in the output coil of the
Adcock antenna is proportional to the vector
difference of the voltages induced in the two vertical members, exactly as
is the case with the loop. Horizontally polarized downcoming waves do
not affect the Adcock antenna, however, since the voltages induced in the
two horizontal members are the same in phase as well as magnitude and so
cancel out as a result of the circuit arrangement.

By maintaining symmetry with respect to ground and by enclosure in
an electrostatic shicld, the Adcock antenna will give accurate bearings
over distances up to 100 miles at frequencics in excess of 5000 kc under
conditions where a loop antenna is utterly useless. The practical value
of the Adcock antenna is, however, limited by the fact that the equiva-
lent height is the same as that of a one-turn loop and so tends to be quite
small. This causes the energy pickup to be quite small when loss resist-
ances are taken into account.

Gontometer. When it is desirable to avoid the necessity of physically
rotating a loop or Adcock antenna, as when their dimensions are very
large, it is possible to obtain the effect of rotation by employing two such
antennas at right angles to each other and combining their output in a
goniometer, as illustrated in Fig. 26-29. The goniometer consists of two
primary coils, one for each antenna, arranged at right angles to each
other and coupled to a secondary as shown. The physical proportions

Fie. 26-28. Simple form of
Adcock antenna.
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are such that the mutual inductance between each primary coil and the
secondary is Proportional to the cosine of the angle that the axis of the
secondarzf makes with the axis of the primary coil involved. For any
position of the secondary, the relation between the secondary output and
the direction from which the waves arrive will then be identioal in charac-
ter to the directional characteristics of a
single loop or Adcock, provided that these
individual antennas are small enough so that
their response is given by Eq. (26-10). How-
ever, the orientation of this pattern depends
upon the position of the goniometer second-
ary. Thus the rotation of the goniometer
secondary is equivalent electrically to rotat-
ing the loop (or Adcock) antenna.
Direction Finding by Lobe Switching.
Instead of indicating bearings by means of a
null, it is also possible to employ lobe switch-
ing. The idea is illustrated in Fig. 26-30.
Here the directional pattern of the receiving
antennsa is alternated between A and B by
some switching device which simultaneously
switches the receiver output to alternate cir-
cuits. The receiver outputs corresponding M.2
to these two antenna positions are then com- f:::e :ﬁﬁg'c ﬁ: :’::fe d"""";
pared, and the antenna orientation adjusted goniometer.
until the outputs are equal. The equisignal
direction thus obtained is very sharply defined,! and is a precise measure
of the direction from which the received waves are arriving.
Lobe-switching systems of direction finding are particularly useful at
the higher frequencies, where loop antennas are unsatisfactory both

A
SPURIOUS £ousIGNAL
SECONDARY ‘&g COUMRSE
COURSES _om—m—_ ) »

~——
——
o e

F1a. 26-30, Receiving antenna patterns suitable for direction finding by the lobe-
switching method.

because of polarization troubles arising from “night effect. » apd because
of small capture area. It will be noted that the lobe-sthcl.un'g system
permits the use of highly directional antennas, t.hus permitting large
energy pickup at very high, ultra-high, and .micro.wave frequencies, and
simultaneously defines the equisignal direction with extreme sharpness.

1If minor lobes are present in the antenna pat'urn, there will, however, also be
present spurious equisignal directions as indicated in Fig. 26-30.
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PROBLEMS AND EXERCISES

96-1. Starting with Eq. (26-8), derive a relation giving duw.: in terms of average
power per pulse, receiver bandwidth, pulse-repetition frequency, signal-to-noise ratio,
receiver noise figure, Ge, S, and A. Assume that the intermediate-frequency band-.
width is 1.2/(pulse lgngth).

26-2. Derive a formula giving the signal-to-noise ratio for a radar receiver, and
involving the receiver noise figure and bandwidth and the available received power Pp,
but not involving Pg,.

26-8. Prove that the maximum range of a radar operating at a given frequency is
proportional to the linear dimension of the antenna.

26-4. The difference in distance from a radar to two particular targets is 400 ft.
Each target has a radial width of 100 ft. What is the longest pulse that will resolve
these targets (i.e., the Jongest pulse that will not give overlapping echoes)?

26-8. Determine the maximum pulse-repetition frequency that can be used if it is
desired to have a range of (a) 100 miles, and (b) 15 miles.

26-8. What is the total power reflected by the airplane in the example on page 1019?

26-7. If the radar described in the example on page 1019 is directed on a bomber
having an effective area of 125 sq m and flying at an altitude of 30,000 ft over a point
on the ground 50 miles distant from the radar, how many decibels above the receiver
noise is the echo from the aircraft?

26-8. Discuss the advantages and disadvantages of employing wavelengths of
less than 1 cm in radar, from the point of view of (a) propagation characteristics,
(b) ability to obtain high angular resolution, and (c) range obtainable for given angular
resolution, transmitter power, and minimum detectable received power.

26-9. In the example on page 1019, what is the minimum power that the radar
transmitter could have and still detect the airplane at a range of 5 miles, assuming the
receiver characteristics and antenna gain were unchanged?

26-10. In Figs. 26-2a¢ and 26-3a, would it be permissible to replace diodes T; by a
radio-frequency choke having a high parallel impedance at the magnetron frequency?

26-11. Calculate the fraction of the total energy stored in capacitance C of the
hard-tube pulser of Fig. 26-3b that is delivered to the magnetron during a single pulse,
when the anode voltage of the magnetron is maintained constant to within 1 per cent.
Neglect the voltage drop in the resistance R..

26-13. Prove the csc 0 law referred to in the first footnote on page 1022.

26-18. Derive a formula applicable to the scanning system in Fig. 26-5b which
gives the maximum permissible horizontal scanning rate in revolutions per minute;
in terms of the half-power beam width in the horizontal plane, and the rate at which
the beam is rocked vertically in cycles per minute in the horisontal plane. Assume
that every target in the area to be scanned is to be illuminated with pulses having a
power that is at least half of the maximum beam power. From the results, discuss
the relationship between horizontal scanning rate and wavelength when using an
antenna of given physical size, rocked in the vertical plane at a fixed rate.

26-14. A rotating joint.is introduced in a system employing a rectangular wave-
guide by tapering to a circular waveguide, as explained on page 1024. For such a
system:

a. Bketch the field configuration that will exist in the circular waveguide, assuming
2 TE:0 mode in the rectangular guide. '

b. Calculate the minimum permissible tadius of the circular waveguide in relation-
ship to the dimension a (see Fig. 5-2) of the rectangular guide.

26-18. In a lobe-switching system, discuss the factors that determine the optimum
angle through which the lobe should be switched. In particular, what are the dis-
advantages of making the switching angle too large, and too small?
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#6-16. A microwave radar o
e ronnd 420 g & s enth of 10 om o ocstd o
vertical angle above the horison for the center of the beam that will prevent the main
lobefrombeingbmkennpintouﬁmbbe-tructumouhetype.hmin Fig. 26-8¢?

.Assume uniform field intensity acroes the mouth of the parabola.
 36-17. A radar antenna is located on the top of a 50t tower, and the main lobe is
directed against the horison. Calculate and plot as a function of frequency the angle
above earth at which the first maximum of the radiation pattern occurs when taking
t‘ul::::' mnt the fg’\‘r;:um! reﬂe;mon. Cover the range 100 to 10,000 Mc, and discuss
significance of the results from the point of view of f ecting ili
to detect low-Bying aireraft. po requency affecting the ability

26-18. Bketch a possible TR box analogous to that of Fig. 26-9, but arranged for
use with a waveguide instead of a coaxial transmission system.

26-19. Analyse the behavior of Fig. 26-10z when the ATR box and its associated
transmission line cd are omitted. In particular, determine whether this modified
arrangement will operate at all satisfactorily, and if so, what is the advantage gained
by adding the ATR box and its associated line.

26-20. Determine the intermediate-frequency bandwidth B in terms of the pulse
length 1, if B is such as to make the 10 to 90 per cent rise time one-half of the pulse
length. How well do these results agree with the value of B given on page 1028?

26-31. Is it permissible to use a ratio detector in an automatic-frequency-control
system, in place of the phase-shift discriminator of Fig. 26-117

26-22. What would be the practical consequence of misaligning the automatic-
frequency-control system of Fig. 26-11 so that the center frequency of the diserimina-
tor was several megacycles too high? Assume the receiver is designed for a pulse
length of 0.5 usec.

26-28. What would the type A display of Fig. 26-12 look like if no d-c restoration
were employed?

26-24. In a PPI display, echoes from airplanes that are a considerable distance
away appear as short segments of arcs that are concentric with the center of the
pattern. What determines the radial thickness of these arcs and their length
(expressed in terms of subtended angle)?

26-28. How would the PPI display of Fig. 26-13 be modified if the radar antenna
possessed two pronounced minor lobes, one on each side of the major lobe?

28-26. In an automatic tracking system employing a conical scanning antenna,
sketch the modulation envelope of the received pulses as a function of time for (a)
correct azimuth but target above axis of antenna pattern, and (b) target to right
and above the center axis of the antenna pattern as viewed from antenna. Assume
that the lobe rotates in the direction shown in Fig. 26-7b, and that the reference for
zero time corresponds to the center of the lobe passing point a in Fig. 26-75.

26-87. An MTI radar operating at A = 10 cm has a pulse-repetition frequency of
1000 cycles. Calculate the two lowest ““blind" speeds. o

26-28. Give the details of a subtracting circuit suitable for use in Fig. 26:17. .

26-39. What adverse consequences would result in F|¢ 26-16 if the limiter in the
output of the intermediate-frequency amplifier were omitted? )

26-30. Will the MTI system of Fig. 26-16 function correctly if t_he_freqmcy of !.he
stable local oscillator (stalo) drifts with time, provided that the drift in phase position
in radians between the time the outgoing pulse leaves the transmitter and the time
the echo from & particular target is received is ezactly the same for successive pulses?

26-31. A CW radar operates at \ = 3 cm. What is the Doppler frequency pro-
duced () by an airplane fiying at s apeed of 200 miles per hr, and (5) by & man crawl-

i of 1 in. per sec? )
m.l:-tl;.n;htdewﬁ;uthehndwidthmttMmhacwmm
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must have? Compare with thé bandwidth requued for a typical pulse-type radar,
and from this explain why a CW radar will give satisfactory results with powen th.t
are only a small fraction of the peak powers employed in pulse radar.

$6-38: Derive Eq. (26-9).

26-34. Discuss the effect of time delay in a beacon transponder on the acouracy
with which distance may be measured. Conld this error be eliminated by adjusting
all beacons of the system so that they possessed a predetermined time delay?

26-36. A beacon is 80 coded that when interrogated it responds immediately with
a short pulse followed by two additional short pulses delayed in time by 10 and 20
nusec, respectively. What will the response of this beacon look like on a PPI display?

26-86. When using a loran navigation system, such as shown in Fig, 26-18, it is
found that whereas the pulses radiated from the slave stations A and C lag 3000 usec
behind the pulses radiated from the master station, the pulses as received from A lag
only 1900 usec behind those from B while those received from C lag 4600 usec behind
those received from B. From this data determine the difference in distances of the
receiving point from 4 and B and from C and B, and indicate the general area on
the map of Fig. 26-18 in which the receiving point is located.

26-87. Explain how, in a long-wave radio-range system, it would be possible for an
airplane pilot, following a particular equisignal course, to determine whether he was
approaching or receding from the radio-range transmitter.

26-38. Explain the experimentally observed fact that long-wave radio-range signals
are more dependable over earth of good conductivity than over earth of poor
conductivity.

26-39. Is there anything inherent in the very high-frequency omnidirectional range
that limits the use of this principle to very high frequencies?

26-40. Show a detailed circuit arrangement that could be used in a VOR receiver for
recovering and separating the various audio frequency components.

26-41. The ILS localizer antenna system is always horizontally polarized. What
considerations determine its optimum height above the earth?

26-42. It is observed experimentally that if a truck is parked close to either the
localizer or the glide path antennas of an ILS installation, a distortion of the equi-
signal path will result, and in some cases false equisignal paths are created. Explain.

26-48. Discuss the consequences of exciting the two antennas in Fig. 26-24 so that
the maxima of the dotted and solid patterns have equal amplitudes.

26-44. Discuss the relative merits of GCA and ILS with respect to () the number
and training level of operating personnel required, (b) the ease with which landing
path can be modified in accordance with the characteristics of the individual plane
and the wind conditions existing at the moment, and (c) the possibility of an accident
resulting from failure to identify correctly on the surveillance radar the particular
airplane that is coming in for a landing when many aircraft are in the vicinity.

26-45. a. Derive a formula for the effective height of a small loop antenna, starting
from Eq. (26-10).

b. Calculate the effective height of a 20-turn rectangular loop in which the sides
are 3 by 2 ft, when the wavelength is 1000 m, and the loop is oriented for maximum
reception,

26-48. Discuss the factors that put a practical limit to how much the resultant
voltage induced in a loop can be increased by increasing the number of turns.

28-47. Derive a formula for the directional characteristic of a system such as
shown in Fig. 26-26b and ¢, when there is a certain amount of antenna effect associated
with a loop. In this derivation designate the magnitude of the antenna-effect voltage
induced in the loop as E,, and designate by Ep the magnitude of the resultant loop
voltage acting around the loop when the loop response is maximum. Derive formulas
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for cases (a) when E4 and Ejp have the same (or opposite
differ in phase by 90°.  Assume E, < B\ ) phase, and (b) when they

26-48. Explain why the zero-signal position of a vertical loop is not affected by
horizontally polarized waves traveling parallel to the ground, or by vertically polarised
downcoming waves, but is affected by horizontally polarized downcoming waves.

26-49. The magnitude of the night-effect error in direction-finding work is greater
when the waves travel over land than over sea. Explain,

26-560. Show how the use of pulsed signals could entirely eliminate night-effect
error a8 long as the ground wave at the receiver had usable intensity, even if much
weaker than the sky wave.

26-61. Demonstrate by a mathematical analysis the correctness of the statement
on page 1051 that rotation of the goniometer pickup coil is aquivalent to rotating a
single loop (or Adcock) antenna, as far as output as a function of wave direction is
concerned.

268-52. a. Describe a lobe-switching system using loop antennas.

b. Will this lobe-switching arrangement be less susceptible to night-effect errors
than a simple loop direction finder for the same frequency? Why?
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Acceptors in semiconductors, 738
Adcock antenna, 1050
Addipg amplifier, 663
Adm;l_zlt;noe, electronic, in reflex klyatron,
Aerial (see Antennas)
AFC (see Automatic frequency control)
Air, modified refractive index, 818
Aircraft landing systems, 1042-1046
Alpha, of junction-triode transistor, 767
of point-contact transistor, 788
Alpha cutoff frequency in transistors,
714-775
measurement of, 783
Altimeter, frequency-modulation, 1036
Amplification factor, of multigrid tubes,
191, 201
of triodes, 182, 185-188
Amplifiers, 252-484, 789-795
adding, 663
audio-frequency, 252283
automatic volume control, 364
bias-impedance effects, 266
cathode-follower, 367-360
circuit, 252
Class A, definition, 255
equivalent circuit, 257-259, 327-334
Class A power, 336-352
Class AB, 3566
definition, 256
Class B, 3562-356
definition, 256
using transistors, 794
Class C, 448-473, 482
definition, 255
transit time, 482
coincidenoce, 659
cross modulation, 333, 410
delay time, 256, 288, 409
direct-coupled (d-c), 280-283
distortion (see Distortion)
distributed, 313-316
dynamic characteristic, 324
equivalent circuits, 257259, 330-334
feedback, 374-396
oscillation mppreui::é 377-390
output impedance,
gain-bandwidth concept, 291, 416
graphical m.lb"ill 321-327

-grid, 430
high-efficiency (Doberty), 470n.

Al_npliﬁen, hum, 366
input admittance, 216-217, 424-434
intermediate-frequency (ses tuned
voltage, below)
linear, 477-482
wideband, 480-482
load line for, 321-324
with maximal fiatness, 208
microphonic effects, 368
Miller effect, 425n.
modulated, 525-537
motorboating, 361-363
neutralized, 428-432
noise, 434-442 '
operational, 623-625
overshoot, 288, 208, 413
phase distortion, 256, 288, 409
power, tuned, 448473, 482, 484
untuned, 336-360
power-series analysis, 327-329
push-pull, 348-3562
using transistors, 794
radio-frequency (see tuned voltage,
below)
regeneration, 360-363, 421-424
resistance-coupled, 2560-275
for large output voltages, 334
rise time, 288-291, 208-302, 413
screen-grid impedance effects, 265
square-wave testing, 312
stagger-tuned, 418421
summing, 663
time dﬂlﬂy, 256. 288! 409
tone controls, 365
transformer-coupled (interstage), 276~
280

transformers, output, 340-348
transient response, 289, 412-414, 417
transistors, 789-785
transit-time effects, 215-217, 433, 482
tuned power, 448-473, 482, 484
tuned voltage, 400-442

bandwidth, 402, 404, 407, 421

bandwidth ratio, 408

complex coupling, 403

cross modulation, 410

distortion, 410

double-tuned, 405-408, 416-418

envelope delay (time delay), 409
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Amplifiers, tuned voltage, gain-band-

width concept, 415

multistage effects, 404, 407, 421

off-channel selectivity, 408

overshoot, 413

regeneration, 421-424

rise time, 413

single-tuned, 401-405, 414-416

stagger-tuned, 418-421

transient response, 412-414

volume control, 41},

wideband, 412-421

video, 288-315

bias-impedance effects, 306

gain-bandwidth concept, 291

high-frequency compensation, 292-
302

for large output voltages, 335
multistage, bandwidth narrowing,
209

rise-time and overshoot effects,
8

overshoot, 288, 298
pulse response, 288-291
rise time, 288-291, 298, 302
sag, 302-313
series-peaked, 296
series-shunt-peaked, 296
shunt-peaked, 346
transient characteristics
summarized, 302
volume control, 363-365, 411
vnlume expansion and compression,
365

waveforms, 254-320, 336, 353, 357
wideband, tuned, 412-421, 48() -482
untuned, 288-315, 333, 358
Amplitude distortion in amplificrs, 319-
336
Amplitude-modulated oscillators, 537
Amplitude modulation, 4, 6-8, 523-544
modulated amplifiers for, 526-537
Anode power, 703-730
for television picture tubes, 727-729
Antennas, 864-929
Adcock, 1050
aperture types, 909-920
arrays, 872-882 .
arrays of, 888-890 °
balance-to-unbalance transformation,
901-903
binomial, 877 .
" broadband considerations, 920-922
broadcast, 922
broadside, 873-878
reduction of side lobes in, 876
capture area, 899, 927
close-spaced arrays, 908

Antennas, cone, 921, 822

corner reflector, 904
coupled, voltage and current relations,
8956

current distribution, 866
dielectric-rod, 908
diplexer for, 991
directional characteristics of basic
types, 866-872
directive gain (directivity), 870-872
calculation of, 896-900
doublet, 896
half-wave dipole, 896
relation of, to capture area, 899, 927
Dolph-Tchebyscheff, 878n.
doublet, 864
directive gain, 896
radiation resistance, 892
effective height of, 926
end-fire, 878-880
flagpole, 902
folded-dipole, 900
gain, 870-872, 896-900, 927
ground cffects, 882-888
ground systems, 922
grounded, 886-888
helical, 909
horn, 913-916
image, 883

impedance matching, 900

induction fields, 865

intercept area, 899, 927

inverted-L, 887

lens, 916

lobes, side, 876

long-wire, 866-870

loop, 907, 1046-1050
antenna effect with, 1048
direction finding with, 1046-1050
for high frequencies, 908

loss resistance, 892

mattress, 889

mutual impedance between, 894
measurement, 895

noise susceptibility, 929

nonresonant, 869

with parabolic reflectors, 909-913

parasitic, 905

phasing, 901

with plane reflectors, 903

polyrod, 908

power gain, 870n,

radar, 1022-1026

radiated fields, 864

radiation from, 864, 896

radiation resistance, 890802
for half-wave dipole, 802
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Antennas, receiving, 923-929
reciprocity properties, 823-928
with reflector, 903, 909-913
resistance of, 800-892
rhombic, 880-882
for short waves, 923
side-lobe reduction, 876
sleeve, 902
slot, 917-920
8 -pair, 872
super gain, 906
T, 887
for television receivers, 1010
for television transmitters, 990
thick, 921
tower, 922
transmitting, 920-923
turnstile, 908
for ultra-high frequencics, 923
wideband considerations, 920-922
Yagi, 906

Arrays of antennas, 872-882, 890

Artificial lines, 112-115

Atmospherics, 855, 857

ATR box for radar, 1027

Attenuation, in ionosphere, 831, 844-816
space-wave, at microwaves, 810n.
in transmission lines, 95
in waveguides, 134, 145

Attenuation constant of transmission

lines, 84, 88

Attenuators, waveguide, 153155

Audio-frequency amplifiers, 252-283

Automatic frequency control (AFC), for

horizontal sweep generators in
television, 997
of microwave oscillators, 696-698
for radar receivers, 1028
for radio receivers, 953
Automatic volume control, in audio
amplifiers, 364
in radio receivers, 948
Available power, 76n.
Available-power gain of transisior
amplifier, 793

Back heating, 214, 483, 694

Back scatter in ionosphere, 846

Backward-wave oscillators
(carcinotrons), 683687

Balance-to-unbalance transformers, 901-
903

Balanced modulators, 540

Baluns, 902

Bandpass filters, 71

Bandwidth, of traveling-wave tube, 682

1063

Bandwidth, of tuned amplifiers 404,
407, 418421, priw ~leiasy
of video amplifiers, 280, 201, 302"
Bandwidth narrowing, in multistage
. tuned amplifiers, 404, 407, 418
in multistage video amplifiers, 209
Bandwidth ratio, 408
Barrier, energy, 747
Base clipping, 620
Base cleotrode of transistor, 760
Beacons, marker, 1043
radar, 1037
Beam tubes, 198-201
coefficients of, 201-204
electron focusing in, 231
Beams, electron (see Electron beams)
Beating (see Mixers)
Bias-impedance effects, in amplifiers, 266
if"video amplifiers, 305
Biconical horn, 916
Blanking pulses in television, 979
Blind-landing systems, 1042 1046
Blocking oscillator, 634 -637
delay-line control, 643
pulse generation by, 639
Bootstrap circuit, 651
Bottoming, 321, 620
Brewster angle, 810
Brillouin flow, 237
Broadcast antennas, 922
Broadcast receivers, 746
Broadeast transmitters, 935-942
Broadcast-wave propagation, 850-852
Broadside antennas, 873-878
Bunching in electron beam, 215, 669
in backward-wave oscillator, 686
in magnetron, 694
in multicavity klystron, 669
in reflex klystron, 673
in traveling-wave tube, 680
Butterfly resonator, 500

Cable, lossy, 112
Capacitance, apparent, 27
of coils, 30
discontinuity, 118
hot and cold, 213
input, of amplifiers, 424-429
of junction diode, 751
(See also Capacitors)
Capacitor-input rectifier systems, 717-721
Capacitors, air-dielectric, 27
inductance, 27
losses, 24
series and shunt resistances, 25
with solid dielectrics, 28
voltage rating, 29
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Capacity (see Capacitance)
Capture area of antennas, 899, 927
Carcinotrons, 683-687
Carrier wave, 7, 523
suppression, 537-541
Carriers in semiconductors, 734-736, 739
lifetime, 735
recombination, 735
Cathode-follower amplifiers, 357-360
Cathode-ray tubes, 239-249
with aluminized screens, 248
anode power, 727-729
deflection, 241-244
deflection defocusing, 243
electron optics, 239-241
high-frequency limit, 245
ion spot, 247
ion trap, 247
phosphors, 244
photography, 248
with post-deflection acceleration, 246
power-supply systems, 727-729
for radar, 1032
radial deflection, 243
screen, 244
transit-time effects, 245
Cathodes, 172-176
back heating, 214, 483, 694
in gas tubes, 220
ion bombardment, 206
virtual, 191, 200
Cavity resonators, 159-165
Ceramic capacitors, 28
Characteristic impedance of transmission
lines, 88
Choke coils, radio-frequency, 35
Choke-input rectifier systems, 710-717
Chromatron color tube, 1005
Circuits, with distributed constants,
44-77
with lumped constants, 82-165
Circular waveguides, 143-146
Clamping, 644-647
Class A, AB, B, and C amplifiers (see
Amplifiers)
Class C modulated amplifiers, 525-536
Clippers, 618-621
Clutter, ground, in radar, 1030
Coaxial lines, (se¢ Transmission; Trans-
mission lines)
Code receivers, 948
Coefficient of coupling, 20
Coercive force, 17
Coho oscillator, 1034
Coils, air-cored, 12, 30-33
distributed capacitance, 30, 57
inductance, 11-13
losses, 30
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Coils, magnetic-cored, 33
incremental inductance, 18
multilayer, 31
parallel resonance effects, 57
Q of, 30
radio-frequency choke, 35
resistance, 23, 30
shielding effects, 39
Coincidence amplifier, 659
Collector electrode of transistor, 760
Color television (see Television)
Colpitts oscillator circuit, 489
Comparator, 657
Compass, radio, 1046-1051
Compression, volume, 365
Condensers (see Capacitors)
Conductivity, of intrinsic semi-
conductors, 733-737
in terms of energy bands, 744-746
Cone antennas, 921, 922
Conical scan, 1025
Contact potential, 180n., 182n.
Conversion loss in crystal-diode mixers,
580
Conversion transconductance, 574
Converter tubes for frequency
translation, 570-573
Corner reflector antennas, 904
Counting circuits, 659-663
Coupled antennas, 895
Coupled circuits, 57-74
Coupled impedance, 58
Couplers, directional, 115-118, 156
Coupling, to cavity resonators, 164
coaxial-line-to-waveguide, 155
coefficient of, 20
complex, in tuned amplifiers, 403
critical, 64, 67
in directional couplers, 118
general case, 20, 72-74
involving waveguide slots, 133
Covalent bonds, 734
Critical coupling, 64, 67
Critical frequencies in ionosphere, 826,
834, 838
Critical inductance, 715
Cross modulation (cross talk), 333, 410
Crystal diode detectors, 547n., 562, 785
Crystal diode mixers, 578-581
Crystal diode voltmeters, 562
Crystal oscillators, 506-519
in receivers, 954
Current feedback, 391
Current gain in transistors, 779
Current modulation of electron beams,
. 670
Cutoff, in pentodes, 191
projected, 355, 477
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Cutoff, in triodes, 184
Cutoff frequency, alpha, 744
Cutoff wavelength, in circular
waveguide, 145
in retls?bngulnr waveguide, 130, 135-
Cyclotron frequency, 172n.

D layer, 825

D-c amplifiers, 280-283

D-c restoration, 641-047

Decibel, 8

Decibel table, 9

Decoupling filters, 362

Deemphasis in frequency modulation,
963

Deflection defocusing, 243
Delay, envelope, 409
Delay line, 642
for blocking oscillator control, 643
for MTI systems, 1035
Delay time, 256, 288, 409
circuits for generating, 656
Demagnetization curve of permanent
magnet, 16
Demodulation (see Detectors)
Detectors, for amplitude-modulated
waves, 6, 547-559
Class A, 558
crystal, 547, 562
diode, 547-557
distortion in, 547-555
for frequency and phase-modulated
waves, 6, 605-614
heterodyne, 568- 581
(See also Mixers)
phase, 1009
plate, 557
ratio, 610-614
square-law (weak-signal), 5568
standing-wave, 105
superregenerative, 566-568
synchronous, 1007
with two amplitude-modulated waves,
565
as vacuum-tube voltmeters, 559-563
Dielectrics, common, characteristics of,
25
Differentiation, with operational
amplifiers, 625
pulse generation by, 638
of waveforms, 622-625
Diffraction zone, 813 )
Diffusion and diffusion current, 740, 743
in junction diodr, 753-758
in junction transistor, 765
in semiconductor, 743

1068
Diﬂ‘u_,s‘i;n constants of semiconductor,

Diffusion length, 756
Diode, damping, 997
junction, 747-760
point-coutact, 785
Diode clamps, 645
Diode detectors, 547-557
Diode mixers, 578-581
Diude tubes, gascous, 219, 704
vacuum, 178-181, 704
noise in, 436
transit-time cffects in, 211-215
Diode voltmeter, 559
Diodes, crystal, 547n., 562, 785
8 mixers, 578-5681
Diplexer in television antennas, 991
Direct-coupled (d-c) amplifiers, 280-283
Dircction finding, lobe switching, 1051
using loops, 1046-1050
Directional couplers, transmission-line,
115-118
waveguide, 156
Discontinuity capacitance, 118
Discriminator, for frequency-modulation
detectors, 606-610
microwave, 696-698
Distortion, in amplifiers, 256, 319-340,
355, 409411
amplitude, 319-336
feedback effect, 376
mathematical analysis, 327-334
time-delay, 257
using transistors, 794
in detectors, 547-557
in modulators, 525
Distributed amplifiers, 313-315
Distributed constants, circuits with,
82-165
Diversity receiving systems, 958
Division, frequency, 662
Donors in semiconductors, 738
Doping of semiconductors, 739n., 752
Doppler effect in radar, 1033-1036
Doublet antenna, 864, 891, 806
Drift current in semiconductors, 741
Duct propagation of radio waves, 821-
823
Duplexer for radar, 1026
Dynamotor, 729
Dynatron, 197n,
Dynatron oscillator, 503
Dynode, 982n. ,

E layer, 825
sporadic 826
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Earth, reflection by, 808-810
(See also specific Ground entries)
Earth constants, 807
Earth ¢urvature, effect of, 812-814
Eccles-Jordan circuit, 633
as counter, 660-662
Electrolytic capacitors, 29
Electron beams, bunching, 215, 669,
673, 680, 686, 694
current modulation, 670
mutual repulsion effects, 237-239
control, by Brillouin flow, 237
Pierce gun for producing, 235-237
of uniform cross-section and high-
current density, 235~239
velocity modulation, 670
Electron-coupled oscillators, 496
Electron lens, aberrations, 231, 233
electrostatic, 228-232
magnetic, 232
Electron multiplier, 983
Electron optics, 228-239
of cathode-ray tubes, 239-241
Electrons, current induced by moving,
210-217
emission of, 169, 172-176
from pulsed cathodes, 176
secondary, 169, 176-178
thermionic, 172-176
velocity, 175
free, production, 169
motions in electric and magnetic
fields, 170-172
velocity, 171
Electrostatic deflection for cathode-ray
tubes, 241
Electrostatic lenses, 228~232
Electrostatic shields, 38
Emission, seeonda.ry, 176-178, 195, 245
Emitter electrode of transistor, 760
Emitters, practical, 173-176
End-fire antennas, 878-880
Energy bands, 744-746
Envelope of heterodyne signal, 568-570
rotating vectors to determine, 563
Envelope delay, 409
Equalizing pulses in television, 980
Equivalence theorem in propagation, 841
Evanescent modes, 139
Expansion of volume, 365
Extended propagation of radio waves,

F, F1, and F2 layers, 825
Fadeouts, sudden, 855

SUBJECT INDEX

Fading, of broadcast signals, 851
of ionosphere signals, 846
reduction by diversity, 958
selective, 846, 852
of space-wave signals, 824
Feedback in radio transmitters, 935-938,
941
Feedback amplifiers, 374-396
Ferrites, 16
Fidelity in radio receivers, 944
Filament emitters, 175
Filament tubes, hum in, 702
Filament voltage drop in tubes, 180n.,
182n.
Film scanning in television, 978n.
Filters, bandpass, 71
decoupling, 362, 423
graded, 723
inductance-capacitance, 721
mode, 139
for power-supply systems, 721-725
for rectifiers, 721-725
resistance-capacitance, 723
Flicker effect, 436
Flip-flop circuits, 633
as counter, 660-662
Fluorescent screen, 244
Flying-spot scanner, 986
Focusing of electrons, 228-241
in cathode-ray tubes, 239-241
by electrostatic fields, 228-232
by magnetic fields, 232-235
in triodes and beam tubes, 230
Folded line for backward-wave
oscillators and traveling-wave
tubes, 684
Frequency, critical, in ionosphere, 826,
834, 838
instantaneous, 586
Frequency conversion, 568
Frequency distortion, in amplifiers, 256,
342
in detectors, 547, 5656
in modulators, 526
Frequency division, 662
Frequency modulation, 5, 586-614
of amplitude-modulated waves, 594
amplitude modulation compared with,
965

analysis of waves, 586592
circuit response, 596-600
common channel inwrferenoe, 064
deemphasis, 963
detectors for, 605-614
phase-shift discriminator, 606-610
ratio, 610-614
frequency spectrum, 588-591
limiters, 902, 962, 963
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Frequency modulation, in magnetrons

(pushing), 606

modulation index, 588

noise effects, 961-964

phase modulation, 592-595
{See also Phase modulation)

preemphasis, 939, 963

production, 600-605
by frequency-modulated oscillator,

600-602

by phase modulators, 602-605
by mre;ctmce—tube modulator, 600-
in reflex klystron, 678
of reflex klystron, 678
rotating-vector representation, 595
wideband, compared with narrow-
band, 964
‘Frequency-modulation altimeters, 1036
Frequency-modulation radars, 1036
Frequency-modulation receivers, 946
Frequency-modulation transmitters, 938,
942
Frequency multipliers, 473-477
Frequency-shift keying, 942
Frequency stability of oscillators, 494-
496
employing crystals, 506-519
at microwave frequencies, 698
Frequency translation, 568-570
Fresnel zone, 820n,

Gain, available, of transistor amplifiers,
directive, of antennas, 870-872, 896
900

insertion, of transistor amplifier, 792
power, of antennas, 870n.
transducer, of transistor amplificrs,
793

Gain bandwidth, of tuned amplifiers, 415
of video amplifiers, 201

Gamma, 999

Gas, noise from, 436
residual, in tubes, 206-209

Gas diodes, 219, 704-706

Gas triodes, 220

Gates, 659n.

Germanium, conductivity, 737
crystal structure, 733

Getters, 207

Goniometer, 1050

Grid, control, in triodes, 181
screen, 189 .

impedance in series with, 265

suppressor, 189, 194

Grid bias, 263, 702
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Grid olamping, 646
Grid conductance from finite transit
time, 215-217

Grid current, distortion from, 326
Grid input admittance, 424-434
Grid limiters, 619
Grid-modulated amplifiers, 531534, 536
Ground clutter in radar, 1030
Ground constants, 807
Ground-controlled approach (GCA)
system, 1045
Ground currents, 803
Ground reflection, 808-810
Ground wave, 803-808
Grounded-grid amplifier, 430-432
Group velocity, in ionosphere, 833n., 838
in waveguides, 132, 143
Gun, electron, of cathode-ray tube, 239~
241
Pierce, 235
Gyro frequency, 831

Hard-tube pulser, 1021
Harmonic generators, 473-477
multivibrator, 632
Hartley oscillator circuit, 490
Heater tubes, hum in, 703
Heater-type emitters, 175
Height, effective, of antennas, 727
Helical antennas, 909
Helix, for backward-wave oscillator, 687
for traveling-wave tube, 679
Heterodyne action, 568
Hipernik, 15
Holes, in semiconductors, 736
in waveguide walls, 133
Horizon, radio and optical, 820
Horn antennas, 913-916
Hum, in amplifiers, 366
irom cathode, 702
negative feedback influence on, 376
Hybrid ring, 157n.

Iconoscope, 981n.

IFF systems, 1038

Image antennas, 883

Image impedance, 76

Image orthicon, 981-984

Image response of receiver, 951

Impedance, of antennas, 883
of cavity resonators, 164
characteristic, 84, 88
coupled (or reflected), 58
image, 76
input, of amplifiers, 215, 424-434
of tranamission lines, 98-100
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Impedance, of transmission lines, charac-  Ionosphere, back scatter, 846

of ve::n? 7
wa ide, 14
Impedance matching, 76
in antennas, 900
by artificial lines, 112-115
by stub lines, 108-110
in transmission lines, 108-112
in waveguides, 148-153
Impedance measurements using
standing-wave ratios, 104-106
Impurity semiconductors, 737-740
Incremental inductance, 13
Incremental permeability, 13
Inductance, 11-16
of capacitors, 27
of cathode lead, 433
of coils, 12
critieal, 715
incremental, 13
mutual, 19
of transmission line, 87
of wire connection, 13
(8See also Coils)
Inductively coupled circuits, 57-72
Initial permeability, 13
Input admittance of amplifiers, 215,
424-434
neutralization of, 428-430
Input capacitance of amplifiers, 424-434
Input conductance of tubes, 424-434
from finite transit time, 215-217
Input transformers, 280
Instantaneous frequency, 586
Instrument landing system, 1043-1045
Insulators, conductivity of, in terms of
energy bands, 745 °
Integration, with operational amplifiers,
624
of waveforms, 621-624
Integrator, Miller, for saw-tooth~wave
generation, 652-655
Intercarrier sound in television, 992
Intercept area of antennas, 899, 927
Interlacing in television, 978
Intermediate frequency, 568
Interphase reactor, 709
Interstage transformer, 275279
Intrinsic semiconductors, 733737
Inverse voltage, 704, 713
Inverted tubes, 209
Ion bembardment of cathodes, 206
Ion noise, 436
Ion spot in cathode-ray tubes, 247
Ton trap, 247
Ionization by collision, 170
Ionosphere, 825858
attenuation, 831, 844-846

at broadcast frequencies, 850-852

critical frequency, 826, 834, 838

energy losses, 831, 844-846

extended-range propagation, 848

fading due to, 846, 851

group velocity, 833x., 838

layers, 825-828

magnetic field of earth, 829-831

maximum usable frequency, 835-842

measurements, 835

mechanism of action, 828832

multiple-hop transmission, 836

nondeviative absorption, 844-846

oblique incidence at, 834-844

Pederson ray, 835

phase velocity, 832

ray paths, 834-837

reflection, 834

refraction, 832-834

scatter sounding, 847

at short waves, 852-854

skip distance, 835, 842

Snell’s law applied to, 833

solar effects, 844

sporadic E layer, 826

storms, 855

sudden disturbances, 855

transmission curves, 841-843

upper and lower rays, 835, 841

vertical incidence records, 838

virtual height, 826, 838
Tonospheric disturbances, sudden, 856
Ions, 169

in electron beam, 238

motions of, 170

noise from, 436
Iron-cored coils, 13, 33
Irregularities, earth, and space-wave

propagation, 814

in transmission lines, 118

in waveguides, 147, 150
Isotropic radiator, 871n.

Jitter in multivibrator, 630
Junction diodes, 747-760
Junction transistors, 760-798

Key clicks, 943
Keyed clamps, 647
Keying, frequency-shift, 942
on-off, 942 .
Klystron amplifier, multicavity, 668-671
Klystron oscillator, reflex, 671-678
frequency stabilization, 698
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L networks, 115
Lens, electron, 228-239
magnetic, 232
Lens antennas, 916
Lighthouse tube, 218, 499
Limiters, 618-621
in amplitude modulation, 965-966
in frequency modulation, 602, 962, 963
Line control of multivibrator and block-
ing oscillators, 643
Line oscillators, 499
Linear amplifiers, 477-482
Lines, artificial, 112-115
pulse-forming, 641-644
slotted, 105
transmission, 82-123
Litz wire, 24
Load line of amplifier, 321-324
Loaded lines, 122
T.oads, for terminating transmission lines,
111
for terminating waveguides, 152
Lobe switching, 1024
direction finding by, 1051
Lobes, side, reduction of, 876
Local oscillators, 568-578
(See also Mixers)
Loop antennas, 907, 908, 1046- 1060
Loran, 1038
Lumped constants, circuits with, 44-47

Magic T, 156, 696
Magnetic-cored coils, 33
Magnetic cores, nonconducting, 16, 34
Magnetic deflection for cathode-ray
tubes, 242
Magnetic field, motion of electrons in,
171
Magnetic lenses, 232--235
Magnetic materials, 14
Magnetic shields, 37
Magnetic storm in ionosphere, 855
Magneto-ionic splitting in ionosphere,
831
Magnetron oscillators, 689-696
Magnets, permanent, 16-19
Master oscillators, 495
clectron-coupled type, 496
Matching, impedance, 76
in transmission lines, 108-112
in waveguides, 148-153
Mattress antennas, 889
Maximum usable frequency, 835, 842
Mercury-vapor rectifier tubes, 219, 704
Metals, conductivity of, 746
Meteor ionization in ionosphere, 847
forward scatter, 848

1069
Mica capacitors, 28
Microphonic effects in amplifiem, 368

Microwave oscillators, automatic fre-
. quency control, 606-698
Microwave tubes, 668-698
Miller cireuit for crystal oscillator, 516
Miller effect, 425n.
Miller integrator for saw-tooth waves,
652-655
Mixers, 570-581
analysis, 573-576
conversion transconductance, 573
crystal diode, 578-581
conversion loss, 580
noise figure, 580
noise temperature, 580
equivalent plate circuit, 576
harmonic and sum-frequency opera-
tion, 575
noise, 576
space-charge coupling, 572
tubcs, 570- 573
Mobility of current carricrs, 736, 744n.
Mode filters (suppressors) in waveguides,
138

Modes, in cavity resonators, 160
in circular waveguides, 144
in magnetrons, 689-691
in rectangular waveguides, 135- 140
in reflex klystrons, 673-676
in transmission lines, 121
in waveguides, 126, 135140, 142, 144
evanescent, 139
Modulated amplifiers, 525537
Class A, 536
Class C, grid-modulated, 531534
plate-modulated, 525-531
suppressor-grid-modulated, 534
Modulated oscillators, frequency, 600
602
plate, 537
Modulation, amplitude, 4, 523-544
nature of wave with, 6-8, 523-525
suppression by ratio detector, 611-
614
carrier suppression, 539
degree, 523
distortion, 526
frequency, 5, 586, 614
nature of wave with, 586-591
by nonlinear circuit clements, 538
phase (see Phase modulation)
pulse-code, 970-973
pulse-modulation systems, 966-973
rotating-vector representation of, 563,
595

gingle-sideband, 541-543
vestigial-sideband, 543



1070

Modulation index of frequency-modu-
lated waves, 588
Modulators, balanced, 540
phase, 602-6056
for plate-modulated amplifier, 549
for radar, 1020-1022
reactance-tube, 600-602
Motorboating, 361-363
Moving-target indicators (MTI) for
radar, 1033-1036
Mu factor, 201
Mu metal, 16
Multiplex, time, 968
Multipliers, electron, 983
frequency, 473-477, 632
Multivibrator, 625-633
delay-line control, 643
pulse generation, 638
using transistors, 796
Mutual conductance (see Transconduct-
ance)
Mutual impedance in antennas, 894
Mutual inductance, 19

n-type semiconductor, 737
Navigation, radio aids to, 1015, 1037-

1051
Negative feedback, in amplifiers, 374—
396
in amplitude-modulated transmitters,
935

in frequency-modulated transmitters,
041
Negative resistance, in diodes, due to
transit time, 212 |

in screen-grid tubes, 197

in transistor amplifiers, 795
Negative-resistance oscillators, 503
Networks (T, =, and L), for impedance

matching, 112-115

Neutralized amplifiers, 428-432
Night effect in direction finding, 1049
Noise, in amplifiers, 434-442

cosmic (galactic), 856

in crystal mixers, 580

induced, 439

ion, 436 .

in klystrons, 671

microphonic, 368

in mixers, 576, 580

in oscillators, 492

partition, 436438

from precipitation static, 857

pulse, minimization, 963, 965

in pulse systems, 969-973

in radio receivers, 945, 959-966

registance, 434

SUBJECT INDEX

Noise, shot-effect, 436
solar, 856
static, 856
precipitation, 857
suppression, in amplitude modulation,
965

in frequency modulation, 961-964
in pulse systems, 969, 971
in superregenerative detector, 567
thermal, 435
transistor, 796-798
in traveling-wave tubes, 683
in triodes, 437
tube, 436-439, 576
Noise figure, of amplifiers, 440
of crystal mixers, 580
of receivers, 945, 959-961
of transistors, 796
Noise reduction by negative feedback,
377
Noise resistance, equivalent, 437-439,
576
Noise susceptibility of receiving an-
tennas, 929
Noise temperature of crystal diode mix-
ers, 580
Norton’s theorem, 75n.
Nyquist diagram, 378

Omnirange, high-frequency, 1041
Operational amplifiers for integrating
and differentiating, 623-625
Optics, electron, of cathode-ray tubes,

239-241
Ordinary ray, 831
Orthicon, image, 981-984
Oscillations, in feedback amplifiers,
377-390
parasitic, 503-506
Oscillators, 489-519
amplitude-modulated, 537
backward-wave (carcinotron), 683688
blocking, 634-637
butterfly, 499
circuits, 489, 497-603
Class C, design and adjustment of, 493
coho, 1034
Colpitts, 489
crystal, 506-619
discontinuities in tuning, 501
electron-coupled, 496
frequency, 494-496
frequency-modulated, 600-602
frequency stability, 494, 519, 698
Hartley, 489
holes in tuning curve, 501
intermittent operation, 491
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Oscillators, klystron, 671-678

local, 568-576

(See also Mixers)

magnetron, 689-646

master, 495

with multiply resonant circuits, 495

multivibrator, 625-633

negative-resistance, 503

noise modulation, 492

parasitic, 503-506

phase-shift, 501

plate-modulated, 537

Pound, 698

power, design, 493

quartz crystal, 506-519

relaxation, definition, 625n.

resistance-capacitance-tuned, 501-503

resonant-line, 409

stalo, 1034n.

synchronization, 496

transistor, 795

tuned-grid-tuned-plate, 489

tuned-plate, 489

for ultra-high-frequencies, 497
Output impedance of amplifiers as

affected by negative feedback, 392

Output transformers, 340-348
Overcoupling, 407
Overshoot, 288, 298, 413
Oxide-coated emitters, 174

p-type semiconductors, 738
Paper capacitors, 28
Parabolic reflectors for antennas, 909-
913
Parallel feed (sec Shunt feed)
Parallel resonance, 50- 57
in coils, 57
with low @, 55
in transmission lines, 106
Parasitic antennas, 905
Parasitic oscillations, 503-506
Partition noise, 436-438
Peak clipper, 618
Peak limiter, 618
Pederson ray in ionosphere, 835
Pentagrid converter, 572
Pentagrid mixer, 571
Pentodes, 189-195
coefficients, 201-204
input admittance, 432-434
noise, 438
variable-mu, 194
Permalloy, 15
Permanent magnets, 16-19
Permeability, incremental, 13
initial, 13
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Permeability vuning, 135
Perminvar, 16 &
Phantastron, 655
Phase angle of capacitor, 24n,
Phase constant of tranamission lines,
84, 88
Phase detector, 1009
Phase distortion, 256, 288, 409
Phase inverters, 350
Phase modulation, 592~505
detectors for, 605-614
by phase modulator, 602-605
(See also Frequency modulation)
Phase relations in transmission lines, 94
Phase shift, as related to transmission
characteristics, 370-381
in tuned amplifiers, 409
Phase-shift discriminator, 606-610
Phase-shift oscillator, 501
Phase shifter for producing phase
modulation, 604
Phase velocity, in ionosphere, 832
on transmission lines, 85, 89
in waveguidcs, 132, 143
Phasing of antennas, 901
Phosphors for cathode-ray tubes, 244
Photoconductive material, Y84
Photography of cathode-ray traces, 248
Pi (x) mode in magnetrons 690
Pi (x) networks, 114
Picture tube (see Cathode-ray tubes)
Pierce circuit for crystal oscillator, 517
Pierce gun, 235
Piczoelectric quartz crystals, 506-519
Plan-position-indicator (PP1) display in
radar, 1030
Plate detectors, 5567
Plate-modulated Class C amplifiers, 525~
531
Plate-modulated oscillators, 537
Plate power, 703-730
Plate resistance, of beam, pentode, and
screen-grid tubes, 202
of triodes, 188
Point-contact diode, 785
Point-contact transistor, 786-789
Polar dielectrics, 206
Polarization, elliptical, 831n.
Polarization effects in space-wave propu-
gation, 817
Polyphase rectificr circuits, 708
Post-deflection aceeleration, 246
Pound oscillaters, 698
Power, available, 76n. .
Power amplifiers (sec Amplifiers)
Power factor, of capacitors, 24n.
of transmission lines, 98-100
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Power-law method of expressing tube
characteristics, 204

Power-series amplifier analysis, 327-329
Power-series method of expreasing tube

characteristics, 205
Power-supply systems, 702-730
for cathode-ray tubes, 727-729
filters, 721-726
with low-voltage d-c sources, 729
rectifier circuits, 706-710

with series-inductance (choke) input,

"710-717
with shunt-capacitor input, 717-721
for television picture tubes, 728
tubes, 703~706
vibrator, 729
voltage-regulated, 725-727
voltage regulation, 716, 720
Precipitation static noise, 857
Preemphasis, 939, 963
Propagation of radio waves, 803-858
anomalous, 821-823
at broadcast frequencies, 850852

in different frequency ranges, 849-854

ducts, 821-823
equivalence theorem, 841
extended range, in ionosphere, 848
in troposphere, 823
fading, 824, 846, 851, 958
selective, 846
ground-wave, 803--808
ionosphere effects, 825-858
ionospheric storm effects, 855
at lower radio frequencies, 849
magnetic storm effects, 855
reciprocity theorems, 858
of short-wave frequencics, 852-854
sky-wave, 832-849
(See also Ionosphere)
solar effects, 854
space-wave, 810-825
to aircraft, 816-824
atmospheric effects, 818-825
duct propagation, 821-823
earth irregularities, 814
effect of earth curvature, 812-814
extended-! , 823
fading, 824
over flat earth, 810 812
polarization eﬂ'eeta, 817
refraction of rays, 819
shadow-zone effects, 814

sudden ionospheric disturbances, 8556

sun spots in relation to, 828, 855
tropospheric, 810-825
Propagation constant of transmission
lines, 84, 88
Proximity effect in skin effect, 23

SUBJECT INDEX

Pulse-forming lines, 642
Pulse modulation systems, 966-978
signal-to-noise ratio, 969
time multiplex, 968
Pulse transformers, 658, 1021
Pulsers in radar, 1020-1022
Pulses, amplification, 288-291, 302
blanking, in television, 979
distortion, 288-290
generation, 637-644
by blocking oscillator, 639
by differentiation, 638
by lines, 641-644
by multivibrator, 638
for radar, 1020-1022
by tuned circuit, 640
using transistors, 795
overshoot, 288-290, 298, 413
rise time, 288-291, 298, 302, 413
sag, 288-290, 302-313, 413
Push-pull Class A amplifiers, 348-352
using transistors, 794

Q, of capacitor, 24n.
of cavity resonator, 162
of circuit, 45
of coil, 30
of transmission lines, 106- 108
Quantizing of information, 970
Quartz crystals, 506-519
Quasi-steady-state analysis of fre-
quency-modulation response, 596
600

Radar, 1015-1038

antennas, 1022-1026

automatic-tracking, 1032

beacons using, 1037

CW, 1036

Doppler effect, 1033, 1036

duplexer, 1026

equation, 1016

frequencies used, 1019

frequency-modulation, 1036

ground clutter, 1030

IFF systems, 1038

lobe switching, 1024

modulators, 1020-1022

moving-target indicators (MTI),
1033-1036

performance factors, 1018

powers used, 1019

pulsers, 1020-1022

receivers, 1027

rotating joint, 1024

scanning of antennas, 1024
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Radar, slant range, 1030n.
TR box and ATR box, 1026
transmitters, 1020-1022
Radiation from antennas, 864, 896
Radiation resistance, 890-892
Radio aids to navigation, 1015-1051
Radio compass, 1046-1051
Radio-frequency amplifiers (see Ampli-
fiers, tuned)
Radio rauge, 1039-1042
high-frequency omnirange (VOR),
1041

long-wave, 1039-1041
Radio receivers (see Reccivers)
Radio transmitters (see Transmitters)
Radio-wave propagation (see Propaga-
tion of radio waves)
Ratio detector, 610-614
Rayleigh-Carson reciprocity theorem,
858, 924
Reactance tube, 601
Receivers, radar, 1027-1032
indicators for, 1029-1032
radio, 943-956
alignment, 949-951
antennas, 923-929
automatic frequency control, 953
automatic volume control, 948
broadcast, 746
for code, 948
with crystal-controlled oscillators,
954
diversity systems, 958
fidclity, 945
for frequency-modulated signals, 947
common channel interference, 964
noise and interference, 961-964
image signals, 951
loeal oscillator, 568-578
noise figure, 945, 959-961
pulse-noise reduction, 963, 9656
selectivity, 944
adjustable, 955
gensitivity, 944
ghort-wave, 946
single-sideband, 958
spurious signals, 951
squelch systems, 954
superheterodyne, 943
for telegraph code, 948
for television, 991-999
tracking, 949-951
triple detection, 952
tuning indicators, 956
Reciprotity theorem, 858, 924
in connection with receiving antennas,
923-928

1078
Mi.ﬁsbimm of holes and elestrons,
Rectifier cirouits, 706-710
Rectifier-filter calculations, 725

Rectifier-filter systems for anode power,
702-730
filters, 721-725
with series-inductance input, 710-717
with shunt-condenser input, 717-731
voltage regulation, 716, 720
Rectifier tubes, 704
Rectifiers, for anode power, 703706
crystal, 547n., 562, 785
selenium, 703n.
transformers, 715
Reflection in ionosphere, 834
Reflection coefficient, of earth, 808-810
on transmission lines, 86
on waveguides, 146
Reflex klystron, 671-678
Refraction of radio waves in ionosphere,
832-834
Refractive index of air, modified, 818
Regeneration in multistage amplifiers,
360-363, 421-424
Regenerative frequency divider, 663
Relaxation oscillators, 625n.
Resistance, of capacitor, 25
of coils, 30
effect of shield on, 39
dynamic, of anode electrode, 188, 202
in grid circuit, allowable, 208
input, of tubes, 215-217, 424434
of junction diode, 759
negative, caused by transit time, 212
in screen-grid tubes, 197
in transistor amplifiers, 795
naise, in tubes, 437, 576
plate, 188, 202
radiation, of antennas, 8900-892
skin effect, 21-24
Resistance-capacitance filter, 723
Resistance-capacitance tuned oscillator,
501-503
Resistance-coupled amplifiers, 250-276
Resistance noise, 434
Resonance, parallel, 50-57
series, 44-50
universal curve, 48
Resonant circuits, with distributed con-
stants, 159-165
with lumped conatants, 44-76
Resonant transmission lines, 106-108
oscillators using, 499
Resonators, cavity, 169165
Rhombic antennas, 880-882
Rhumbatrons (cavity resonators), 169~
185
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Ridged waveguides, 158
Rieke diagram of magnetron oscillators,

6956
Ripple voltage, 712
Rise time, of tuned amplifiers, 413
of video amplifiers, 288-291, 208, 302
Rotating joint, 1024
Rotating-vector representation, 563
for frequency-modulated wave, 595
for heterodyne action, 569

Sag in video amplifiers, 302-313
Saw-tooth waves, 647-656
of current in inductance, 655
linearization refinements, 650-855
Scaling circuits, 659-663
Scanning, conical, 1025
interlaced, 978
of radar antenna, 1024
in television, 977
Scatter, forward, of ionosphere signals,
848
of space wave, 823
Scatter sounding, 847
Screen, fluorescent, 244
Screen grid, 189
Screen-grid impedance effects in ampli-
fiers, 266, 305
Screen-grid modulated Class C ampli-
fiers, 535
Screen-grid tubes, 195-198
coefficients, 201-204
Secant law, 840
Secondary emission, 176178
in cathode-ray tubes, 245
in screen-grid tubes, 195
Selective fading, 846, 852
Selectivity of radio receivers, 944, 955
Selenium rectifiers, 703n.
Semiconductors, 733-746
acceptors, 738
carriers, 734-736
drift of, 753-758
lifetime of, 735
mobility of, 736, 744n.
recombination of, A5
conductivity and current flow, 736,
739-746
diffusion constants, 744
diffusion and diffusion current, 740,
743
doping, 739n., 7562
drift current, 741
impurity, 737-740
intrinsic, 733-737
terminal electrode effects, 742
Sensitivity of radio receivers, 944

SUBJECT INDEX

Series-inductance-rectifier-filter sys-
tems, 710-717 ,
Series peaking in amplifiers, 206
Series resonance, 44-50
in transmission lines, 107
Servomechanisms, 395
Shadow-mask color tube, 1004
Shadow zone, 813-815
Shielding, effect on coils, 39
electrostatic, without magnetic, 38
of magnetic and electrostatic ficlds,
35-40
Shields, 35-40
Shoran, 1038
Shot-effect noise in diodes, 436
Shunt-condenser-rectifier-filter systems,
717-721
Shunt feed, in coupled circuits, 70
in parallel resonant circuits, 53
in transformer-coupled amplifiers, 346
Shunt peaking in amplifiers, 203
Side-lobe reduction in antennas, 876
Sidebands, 7, 523
single, 539, 541--543
vestigial, 543, Y87, 1002
Signal-to-noise ratio, 439-442, 959
Silicon, 733
as alternative to germanium in diodes,
760
conductivity of, 737n.
Single-sideband generation, 541-543
Single-sideband receiver, 957
Single-sideband transmitter, 956
Single-tuned amplifier, 401-405, 414 416
Skin effect, 21-24
Skip distance, 835, 842
Sky wave, 832-849
(See also Ionosphere; Propagation of
radio waves)
Slant range in radar, 1030
Slot antennas, 917-920
Slot coupling in cavity resonators, 165
Slots in waveguide walls, 133
Slotted lines, 105
Slow-wave structures, 682
Slug tuner for impedance matching, 110
Smith chart, 100
Snell's law applied to ionosphere, 833
Solar effects on radio-wave propaga-
tion, 854
Sommerfeld analysis of ground wave,
804-807
Space charge in tubes, 179
Space-charge coupling in mixers, 572
Spuce-charge effects in beam tube, 199
Space-charge neutralization in gas tubes,
219
Space-wave propagation, 810-825
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Sporadic E layer, 826
Square-law detectors, 558
Square-wave generation, 637
Square-wave testing of amplifiers, 312
Stagger-tuned amplifiers, 418-421
Stalo oscillators, 103n.
Standing-wave detectors, 105
Standing-wave ratio, 96-98
impedmmsee measurements using, 104~
in waveguides, 146
Static, 855
precipitation, 857
Storms, ionosphere, 865
Btrapping of magnetrons, 690
Stub line, 109
Stubs in waveguides, 148
Sun spots, relation to radio propaga-
tion, 828, 855
Superheterodyne radio receivers, 943
Supermalloy, 15
Superregeneration, 566-568
Suppressor grid in pentodes, 189-194
Suppressor-grid-modulated Class C
amplifiers, 534
Summing amplifiers, 663
Switches, electronic, 659
Synchronization of vacuum-tube oscil-
Iators, 496
Synchronizing pulses in television, 979

T junction involving waveguides, 156
T network, 114
Tank circuit, 458
Tapered transmission lines, 119
Tapered waveguides, 152
Taylor's series for tube characteristics,
205
Telegraph signals, radio receiver, 948
Television, 977-1011
antennas, 990, 1010
blanking pulses, 979
camera tubes, 981-987
color, 999-1010
chromatron tube, 1005
compatibility, 1003, 1009
reverse, 1009
frequency interlacing, 1004-1008
fundamental concepts, 999-1001
on monochrome receiver, 1003
picture tubes, 1004-1007
receivers, 1007-1010
shadow-mask tube, 1004
subcarrier synchronization, 1009
transmitters, 1001-1003
equaliging pulses, 980, 986
film scanning, 978n.

107

Television, flying-spot scanner, 988
froqueno)gr” band, 987

gamma,
_'hom. 960, 1011
iconoscope, 881n,
image orthicon tube, 981-884
intercarrier sound, 992
interlacing, 978
multiple-path effects, 1011
pick-up tubes, 981-987
receivers, 991-998, 1007-1010
picture-tube power, 728
sound system, 992
resolution, 987
scanning sequence, 977
standard channel, 888
standard signal, 980
synchronizing pulses, 979
transmitters, 987-991, 10011003
vidicon tube, 984-986
TEM mode, 128n., 916
Tetrode transistors, 784
Tetrode tubes, 195-201
(See also Beam tubes; Screen-grid
tubes)
Thermal noise, 435
Thermionic emission, 172-176
Thévenin’s theorem, 74
applied to amplifiers, 262n., 263n.
Thoriated-tungsten emitters, 173
Thyratron saw-tooth-wave generator,
648

Thyratrons, 220 '
Time delay, 266, 288, 409
circuits for generating, 656
in tuned amplifiers, 409
Time-delay distortion, 257
Time multiplex, 968
Tone-compensated volume control, 366
Tone controls, 365
TR box for radar, 1026
Tracking in radio receivers, 949-951
Transconductance, conversion, 574
of multigrid tubes, 202
of triodes, 189
Transformer-coupled amplifiers, 275~
279, 340-348, 405-408
Transformers, audio-frequency, 275-280,
340-348
interstage, 275-280
output (power), 340-348
push,ypull, 352
for balanced-to-unbalanced systems,
901-903
for power-supply systems, 716
pulse, 658, 1021
with shunt feed, 348
transmission lines as, 120
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Trm;f%rmen, utilization (utility) factor,
1
for waveguide to coaxial lines, 155
Transient response of amplifiers, 289,
412-414, 417
Transistors, 760-798
alpha in, 767, 788
alpha cutoff frequency, 774-775
measurcment of, 783
amplifiers using, 789-795
distortion, 794
input and output resistances, 792
power, 793-795
power gain, 792
“black-box" representation, 768
carrier movement, 765-768
characteristic curves, 763, 764, 778,
789
coefficients, 768-773
measurement, 781-783
collector voltage effects, 766
common-collector circuit, 781
rommon-cmitter eircuit, 777-781
construction, 760, 787
current flow, 761, 765-768
current gain, 779
equivalent circuits, 769-773
at high frequencies, 775-777
from physical processes, 771--773

P

785
junction, 760-798
negative input resistance, 795
noise, 796-798
n-p-i-p, 785.
oscillators using, 795
p-n-i-p, 785
point-contact, 786789
pulse generator using, 795
tetrode, 784
typical, characteristics of, 770
voltage and current cquations, 768
Transit time, capacitance effects, 211-
213
in cathode-ray tubes, 245
in Class C amplifiers, 482
grid conductance effects, 215-217
induced currents ‘due to, 210, 215-217
input admittance effects from, 215
217, 433
in tubes, 209-217
Transmission as related to phase shift,
379-381
Transmission curves of ionosphere,
841-843
Transmission lines, 82-123
artificial, 112-115
attenuation, 956

Transmission linea, attenuation constant,
88 .

as circuit elements, 107
coax;laél,s compared with waveguides,

constants, 87-89
discontinuity capacitance, 118
equations, 82-84
impedance, 98-100
characteristic, 88
impedance matching, 108-112
irregularities, 118
loaded, 122
with loads of various types, 89-94
lossy, 111
modes, 121
nonreflecting terminations, 111
phase constant, 88
phase relations, 94
phase velocity, 89
power factor, 98-100
propagation constant, 84, 88
Q, 106-108
reflection coefficient, 86
as resonant circuits, 106-108
slotted, 1056
Smith chart, 100-104
standing-wave ratio, 96-98
standing waves, 84-87, 80--98
tapered, 119
as transformers, 120
voltage and current distribution, 89—
95
wave trains, 84—-87, 80-98
wavelength, 89
with zero losses, 96.
Transmission-line equivalent of a wave-
guide, 147
Transmitters, amplitude-modulated,
935-938
with negative feedback, 935
broadcast, 935-942
frequency-modulated, 938-942
with negative feedback, 941
using frequency-shift keying, 942
for radar, 1020-1022
single-sideband, 957
for telegraph (code) signals, 942
for television, 987-991, 1001-1003
Transponder, 1037
Traveling-wave tube, 678683
Trigger circuit, 633
Trigger pulses, 638
Triodes, 181-189
amplification factor, 182, 185188
coefficients, 185-189
electron focusing, 230
gas, 220
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Triodes, gas effects, 206209, 436
input admittance, 216-217, 424-432
noise, 437
plate resistance, 188
transconductance, 189
transit-time effects, 215-217

(See also Transit time)
typical, 186, 218, 455

Triode transistors (see Transistors)

Triple-detection receiver, 952

Troposphere, 803
propagation in, 810-825

Tube characteristics, mathematical

representation, 204~206

Tubes, gas, 219-221
high-frequency effects, 209-217, 432-

434, 482-484
high-yacuum, gas effects in, 208
inverted, 209
microwave, 668-698
noise, 436-439, 576
special connections, 209
transit-time effects (see Transit time)
variable-mu, 194
for very high frequencies, 217
(See also specific types of tubes)

Tuned amplifiers (see Amplifiers)

Tuned-grid-tuned-plate oscillators, 489

Tungsten emitters, 173

Tuning indicators for radio receivers, 956

“Turnover' in vacuum-tube voltmeters,

561
Turnstile antennas, 908

Undercoupling, 407
Undershoot, 288
Universal curve, of interstage trans-
former, 278
of output transformer, 343
of resistance-coupled amplifier, 264
of resonance, 48
of shunt-peaking amplifier, 204
Universal resonance curve, 48
Utilization (utility) factor, 716

Vacuum-tube voltmeters, 559- 563
Vacuum tubes (see Tubes)
Variable-inu pentodes in tuned ampli-
fiers, 411
Variable-mu tubes, 194
Velocity, of emission, 180n., 182n.
phase, of transmission line, 85, 89
phase and group, in ionosphere, 832,
833n., 838
in waveguide, 132, 143

10
Velozx;g modulation of elestron beam,

g;:;ugtx:l sidebands, |543. 987, 1002
tbrator power-supply systems, 729
Video amplifiers, 288-313 '
V!dicon, 984-986
‘\;n'tu:: cathodes, 191, 200
irtual height of ionosphere, 826, 8:
Voltage feedback, 391 » 538
Voltage-multiplying rectifier circuits, 707
Voltage-regulated power-gupply sys-
Vel tems, 725-727
oltage regulation in power-supply sys-
tems, 716, 720 PP By
Voltmeters, vacuum-tube, 559- 563
waveform effects, 561
Volts, electron, definition, 171
Volume control, in audio- and video-
frequency amplifiers, 363-365
automatic, 364
tone-compensated, 366
in tuned amplifiers, 411
Volume expansion and contraction, 364,
365
VORI (()zery-high-frequency omnirange),
1

Wave, ground, 803-808
Wave impedance in waveguides, 147
Wave trains, on transmission lines, 84
87, 89-98
on waveguides, 146
Waveform effects in vacuum-tube volt-
meters, 561
Waveguide attenuators, 153-155
Waveguides, 127-159
attenuation, 134, 145, 153-156
attenuators based on, 153 156
circular, 143-146
comparison with coaxial lines, 158
currents in walls, 132, 136
cutoff wavelength, 130, 145
directional couplers, 156
group velocity, 132n., 143
guide wavelength, 131, 143, 145
impedance matching, 148-153
impedance relations, 147-153
irregularities, 138, 147
mode filters, 139
modes, 126, 135-140
nomenclature, 128, 135, 145
nonreflecting loads, 152
phase velocity, 132, 143
physical picture of propagation, 140-
143

rectangular, 128~143
reflection, 146



