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and half the pulse length, as shown in Fig. 1618a. The individual
targets may consist of rocks, tree trunks, tree branches, leaves, etc.
Some of these, such astherocks, prefixed. Others, such as the branches
and leaves, move in the wind. In Fig. 16. 18b, the vector R, represents

the contribution from the fixed targets and Rz that from the moving
targets, and R is the resultant signal. At the next pulse, R2 changes to

R;, and the resultant to R’. The small vector r is the pulse-to-pulse
change.

Individual moving targets in the illuminated area are so numerous
that even the largest issmall in size compared witht heirs urn. Also the
phases of their echo signals are completely independent. Under these
two conditions, the vector R2 has a probability distribution like that of
statistical noise-that is, the end of thevector hasa Gaussian distribution
about the point O’. Thepulse-to-pulse change r likewise has a Gaussian
distribution.

The final result connecting r and R2 is the following:

(r),~, = $, (R,),m, (6)

where f, is the PRF, A the wavelength, and k a factor that deper.ds on the
wind speed and type of terrain. Measurements of the ratio of (r),m to
(R),~ have been made by H. Goldstein.’ The following table gives
typical values extrapolated from the experimental figures which were
obtained using a repetition rate of 333/see. The voltage ratio of fixed to
variable clutter is also given. In the case of sea and storm echoes, there
is no fixed component.

TABLE162.-Typical, nlEASCREDVALUESOFC;LUTTEEFLUCTUATION

Kind of clutter I

I

Thunderstorm.
Sea echo . . . . . . . . . . . . . . .
Sea echo . . . . . . . . . . . . . . .
Wooded terrain (wind

45mph) . . . . . . . . . . . ..l
Wooded terrain (wiud

25rnph) . . . . . . . . . . . . .
Wooded terrain (wind

25 mph)... . .
Wooded terrain (wind

ly mph). . . . . . . . . . .

A,

cm

9.2
92
3.2

32

3.2

9.2

9.2

Voltage ratio of rms Total echo/rms Buctuation,
fixed ~omponent to ] db

rms variable com- 1

ponent

0
0
0

0

<<1,

0.9

37

PRF = 500

5

13

s

14

22

34

51

1000

11
19
14

20

28

39

54

2000

17

25
20

26

34

46

57

1Sees. 6,13 to 6,21 of Vol. 13 of this series,



644 MOVING-TARGET INDICATION [SEC. 16.7

Several remarks are in order regarding the generality of the above
experimental values. Both theamplitude andthe velocity of seaclut,ter
can be expected to vary widely with weather. Storm echoes are variable
in character, depending perhaps upon their internal turbulence. A reduc-
tionof storm echoes by 10dbormore has been frequently observed ona
10-cm MTI system at 2000 pps. On some occasions, however, the reduc-
tion of echoes from certain areas of the storm has been negligible despite
a tangential wind velocity.

The wooded terrain is that of New England in summer. Limited
evidence suggests that there is little change with the seasons. However,
some questions of importance remain with regard to ground clutter.
On the PPI of a 10-cm MT1 system operating near Boston at a PRF of
300, many thousands of uncanceled targets have been observed under
conditions that make an explanation difficult. These targets, which
might possibly be birds, have been noticed to increase in number just
after sunset.

When extrapolating to other wavelengths, it should be borne in mind
that the wavelength dependence of Eq. (6) cannot be expected to hold
rigorously. Classes of moving reflectors that are negligible at 10 cm may
become of importance at 3 cm.

II
--—
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(a) (b)

FIG. 16.19.—Scanning fluctuations of the echo from an isolated target. (a) Linear
receiver. (b) Limiting receiver,

16.7. Fluctuations Due to Scanning.-When the radar beam sweeps
over a simple isolated target, the received echoes vary from pulse to pulse
as shown in Fig. 16.19a. The envelope of the echoes is the antenna pat-
tern (voltage two ways), and the maximum pulse-to-pulse variation Ay
occurs at the point where the antenna pattern has its maximum slope.
Thus Ay can be readily calculated if a Gaussian error curve is used as an

approximation to the actual antenna curve. The result can be written in
the form

Ay 1.43

Yo=?l’
(7)

where y. is the maximum received voltage and n is the number of pulses
transmitted while the antenna rotates through an angle equal to the
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beamwidth (as measured between half-power points, one way). For
example, in the case of a 1° beam rotating at 6 rpm with a PRF of 1000, n
is 28 and Ag is therefore 5 per cent of yO. This represents the residue that
would be left after cancellation if a linear receiver were used.

In the next section it will be shown that a nonlinear receiver is neces-
sary in order to remove all the clutter from the PPI. Figure 16. 19b
shows the output of a simple limiting receiver; the maximum pulse-to-
pulse variation Ayl is less th,an before and occurs farther out on the
antenna pattern. The fluctuation is now given by the expression

Ay, = k

yl ~’
(8)

wherek is no longer a constant but depends on the ratio of maximum input
signal yOto the limit level vI, as shown in Table 16.3.

TABLE 16.3

yo

;1 k
10 5.1

100 7.2
1000 8.7

It will be noticed that k does not change much as the input signal strength
is varied over a wide range. This makes it easy to obtain removal of
clutter of varying size.

Now let us consider the fluctuations in the
case of extended ground clutter. The echo
from such clutter, as we have already seen in
Sec. 16.6, consists of the vector sum of the con-
tributions of a large number of scattering ele-
ments. As the beam sweeps over the ground,
new elements are illuminated and the old ones
pass out of the beam. Thus the signal fluctu-
ates in both amplitude and phase, as shown in
Fig. 16.20, where R is the signal voltage at a
given instant and R’ the value after one repeti-
tion period. The change from pulse to pulse is

/

r

R’

R

F I G 113.20 .-f5canning
fluctuation of the echo from
an extended target.

represented by the vector r. If it is assumed that the scattering elements
are equal in size and randomly distributed, it is not hardl to calculate the
ratio of the rms values of R and r. The result is

(9)

1A. G. Emslie, “ Moving Target Indication on ME~T, ” RL Report No. 1080,
Feb. 19, 1946.
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where ro and ROare the rms values of r and R, 0 is the beamwidth, n is
the number of pulses per beamwidth, and j(d) is the antenna pattern
(voltage two ways). For the case of a Gaussian antenna pattern, we
obtain the equation

To 1.66
K=T”

(lo)

It is convenient to analyze the fluctuation into an amplitude part and
a phase part. To do this we can resolve the vector r into two components,
one in the direction of R, the other at right angles to R. The rms value
of each of these components is rO/@. Thus the rms fluctuation in
amplitude is rO/@ and the rms fluctuation in phase is approximately
ro/ (Rov@). We can therefore write

Rms pulse-to-pulse amplitude fluctuation = = R,
n 42
1.66

(11)
Rms pulse-to-pulse phase fluctuation = — radians.

n ~$

These equations apply to the case of uniformly distributed scattering
elements. It might appear that a sudden discontinuity in the density
of scattering elements would cause a larger fluctuation. To see that this
is not so we can consider the integral { f[j’(e)]z de} ~~,which is proportional
to therms pulse-to-pulse fluctuation TO. In the case of a uniform distribu-
tion of scattering elements, the limits of integration are from – cc to + ~.
When there is a discontinuityy at an angle O,from the center of the beam,
the limits are O, to m, and the integral will be less than before since the
integrand is everywhere positive.

16.8. Receiver Characteristics. -Ideally, an MT1 system would
remove all clutter signals from the scope, maintaining the greatest possi-
ble sensitivity for moving targets both in the clear and in the clutter.
Practically, this is not always possible, because of clutter fluctuations,
the finite perfection of cancellation, etc. Under these circumstances, it
appears desirable to adjust the residual clutter, after cancellation, so that
it resembles receiver noise in amplitude and texture when it is presented
on the scope.

Clutter fluctuations already have an amplitude distribution like that
of noise, whether they are due to scanning or to the action of the wind.
Thus the only problem left is to reduce the rms fluctuation to the same
value everywhere. There are two ways of doing this, the first depending
on the nature of the amplitude fluctuations of the clutter, the second on
the nature of the phase fluctuations.

As we have seen, the rms fluctuation in amplitude is proportional
to the rms clutter amplitude. Thus if z is the size of the clutter at the
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input of the receiver, the total increment in amplitude can be written as

Ax=kx+N,

where kz is the amplitude component of the clutter fluctuation and N is
the component of the i-f noise vector in the direction of x. The output
fluctuation Ay is given by

Ay = $ Ax,

and we require it to be independent of the clutter amplitude z. Thus we
have

dy= K
z kx + N’

where K is the (constant) value of Ay. Integrating this equation with the
condition that y = O when z = O, we get the following expression for the
characteristic of the i-f amplifier:

(12)

For values of x giving a fluctuation kx considerably less than noise, the

characteristic is linear. For large values of x it is logarithmic. A
receiver with this characteristic is called a lin-log receiver.

The output of the lin-log i-f amplifier has to be added to the reference
signal and then detected. Since the clutter varies in phase as well as
amplitude, its phase variations are converted by the detector, when the
reference signal is present, into amplitude variations, which unfortunately
are not independent of the size of the clutter. It can be shown, however,
that no serious harm results if the reference signal level is kept somewhat
smaller than the maximum amplitude of the linear portion of the receiver
characteristic.

The second method of obtaining uniform output fluctuations depends
on the fact that the rms phase variation of the clutter is independent of
the size of the clutter. Thus all that is.required is a limiting i-f amplifier
to remove the amplitude variations, followed by a phase-sensitive detector
to convert the phase variations into uniform amplitude variations. To
obtain the maximum sensitivityy for targets moving in the clutter it is
necessary that the phase-sensitive detector should have a linear character-
istic—that is, the output amplitude variation should be proportional to
the input phase variation. This can be achieved by using a balanced
detector for mixing the reference signal with the output of the limiting
i-f amplifier.

The relative advantages of the two types of receiver will now be
considered. If the lin-log receiver is used, it is possible to dispense with
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the oscillator and amplifier shown in Fig. 16.11 and to send the i-f signal,

together with the reference signal, directly through the delay line. The

amplifier then works at the intermediate frequency used in the receiver.

These changes make the circuit simpler and avoid the problems of carrier

modulation and demodulation. However, the loss of freedom in the
choice of frequency for the delay line and the comparison amplifier is a
disadvantage. Also, the method is not suitable for “back-of-dish” radar
sets, since the i-f signals cannot conveniently be brought out through
slip rings. This method of using a lin-log receiver should be used only
when simplicity and compact ness are of prime import ante. In general,
such a receiver should be used in conjunction with an oscillator and
amplifier (Fig. 16. 11) in the usual way.

An important advantage of the limiting receiver is that the output
video signals have a i-ange of amplitude extending from noise only up to
the limit level. This small dynamic range makes it easy to design the
cancellation circuits. For the lin-log receiver, the dynamic range is 6 to
12 db greater under conditions of equal performance.

For general MTI use, the limiting type of receiver is to be preferred.
However, there is a type of MTI system in which moving targets are
detected in the clutter by the fluctuations which they produce in the
clutter amplitude. The lin-log receiver must be used in such a system,
since the limiting receiver cannot detect amplitude changes.

Some idea of the magnitudes involved in the receiver problem can be
obtained from Table 16.4. The fluctuations due to the wind were

TABLE 164.-FLUCTUATIONS DUE TO W’IND AND SCANNING

h,

cm

9.2
9.2

PRF

500
2000

Beam-
width,
degrees

1
3

Scanning Pulses per
rate, beam-
rpm width

4 21
4 250

Wind effect I Scanning effect

rms fluctuation rms fluctuation
rms total echo’ rms total echo’

db dh

–34 I –22
–46 –44

obtained from Table 16,2 for wooded terrain and a wind velocity of
25 mph. The scanning effect was derived from the formula for extended

clutter in Sec. 16.7. It will be noticed that the scanning effect predomi-

nates in the case of the low PRF and narrow beam, whereas the two

effects are about equal for the high PRF and wide beam. The fluctua-

tions in the first case are roughly 10 per cent, considerably greater than

the fluctuations due to instability of the components. On the other

hand, the fluctuations in the second case are only about 1 per cent and are

therefore negligible compared with system instability.
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Consider howalimitingr eceivershouldbe adjusted in each of these

cases. Since only thephase part of the fluctuation isselected, the fluctua-

tion of the video output is 1/v’2 or 3 db less than the total input fluctua-

tion, Thus the figure – 22 db becomes – 25 db at the output, which
means that the rms fluctuation in the first case is about ~ of the limit
level, Therefore, in order to obtain a PPI with uniform background, the
gain control of the receiver, ahead of the limiting stages, should be
adjusted so that rms noise is also ~ of limit level. “ Peak” noise is
then about $ of limit level. This adjustment of noise relative to limit
level is made while viewing the output of the limiting receiver on an
A-scope. JVhen this has been done, the video gain control is adjusted
so that the noise and canceled residue just show on the PPI. The MT1
photograph in Fig. 16.1 shows everything in correct adjustment so that
the residue of the clutter blends with the noise. The corresponding
photograph in Fig. 162 sho~vs a case of incorrect adjustment: receiver
noise is too large compared with the limit level. The result is that the
residue does not show on the scope and black “holes” appear where the
clutter ~vas. L’nder these conditions there is an excessive loss of sensi-
tivity for moving targets in the clutter.

In the second case (high PRF and broad beam) the predominating
fluctuations will be due to system instability and maybe of the order of 5
per cent (peak) if all the stability requirements are met. Thus peak
receiver noise should in this case be set at 5 per cent of limit level.

16.9. Target Visibility .—There are two problems to be discussed in
this section. The first has to do with the visibility of moving targets
when they are clear of the clutter; it includes consideration of undesirable
targets, like clouds, as well as desirable targets such as aircraft. The
second problem is concerned with the visibility of moving targets that
occur at the same range and azimuth as ground clutter.

Targets in the Clear.—lYe have seen in Sec. 16.2 that the video pulses
from the 31TI receiver, in the case of a moving target, are amplitude-
modulated at the doppler frequency .f,i. Thus the pulse amplitude at a
given instant t is given by

~1 = yn COS %jd!.

For the next pulse,
y, = ?/0 Cos 2TfJ(f + z’).

The canceled video pulse is therefore

()y = yl – YZ = 2yo sin (7rf~T) sin 27rfcf t + ~ . (13’,

Thus the canceled pulses also exhibit the doppler modulation frequent}
and have an amplitude

yj = 2yo sin (rj,jT). (14)
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This expression is zero when fd is a multiple of the PRF and, since
j, = 2v/~, the first “blind” speed is given by

f,T = 2~T = 1,

or
A Af,

“=27=5’
(15)

where j, is the PRF. In other words, the target appears to be at rest

when it travels a distance x/2 (or a multiple of h/2) between pulses,

Numerically,

First blind speed = Xj,/89 (A in cm, speed in mph) (16)

Going back to Eq. (13) we see that the average canceled signal, after
rectification, is given by

M = : ~olsin (~.fdT)l (17)

We have to compare this amplitude with that of noise after cancellation.

The noise amplitude in the delayed channel is completely independent of
that in the undelayed channel. We must therefore add the noise powers
in the two channels, obtaining an increase of @ in noise amplitude after
cancellation. Hence the change in signal-t~noise ratio caused by the

addition of MT1 is represented by

! !;~~ ‘he fact~~lsin.Tl 1~
Radialveloc,ty of target

FIG. 16.21.—Responsecurve for target
in the clear. The first blind speed has the The numerical factor is about 0.9.
value kj, /89 (X in cm, speed in mph). Thus MT1 causes scarcely any 10s8

for a target moving at the optimum speed but does cause a loss at other

speeds. Figure 16.21 shows the voltage response for MT1 relative to the

res~onse for a normal radar set.

‘It will be observed that the response at small speeds is proportional

to the speed v. It can be written as follows:

Response
Llax. response

z ~jdT = = Z,
VI

(20)

where VI is the first blind speed. As an example, consider a set with
A = 9.2 cm and~, = 2000 pps. Then from Eq. (16) we have v, = 206 mph.
For a storm cloud traveling radially at 30 mph, the ratio in Eq. (2o)
becomes 1/2.2 or – 7 db, whereas Table 16.2 shows that the fluctuation due
to internal motion of the cloud is only – 17 db. From the MTI point of
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view translational motion is more serious than the internal motion of the
cloud. It should be noticed that the two effects change together as the
PRF is varied.

A question of some interest is the following: If a target of given size
can have any radial speed with equal probability, how often will it be
detected? Let us suppose that the target, when moving at one of the
optimum speeds in Fig. 16.21, gives a signal N times as large as the mini-
mum detectable signal. Then the relative response at other speeds is
given by

N sin (r~d!’).

The target will be seen as long as this quantity is greater than unity; the
probability of this being the case is

T

2

N= {::: fle:e;f::ignd

FIC. 16.22.—Probability of seeing a
moving target.

(21)

FIG. 16.23.—Moving target in clut-
ter: clutter = R; target = s; target at
next pulse = s’; variation between
pulses = r-.

A plot of this expression is shown in Fig. 1622. The probability is 0.5
when N = @; consequently in this sense we can say that MTI causes
an average loss of <~ in voltage or 3 db. 1

Targets in the Clutter.—We have seen in Sees. 16.6 and 16.7 that the
fluctuations of extended clutter, whether due to the wind or to scanning,
have noiselike character. This “clutter-noise” is what appears on the
MTI scope at places normally occupied by the clutter, and it is adjusted
to be equal in brightness to ordinary noise. A moving target in the

1The above discussion neglects the fact that the phase-sensitive detector reduces
the noise voltage by v’% Thus Eq. (18) shOuld he m~lltiplied b.v W, aS shOtlld
the ordinate of Fig. 16.21. The abscissa of the hiTI curve of Fig. 16.22 shoul,i be

divided by ~. Use of MTI may thus entail no average loss.
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clutter has to compete with the clutter-noise in much the same way as a
target intheclear competes with ordinary receiver noise. Figure 16.23is
a vector diagram for a moving target in the clutter. The pulse-to-pulse
variation r in the resultant vector has both amplitude and phase com-
ponents just like the clutter fluctuations. The magnitude of r can easily
be obtained from the fact that s rotates with the doppler frequency jd.

Thus the angle betweens and s’ is 2rf,T, and accordingly

r = 2s sin (mf~T). (22)

This equation, which is the same as Eq. (14), shows that blind speeds
also exist for targets in the clutter. If we take the arithmetical average
of Eq. (22) for all speeds, we get

4s~=—.
7r

(23a)

If, on the other hand, we take the median with respect to velocity, which
is the average that we took in the case of targets in the clear, we get

? = ~2s. (23b)

Since the two values of ? differ by only 10 per cent or about 1 db, it does
not matter which we take. The value given by Eq. (23a) is also the

arithmetical average for the case of a noncoherent signal from a signal
generator. Measurements can therefore be made without appreciable
error by using the signal from a signal generator instead of that due to an
actual target.

A moving-target or signal-generator pip can be expected to be visible
on the PPI if ? is at least three times the rms clutter fluctuation r~.
Using Eq. (23a), this condition can therefore be written as

37r
s = — rO = 2.4r0.

4
(24)

That is, the signal amplitude should be 8 db larger than the rms clutter
fluctuation.

It is convenient to express the visibility condition in terms of the rms
clutter amplitude RO instead of the rms fluctuation. In the case of
scanning effects this leads, with the help of Eq. (10), to the following sim-
ple relationship:

Lo=: (scanning), (25)
s

where n is the number of pulses per beamwidth. In the case of wind
effects, we have, from Eq. (6),

(26)
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As is pointed out at the end of Sec. 16.6, the dependence on x is only

approximate.

The ratio Ro/s, which can be called the ‘‘ subclutter visibility,” gives
a measure of the performance of an MT1 system. When scanning and
wind effects are present together, along with the effect of system instabil-
ity, we have to go back to Eq. (24) and write it as

S = 2.4(r&c.m,,,n.+ ~~w,nd + &.m.rn); ‘, (27)

since the three fluctuations are independent of each other. A-ow each
fluctuation is proportional to the size of the clutter. Thus we have

R, = 1—

( )

),~ (28)
s

~+~
1

K~n’ <K;A2j~ + E:

where the terms in the denominator refer respectively to the effects of
scanning, wind, and system instability. The quantities Kl and K2 are
constants, but Ks may depend somewhat on A and f,. For example, it is
probably harder to stabilize the local oscillator at 3 cm than at 10 cm.
Again, Eq. (3) shows that the repetition rate enters into the stability
condition. However, we shall assume, for simplicity, that the over-all
system instability is independent of A and jr.

16s10. Choice of System Constants.-The following are the objectives
in the design of a ground radar set with MT1:

1. Ylaxlmum sensitivity to moving targets in the clutter.
2. Maximum sensitivity to moving targets in the clear.
3. Maximum cancellation of undesirable moving objects, such as

clouds.
Some of these objectives are in direct conflict with the normal aims of

a radar set. For example, a broad beam and slow rate of scan will reduce
scanning fluctuations and therefore help the first obfective, but will
decrease resolution and hamper the rate of flow of information. Because
of this, MT1 should be integrated into the radar set from the start and
not added as an afterthought.

S’ubchdter Vi.sibik@-From Eq. (28) we see that the subclutter
visibility can be increased by increasing n and A.f,,but that nothing much
is gained by going greatly beyond the point where the scanning and wind
fluctuations are equal to those due to system instability. A well-de-
signed system might have an rms instability of 2 per cent, in which case,
from Eq. (24), the greatest possible subclutter visibility is 26 db. There
is then no need to make the individual subclutter risibilities for scanning
and wind greater than 30 db. For the case of scanning, that means, from
Eq. (25), that n does not have to be larger than 120 pulses per beamwidth.
Again, from Eq. (24), therms wind fluctuation should be less than 22 db.
This happens to be the value for wooded terrain when A = 3.2 cm and
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f, = 500 and the wind velocity is 25 mph, as is shown in Table 16.2.
Thus, kj, should be about 1600 for this particular wind speed. In gen-
eral, it is easy to obtain the required figure for Aj,, but not for n, witho’ut
sacrifice elsewhere. Scanning fluctuations are the principal difficulty in
MTI design.

The quantity n is proportional to beamwidth and PRF, and inversely
proportional to scanning rate. It has the value 120 for a PRF of 720 with
a 1° beam rotating at 1 rpm. Although this set of constants satisfies the
condition above, the scanning rate is too slow for many purposes. To
attain greater rate without losing subclutter visibility, either the beam-
width or PRF must be raised; the alternative is to take a loss in subclutter

~
o 100

Radial speed in mph

FIG, 16.24,—Distribution of rachal
speeds for random aircraft, assuming
all ground speeds equally likely in
rarige 100 to 400 mph and all direc-
tions equally likely.

visibility, which may be the best solu-
tion in some cases. For example, if the
targets are all larger than the clutter, a
subclutter visibility of zero db is suffi-
cient. In that case the scanning rate can
be raised to 30 rpm. It is, therefore, of
considerable importance to use all possi-
ble methods of decreasing the size of the
clutter relative to the moving targets,
such as shaping the beam in elevation,
using short pulses, and choosing the site
carefully.

Blind Speeds.—It has already been
seen that MTI causes an “average”
loss of about 3 db when all radial speeds
are equally probable. 1 This is true no
matter where the blind speeds happen
to fall. We are interested, however, in

targets such as airplanes and clouds which have non-uniform distributions
of radial speeds, and would like to know the best values of the blind
speeds in these cases.

Figure 16.24 shows the distribution of radial velocities for airplanes
whose ground speed can have any value between 100 and 400 mph with
equal probability and whose direction of flight is random. It is hard to
choose the best blind speeds from this graph. There will probably be
an average loss 1 of about 3 db, as in the case of a uniform distribution,
whether there are many blind speeds in the interval O to 400 mph or
whether the first optimum speed comes at, for example, 400 mph. The
choice of blind speeds is of no particular consequence, per se; but there
may be special cases, such as airport traffic control, where the radial speed
can be regulated. Blind speeds can then be chosen accordingly.

1See footnote on p. 651...
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To get the greatest cancellation of an undesirable moving object, the
first blind speed, v,, should be made as large as possible. For exampie, if
U1is 30 times the radial speed of the object the response will be 10 per cent
of the maximum value, by Eq. (20). In the case of clouds moving at
30 mph, that gives us VI = 900 mph, which is a suitable value as far as
Fig. 16.24 is concerned. Since v, = Xj,/89, it can be seen that such a high
value of VIis obtainable, when a normal PRF is used, only by going to a
wavelength of the order of 100 cm. For microwave frequencies, therefore,
one can scarcely reduce storm echoes by more than about 10 db.

In the detection of ships, whose velocities are comparable with those of
clouds, it might be thought that the ships would be canceled along with
the clouds. This is not so because ships, when within the horizon, give
much larger signals than clouds, and still show up strongly after a 10-db
cancellation.

MOVING-TARGET INDICATION ON A MOVING SYSTEM

16s11. Compensation for Velocity of System.—Figure 16.25 shows
what has to be done to compensate for the velocity of the station when a

system is carried on a ship or airplane. The phase-shift unit shown in a

changes the phase of the reference signal at the same rate as that at which

the phase of fixed echoes is being changed by the motion of the station.

The effect is to give the station a virtual velocity which cancels the actual

velocity.

Figure 16.25b is a block diagram of the phase-shift unit. An oscillator

supplies a signal at the doppler frequency which is mixed with the refer-

ence signal. The upper sideband is then selected by a crystal filter. The

addition of the doppler frequency to the reference signal is equivalent to

shifting the phase of the coherent oscillator at the rate of je! cps. It is to

be noted that this is not the same as merely tuning the coherent oscillator
to the frequency fc + ~~, since the phase shifter is applied after the oscil-
lator is locked. Full details on the phase-shift unit can be found in a

report by V. A. Olson. 1

The doppler frequency depends on the radial component of velocity

and is therefore proportional to the cosine of the azimuth angle. It is

necessary to vary the frequency of the doppler oscillator automatically

as the antenna scans.

In an airborne set, there is a further complication due to the fact that

the radial velocity depends on the depression angle, which means that

the doppler frequency of the ground clutter varies with the range. In

consequence, the phase-shift unit cannot be used for clutter at large

LV. A. Olson, “ A Moving Coho Conversion Unit, ” RL Report No. 975, Apr. 3,
1946.



656 MOVING-TARGET INDICATION [SEC.16.12

depression angles; some other method must be used, such as the nonco-
herent method now to be described.

16.12. The Noncoherent Method. -We have already seen in Fig.
1619 that a target moving in the clutter produces a resultant echo that
varies in both amplitude and phase. To detect the amplitude variations,
all that is required is a receiver that does not limit—that is, one with a
linear-logarithmic response. Since no coherent reference oscillator is
used, this is called the noncoherent method of detecting moving targets.
The ground clutter itself acts as the reference signal,

Modulator Transmitter TR I

r I

Mixer
Stable local

oscillator
Mixer

1
Signals

Coherent Phase shift Reference
oscillator

Receiver
unit signal

(a) t

Reference signal j, f.+ fd ~c+~d_Phase.shifted

from coherent Mixer
fc-f,

Filter
reference signal

oscillator

f.h Doppler
frequency
oscillator

(b)

FIG. 16.25 .—MTI on a moving system. (a) Block diagram of system showing location
of phase-shift unit. (h) Simplified block diagram of phase-shift unit

In the noncoherent method the local oscillator does not have to be
stabilized since phase changes are not to be detected. Ho~\-everj the
transmitter must have the same stability as in the coherent method
because the overlapping ground clutter beats ~vith itself if the transmitter
frequency varies from pulse to pulse. As shown in Table 16.1 the stabil-
ity requirement is not at all severe.

Another great advantage of the noncoherent method is that it works
even when the radar set is carried on a moving station. This is because
the set is sensitive only to amplitude fluctuations, whereas the motion of
the station causes mainly phase changes in the received echoes. An
amplitude effect, due to the finite beamwidth, will be discussed later.
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The simplest way of employing the noncoherent method is to use an
A-scope presentation and watch for echoes that are fuzzy on top. This
type of echo indicates the presence of a moving target in the clutter
at the range shown on the scope. The scheme is useful only when very
slow scanning can be tolerated. An alternative indication can be
obtained by gating off all but a short portion of the A-sweep and putting
the output through a pair of headphones. A moving target within the
“gate” then produces a musical note in the phones.

A more useful arrangement is to put the video output through the
usual cancellation circuits and display the moving targets on a PPI.
With such equipment in an airplane, roads will show up on the scope as
intersecting lines of dots due to the moving vehicles.

The drawback to the noncoherent method is that a moving target can
be detected only when there is ground clutter at the same range and
azimuth as the target. Thus although the method works well out to the
range where the clutter begins to get patchy, beyond this range moving
targets become lost in the clear places. A plan for overcoming this
difficulty is to have noncoherent operation for short ranges and coherent
operation for long ranges. This can be accomplished by gating off the
coherent reference oscillations for the required number of miles at the
start of each sweep. Since the station is moving, it is necessary, during
the coherent part of the sweep, to compensate for this motion. The
method of doing this has been described in the preceding section.

16.13. Beating Due to Finite Pulse Packet.—In addition to the
fluctuations due to scanning and wind, there is another kind of fluctuation
when the system is moving. This arises from the fact that the clutter
elements illuminated by the beam at a given instant do not, because of the
spread of radial velocities within the finite illuminated area, all have
the same doppler frequency. Signals from clutter will therefore beat
with each other at frequencies up to ~1 = 2 Au/A, where AU is the spread
in radial velocity.

Let v be the velocity of the system and 0 the azimuth angle. Then the
radial velocity is o cos O, and thus we have

AU = –v9 sin 0 for O>> 8,

where e is the beamwidt h. If the beating is represented by a factor cos
(2m~,t),then the fractional change in amplitude from pulse to pulse is of
the order 2Kjl/.f,, which can be written as % Av/(V,) or % AV/VI, Where V1
is the first blind speed as defined in Sec. 16.9. For example, suppose

v = 300 mph, VI = 800 mph,
EI = 2° = & radian, e = 90°,

Then AU = 10 mph and the fluctuation is 8 per cent.
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above equation for AU no longer holds and we have

AU = @z for 8 = O.

For v = 300 mph and O, = ~. radian, as before, we get AU = ~ mph,
showing that the fluctuations are negligible when the antenna is pointing
straight ahead.

When the system is carried in an airplane there is an effect due to the
depression angle as well as the azimuth effect just discussed, Since the
beam is usually broad in a vertical plane, the range of depression angles
within the illuminated area of clutter is limited by the pulse ~vidth.
Under these conditions the spread in radial velocity is given by

w sins d cos O

‘L’ = m
for @ <<90°,

Cos ~

where r is the pulse length (in feet), h the altitude, @ the depression angle,

and O the azimuth. For , = 1000 ft (1 Asec), h = 10,000 ft, @ = 45°,

0 = O, v = 300 mph, we get AU = 8 mph, which is about the same as the

above value for the azimuth effect.

For very large depression angles, the formula becomes

,—

For v = 300 mph, 7 = 1000 ft, h = 10,000 ft, we have AL’ = 100 mph,
illustrating that \-cry large fluctuations are present in the clutter immedi-
ately below the airplane.

COMPONENT DESIGN

The JIT1 systems designed at the Radiation Laboratory have been

at 10 and 3 cm. For that reason, the discussion of tl-piral components

given here \vill be in microwave terms, despite the fart that JITI methods

are useful with radar systems operating at longer Tvavelrngth. The com-

ponents that \rill be described have been chosen to illustrate recent de~-el.

opments or the breadth of possibilities, or to supplement the detailed

treatment ~f the components elselvhere in the Radiation Laboratory

Series.

16.14. The’ Transmitter and Its Modulator.—Thc transmitter stability

requirements, specified in Sec. 16.5, can be met by magnetrons of existing

design. The 10-cm magnetrons that have been successfully tried for

LITI are the type 2,J32, the type -LJ17, and the type 70(; C’1”. :lt 3 cm,

the type 2J42 has been used. JIost experience a~-ail:lble up to 1940 has

been with the 2,J32, lyith the 2J32 and a hard-tube mtxiulator, fre-

quency modulation ~vithin a pulse ne~er reaches an objectionable !cvel
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when amplitude modulation is avoided. Information on this point is nut
available for the other types.

Magnetron frequency pulling with antenna scanning can be objection-
able with any type of tube. It may be caused either by imperfect rotary
joints or by obstacles in front of the antenna. If the pulling is slow com-
pared with 10 Mc/sec2 (see Table 16.1), ground clutter will remain can-
celed at all azimuths. However, when the absolute detuning becomes
excessive, moving targets will be lost owing to their high video spectrum,
as is explained in Sec. 16.5. This type of detuning is particularly
insidious.

Objectionable modulation of the transmitted pulse by the use of
60-cps power on the heater has been observed with the type 4J47. This is

probably caused by the magnetic field .of the heater current. No such

difficulty has been found with the 2J32, owing apparently to the design

and construction of the heater. Three methods of avoiding this modula-

tion are available. At high PRF’s the heater current can be turned off

after starting the system, since the cathode temperature will be main-

tained by bombardment. Alternatively the PRF can be made an exact

submultiple of the power-line frequency. Since neither of these methods

can be generally applied, it will sometimes be necessary to operate the

magnetron heater on direct current. Heater hum modulation should

eventually be made a matter of tube-manufacturing specification.

The use of a supersonic delay line necessitates a constancy of PRF to

& of a pulse width. This is the most severe new requirement placed by

MTI upon the modulator. It has been successfully met by hard-tube
and by hydrogen-thyratron designs. In their current state, triggered-
gap modulators were not quite adequate for MTI systems in 1946. Since
little effort had been put upon the jitter problem, it seemed reasonable to
expect that triggered gaps can be considerably improtied. The rotary
gap can be used for MTI only if a storage tube serves as delay element.

16.15. The Stable Local Oscillator.-Two types of 10-cm local
oscillator tubes have been investigated: the type 417 and type 2K28
reflex klystrons. The 417 has a built-in cavity and is therefore more
microphonics than the 2K28, which has a remountable cavity. However,
the external cavity gives the 2K28 a lower Q, which causes larger noise
fluctuations and greater sensitivity to external 60-cps magnetic fields.
Both tubes show frequency modulation when the heaters are run on a-c
power.

The 2K28 was chosen for incorporation into the local oscillator unit
shown in Fig. 16.26. The outer metal case of this component is lined with
sound-proofing material. The parts within are mounted on a metal
base-plate which is in turn supported by four circular shear rubber shock
mounts of conventional design, not visible in the photograph.
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The oscillator tube is mounted, with its axis vertical, in a blackemd
mu-metal shield visible to the left. A single pickup loop is connected to
two lines via a decoupling fitting. A tunable echo box (Johnson Service
Company Model TS-270/UP) is coupled to the oscillator by a rotatable

““***** ● 9-W*,

****9,*** ●*1
** ***.*.4 9*

loop, the lever arm of which is visible close to the oscillator. An echo-
box crystal-current meter is of value in making tuning adjustments.

The remote power supply uses conventional electronic regulation. A
simple RC-filter at the oscillator isolates the reflector electrode. Heater
power is furnished by a dry-disk rectifier and high-current filter.

The optimum value of echo-box coupling varies for different fre-



SEC. 16.15] THE STABLE LOCAL OSCILLATOR 661

quencies and different oscillators. If this coupling is too loose, frequency
instability will result. If the coupling is too tight, tuning will be difficult
and the power output from the local oscillator will be reduced. It must
be possible to obtain two to three times the mixer current that will
actually be used. When restarting a correctly tuned oscillator, it maybe
necessary to vary the reflector voltage slightly up and down to cause the
echo box to lock in.

A microwave discriminator circuit developed by R. V. Pound’ gives
promise of overcoming many of the difficulties of the simple echo-box
stabilizing arrangement. Measurements of local-oscillator stability at
3 cm, as reported below, show that this system of stabilization might be
adapted to MT1.

TABLE 16.5.—TYPIcAL LOCAGOSCILLATOR STABILITIES
(

Descriptionof oscillators compared. (cf. Sec.
Frequency average

Frequency band
16.21) of ~, (Kc/secZ) to half-power, cps

Two identically shock-mounted type 417 re- 79 1300
flex klystrons (10 cm) without stabilizing 61 250
cavities 50 140

Two identical type 2K28 reflex klystrons (10 168 I 1300
cm), without stabilizing cavities, in a quiet 100 250
room I I

Same tubes as above, one stabilized

1

137 I 1300
6S 250

Same tubes, both stabilized 1.4 250
1.4 140

TWO other stabilized tubes of same type in a 3 250
quiet room (more typical value)

Two such oscillators; 60 cps a-c heater power 36 I 250
used for one

Two such oscillators operating in an SCR- 10
584 truck

Two such oscillators operating in the radio 70
compartment of a B-17 aircraft after some-
what improved shock mounting

Two type 2K25 reflex klystrons (3 cm) in the 20
laboratory with echo-box frequency control

: Described in detail in Chap. 2 of Vol. 11 of the series,
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Equation (3), giving the allowable rate of frequency drift in the local
oscillator, was based on the assumption that the frequency was changing
at a constant rate. Most frequency deviations are not of this simple sort.
They are more likely to be periodic or random, with a superimposed uni-
form drift. The rate of change of frequency can be expressed by a
Fourier spectrum and the total phase error determined by superimposing
the contributions resulting from each of the Fourier components. These
components are not all equally harmful to MTI performance. A fre-
quency modulation exactly synchronized with the PRF or any multiple
thereof would cause no MTI phase error whatsoever. The phase of
ground clutter at a particular range would be shifted by a given amount
from its value in the absence of the frequency modulation, but the shift
would be constant for successive transmitted pulses.

It has been shown’ that the rate of change of oscillator frequency
averaged over all modulation frequencies can be used in place of the
simple d~/dt of Eq. (3) as a figure of merit for local-oscillator stability.
Table 16.5 shows some typical figures on local-oscillator stability.

16.16. The Coherent Oscillator.-Locking at radio frequent y has
been accomplished at 10 cm, but its feasibility for field service is yet to be
investigated. The relative ease and dependability of i-f locking have
resulted in its use for all coherent microwave systems of the past. This
section will discuss oscillators that receive an i-f locking pulse and deliver
an i-f reference signal according to the arrangement of Fig. 16.9.

The Locking Pulse.—If the phase-locking is to be constant from one
pulse to the next with a precision of 1°, the carrier-frequent y packet that
does the locking must be unusually free of random components. These
may arise from several sources, of which the most likely is the transmit-
receive switch. The gaseous arc discharge in the TR tube generates noise-
like oscillations. These may reach the coherent oscillator by passing
from the signal mixer, via the local oscillator, to the locking-pulse mixer.
The available remedies are the use of loose mixer coupling, lossy local-
oscillator cable, and separate pickup loops in the local-oscillator cavity.

Another cause of random components in the locking pulse is excessive
r-f pulse amplitude at the locking mixer. If the r-f pulse exceeds the
level of the local oscillator, self-rectification will take place, yielding a
video pulse that will have noncoherent components at the intermediate
frequency. Even though an effort has been made to reduce the r-f pulse
amplitude, this trouble may persist in a subtle form. If the attenuator
preceding the locking mixer is of the simple ‘‘ waveguide-beyond-cutoff”
variety, it may allow harmonic frequencies, generated by the transmitter,

1S. Roberts, “A Method of Rating the Stability of Oscillators for MTI,” RL
Report No. 819, Oct. 16, 1945.
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to pass to the mixer with so little loss that their amplitude is comparable
to or greater than that of the fundamental frequency.

A further source of locking trouble is statistical noise. If a simple
cable-coupling circuit is used in the absence of a locking-pulse preampli-
fier, care must be taken to maintain adequate pulse amplitude.

Circuit Design.-Any conventional type of freely running oscillator
can be phase-locked by injecting into its tuned circuit a sufficient y large
carrier pulse. There is a certain degree of incompatibility between the
requirements that the oscillator be extremely stable and yet precisely
phasable. A simple method of reconciling these requirements is to stop
the oscillator completely before each radar transmission so that the lock-
ing pulse is also a starting pulse. By this process, all previous phase
information is destroyed and the locking pulse is required to overwhelm
merely the statistical noise fluctuations present in the oscillator tuned
circuit. The stopping of the coherent oscillator can be accomplished by
applying a bias “gate” perhaps 100 psec before each transmitted pulse.
This gate is released just before, during, or just after the locking pulse,
while the resonant circuit of the oscillator is still ringing. The amplifying
circuits that precede the oscillator can be made reasonably narrow since
pulse shape is unimportant. These circuits must be broad enough to
allow for local-oscillator detuning and to maintain a large locking-pulse-
to-noise ratio. It is advantageous to use a bias slightly beyond cutoff
in a late amplifying stage in order to suppress any spurious low-level
oscillations which, by their persistence, might introduce an appreciable
phase error either before or after locking. The actual injection of the
locking pulse into the oscillator might be accomplished in any of several
ways, including the use of an extra oscillator control grid. The most
flexible method and the one most widely used is the connection of the plate
of a pent ode injection-tube across all, or part of, the LC-circuit of the
oscillator.

The oscillator itself must be designed with considerable care. The
resonant circuit must have a high Q. Input and output loading must be
held to a minimum. Heater hum modulation must be minimized by
keeping the d-c and r-f impedance between cathode and ground as smali
as possible. The oscillator tube must be of a nonmicrophonic type. The
circuit as a whole must be rigidly constructed and shock-mounted,
Power-supply ripple must not exceed a few millivolts. When these
precautions are observed, free-running stabilities of around 1 kc/sec2 can
be obtained at 30 Me/see. A typical oscillator with its preceding and
following stages is shown in Fig. 16.27.

Phase-shift Unit.—Figure 16.28 shows, in more detail than the simpli-
fied diagram of Fig. 16.25b, the arrangement of the phase-shift unit
required for MTI on a moving system. For station motion up to 400 mph,
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the doppler frequency at 10 cm will vary from plus to minus 3500 cps.

The way in which this frequency is added to the reference signal is shown

in the diagram. The doppler oscillator receives a shaft rotation and

H
+100

+250

* IGate Reference
signal

r-c)----——---

Lli!*=looo##f
=

Fm. 16.27.—A typical 30-Mc /see coherent oscillator circuit.

delivers a linearly related frequency with an absolute accuracy of 2 cps.
This oscillator is similar to the General Radio Type 617-c Interpolation
Oscillator. The single sideband rejection requirements for the carrier
and unwanted sideband are very severe. The quartz filter was designed

Doppler Quartz From

oscillator - Mixer bandpass filter Mixer
30 Me/see

63-70 kc /SeC
“ 6496.;; fe;03.5 + coherent

L oscillator

I t t
Navigating Fixed +
;~~ ~etin
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66.5 kc/aec 6500 kc/see
29,9W:F3.5 receiver

FIG, 16.28.—Block diagram of a phase-shift unit.

by Bell Telephone Laboratories. Pending delivery of the latter, the
circuit was tested by means of LC-filters with one additional mixing
step, and found to cancel target motion satisfactorily. The absolute
accuracy of the circuit from the shaft of the doppler oscillator is about
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~ mph at 10 cm. Full circuit information can be found k a report
by V.A. Olson.’

16.17. The Receiver.—Two types of receiver characteristic have
been discussed in Sec. 168. The lin-log type is necessary in a noncoherent
system, and the limiting type is best for coherent systems.

ThA Lin-log Charoxteristic.-A linear-logarithmic characteristic is
linear for small signals and limits in a specified gradual fashion for large
signals. A method for achieving this response is shown in Fig. 16.29.
Output signals from several successive i-f stages are combined. At low
signal levels, the last stage delivers a linear signal in the normal fashion,
the output from the preceding stages being negligible. As the signal level
increases, the output signal of this last stage reaches a saturation level

Reference

If echo signal
[f amplifier

1
signal

t ! I
Detector Detector Detector

I

t t t

Video Video I Video
amplifler amplifier amplifier

I I t
Video output signal

FIG. 16.29.—Circuit to give lin-log response,

above which it cannot rise regardless of further input-signal increases.
At this point the output signal from the preceding stage has become
appreciable; it continues to increase with increasing input signal. NOW,
however, the increase in output-signal level is at a slower rate because the

gain of the last stage is not available. Eventually the second stage

overloads and the third from the last becomes effective. The ampli-

tude response curve of such a circuit can be adjusted to be accurately

linear-logarithmic. 2

The Limiting Receiver.—The block diagram of a typical limiting

receiver is shown in Fig. 16,30. The arrangement is one that might ,be

appropriate to a system employing a l-psec pulse width and an inter-

mediate frequency of 30 Me/see. The requirement that the amplitude

response show no inversion above the limit level is one not ordinarily met

1V. A. Oleon, “A Moving Coho Conversion Unit, ” RL Report No. 975, Apr. 3,
1946.

z The design problems involved in this and other MTI receiver circuits are dis-
cuaaedin Vol. 23, Chap. 22.
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by radar receivers. It will be noticed that several extra stages are neces-

sary to obtain this type of limiting. The coherent oscillator circuit has

already been described. The function of the “coherent oscillator locking

test” channel will be discussed in Sec. 16.21.

.—— ————————.——.
To , I

normal Lownoise I

receiver
amplifier

I

L—––R:m~eYYl@~: ___ ~ =

S,gnal
mixer

I gating system——— —— —________

FIQ. 1630.-Block diagram of a typical MTI receiver: i-f limiting; balanced detector;
intermediate frequency 30 Mc /8ec; l-p.sec pulBes.

Figure 16.31 shows the circuit of the balanced detector, which con-

verts phase changes at the input into amplitude changes at the output

with a fair degree of linearity. 1

I The thsory of the circuit is given in Vol. 23, Chap. 22.
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16.18. The Supersonic Delay Line.—The principal elements of a

delay line are the transmission medium and the electromechanical trans-

ducers. Because of the bandwidth required, MTI delay lines have been

FIG. 16.31.—Circuit of a balanced detector,

operated with amplitude-modulated carrier frequencies in the region of

15 Me/see. The transducers consist of piezoelectric quartz, X-cut and

optically polished. The two transmission media so far used are mercury

FIG. 16.32.—A supersonic mercury delay line of variable length.

and fused quart z. The principal factors encountered in line design have
been treated in detail elsewhere’ and will be briefly reviewed here.

Liquid Lines.—The simplest delay line is a straight tube with parallel

transducers at the end. A laboratory design of mercury line has been
shown in Fig. 16.10. A model for field use is shown k Fig. 16.32. The

1Chap 6, Vol. 17; Chap 24, Vol. 19, Chaps.13, 14, Vol. 20.
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latter line is variable in length over a small range to compensate for tem-

perature changes or to allow the use of MTI on more than one beam of a

synchronized multibeam system. The screw thread and sliding alignment

surfaces are external to a stainless-steel bellows whose length is three-

quarters the length of the delay line. The mean delay is 586 ~sec.

FIG. 16.33.—A folded mercury deIay line.

The line, with expansion chamber
and electrical end housings, is

shown shock-mounted in a ther-

mally insulated b ox. T his line
was designed for use at 30 Me/see.
Quartz-to-quartz parallelism is

maintained to 0.03°
A straight tube having the

length necessary for 1ow-PRF sys-
tems would be inconvenient for

field use. Sever a 1 methods of

folding delay lines have been suc-

cessfully used, one of which is

shown in Fig. 16.33. In addition

to the intersecting truss members,

there can be seen six vertical tubes.

Four of these constitute the signal

delay line; the other two, the

trigger- generating line. Begin-

ning at the end cell on the nearest

top corner, the signal passes down

the nearest tube, is reflected t wice, passes up the tube next left, etc., until

after six reflections it enters the cell at the extreme right. The trigger

line is half as long, giving rise to a double-frequency trigger which is

divided electrically.

This type of line is relatively easy to make. The two end surfaces of

the main assembly are ground flat and parallel after welding. The

tolerance in parallelism is eased for the critical signal line by the auto-

collimating effect of the three reflector blocks. Freedom from warping is

insured by the use of hot-rolled steel and by annealing. The corner-

reflector blocks are precision-ground pieces, but of a shape familiar to a

tool-making shop. These reflectors bolt without gaskets to the main end

plates beneath the visible housings. Thus, the only gaskets that might

affect alignment are those beneath the end cells. Air is removed from the

line; thermal expansion is accommodated by a bellows within the cylindrical

housing on the side of the line. A positive pressure is maintained so that

any leakage is outward. The line normally operates with end cells down-

ward so that small remaining air bubbles will collect above the corner
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reflect ors out of the path of the beam. The tubing has an inside diam-
eter of ~ in. The total signal delay is 1000 ~sec. The carrier frequency

is 15 Me/see, and the pulse length is ~ psec.

Another delay-line arrangement that is feasible but has not seen field

service is the mercury tank. A quartz plate oscillating in a large volume

of mercury will generate a “free-space” beam whose width can be cal-

culated from diffraction theory. If such a beam is incident upon a wall

of the mercury container, it can be specularly reflected without appreci-

able loss, providing the angle of incidence is sufficiently large. Labora-

tory delay lines have been constructed consisting of a mercury-filled tray

within which a supersonic beam is repeatedly reflected from the side

walls in any of a variety of geometrical patterns until the beam reaches the

receiving quartz. Designs that have been proposed in the past have

appeared inferior to the folded line as regards weight, size, or ease of

construction, and have consequently not been pursued to the engineering

stage.

Z’he Fused Quartz Line .—Solid media offer difficulties not encountered
in liquids. The uncontrolled transfer of energy between compressional

and transverse modes will give rise to pulse distortion and multiple

echoes. Such difficulties may occur at the boundaries of the material or

at points of inhomogeneity. Since sound velocity in solids is greater than

that in mercury by a factor of about 4, the beam spread is greater and the

delay path longer. However, a 420-~sec line giving acceptable perform-

ance has been made of an annealed fused quartz block 6 by 17 by 1S cm.

This line operated at 15 Me/see with a pulse length of less than 1psec. .kn

internal reflection pattern was employed which resembled the pattern of

the liquid delay tank, but use was made of the specific elastic properties of

fused quartz to achieve a controlled transfer of energy between compres-

sional and transverse modes. The result was that the energy in the

transverse mode could be reduced to zero after each group of three

reflections. Although much engineering remains to be done, it is possible

that delay times can be extended to 1000 or ‘.2000 psec by the use of

larger blocks.

End Cells.—The various ways of mounting the quartz crystals maybe

classified according to whether the backing behind the crystal is intended

to absorb or to reflect. Spurious echoes may reach the receiving crystal

in either of two principal ways. If the vibratory signal enters the backing
material it may emerge later, unless care is taken to absorb or disperse the
energy. On the other hand, if the energy is predominantly reflected at the

surface of both end cells by the use of a mismatching material in contact

with the piezoelectric quartz, the signals may return to the receiving end a

second time after reflection, first from the receiving and then from the

transmitting quartz.
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The end cell shown in Fig. 16.10 is highly efficient as an acoustic

absorber but is useless outside of the laboratory because the unsupported
quartz plate can be cracked by standing the line on end. Several methods
of supporting the crystal from the rear while retaining the mercury as a

backing medium have been tried. A more promising approach to the

design of an absorbing end cell is the use of lead soldered to the quartz.

The lead provides a good acoustic match to mercury, while strongly

attenuating the supersonic energy that it receives.
The use of absorbing end cells is

m [ ‘E;:;;’
preferable with mercury lines of
delay less than about 500 met.

steel
ISctro

With longer lines, the use of reflect-

@.

/
ing end cells may be better for two
reasons. In the first place, attenu-

ation always takes place within the
v’

. mercury. Thus, by the choice of

de carrier frequency and tube diameter,

Ftc+. 16.34.—A reflecting end cell for a it is possible to reduce the amplitude
mercuryline. of unwanted echoes to less than 1 per

cent of the desired signals. Second, the use of absorbing end cells costs

12 db (6 db per end). The construction of a reflecting cell is shown in

Fig. 16.34. The quartz is supported directly by the steel electrode.

The occluded air film provides the necessary acoustic mismatch.

Design Constants for Mercury Lines.—The delay time is presumed to be

given. From it, the lentih of mercurv column can be calculated accord-

ing to the formula

D = L(17.42 + 0.00522’), (18)

with an estimated probable error of 0.06 per cent between 10”C and 40”C,

where D is the delay in microseconds, L the length in inches, T the centi-

grade temperature.

The two quantities to be chosen, along with the line configuration and

the end-cell type, are the carrier frequency and tube diameter. These

enter into the design mainly in connection with attenuation, bandwidth,

and demodulation,. The over-all delay-line attenuation can be divided

into two parts: that which occurs in the medium itself, and that which has

to do with the efficiency of the quartz crystals in converting electrical

energy into acoustic energy.

Both carrier frequency and tube diameter affect the attenuation that

occurs within the delay medium. The free-space frictional attenuation

in liquids is proportional to the square of the frequency. In mercury this

attenuation is about 0.11 db/in. at 10 hlc/sec. The attenuation due
to wall effects is less clearly understood but is believed to vary inversely
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as the diameter of the tube and directly as the square root of frequency.
An experimental value is 0.1 db/in. at 10 Me/see with a ~-in. tube.

The efficiency of the crystals can be stated in terms of the transfer
impedance of the delay line, as follows:

V2 – 2R,R2
~R~’

where 11 is the current driving the transmitting crystal, V2 is the voltage
developed across the receiving crystal, R, is the load resistance shunting
the transmitting crystal and R, that for the receiving crystal, Rk is the
electrical equivalent of the characteristic impedance of the line. The
equation applies to the case of reflecting end cells. Now R1 and Rz
depend on the bandwidth that is required, since the bandwidth at each
crystal is inversely proportional to the product of the loading resistance
and the total capacity, including the electrostatic capacity of the crystal
and the stray capacity of cable connections. This assumes that single-
tuned coupling circuits are used.

The characteristic impedance R~ is inversely proportional to the
active area of the crystal and to the square of the frequency. At 10
Me/see the value is 22,000 ohms for an active area of 1 in.2 With this
area the total capacity at each crystal is about 50 ppj, and the bandwidth
is then 3.8 Me/see per end if RI = Rz = 300 ohms. These values give
a transfer impedance of 8.6 ohms. It will be noticed that no account is
taken of the inherent bandwidth of the crystals. This is because the
bandwidth for both crystals in series is more than ~ of the carrier
frequency.

It can be shown that, for a given bandwidth, the transfer impedance
is a maximum when the crystal diameter is chosen so that the active
crystal capacity equals the total stray capacity.

The carrier frequency for mercury lines may range from 5 to 30
Me/see, with the most usual values in the range from 10 to 20 Me/see.
Choice of frequency depends upon the’ delay-line attenuation, and on
the fact that the number of carrier cycles per pulse must be sufficient to
allow accurate demodulation.

It was mentioned earlier that the quartz-mercury combination has
adequate inherent bandwidth. In a reflecting end cell the response is
actually flat over a frequency range equal to 40 per cent of the carrier
frequency. This allows a simple cure for a practical difficulty that is
frequently encountered with this type of cell. Because the reflecting end
cell is loaded on one side only, a slight smudge or spot of scum will unload
a portion of the crystal area without removing the electrical excitation.
When this happens, the pass band exhibits sharp spikes at the resonant
frequency of the quartz. These seriously impair the quality of cancella-
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tion. This difficulty can be avoided by operating at a carrier frequency
that is far off crystal resonance but still on the flat part of the loaded
characteristic.

16.19. Delay-line Signal Circuits.-The delay line is a low-impedance
device with a large attenuation; it is mechanically awkward to mount the
line physically close to vacuum-tube circuits. These facts combine to
make the delay process electrical y expensive. The subject of delay-line
signal circuits has been treated at length in another book. 1 It will be
reviewed here.

fine-driving Circuits.-The requirement that the signal output shall
be well above the statistical noise level generally means that considerable
power must be furnished to the transmitting crystal.

If an i-f signal from the receiver is to drive the line, amplification is
required. Otherwise, a carrier frequency must be modulated with a
video signal. This problem is similar to that of the television transmitter.
Only a reasonable degree of linearity is required; the response slope should
not vary by more than perhaps 15 per cent. The real difficulty arises
from the proximity of the carrier and video frequencies and from the
requirement that the delayed and undelayed video signals must cancel
to 1 per cent in amplitude.

In simple modulators, modulation components are removed from
the modulated carrier channel by frequency discrimination. If the
modulation spectrum extends to more than half the carrier frequency,
spurious transients in the carrier pass band may arise in two ways.
The modulation spectrum may have components that lie in the carrier-
channel pass band, or modulation components may add to carrier side-
band components to give components lying within the carrier-channel
pass band. Further, spurious components may arise from frequency
modulation of the carrier oscillator by the video signal. Since the
carrier phase is random from pulse to pulse, the envelope of the summa-
tion of all such components within the carrier pass band will vary from
pulse to pulse so that cancellation will be imperfect. These difficulties
can be avoided by the balanced modulation of a carrier amplifier driven
by an isolated oscillator. A common procedure is to use parallel-grid
modulation of a push-pull amplifier stage. Alternatively, the problem
might be solved by phase-locking the carrier oscillator to the transmitted
pulse trigger, thereby insuring a constant relative phase between each
echo and the carrier. Oscillator isolation would still be necessary, since
otherwise a strong moving target might destroy the phase coherence.

The Two-channel Amplifier.-The signal level at the input terminals
of the two-channel amplifier must be great enough so that the statistical
noise generated therein is considerably smaller than the statistical noise

1vol. 20.
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originating in the radar receiver. The high cost of delay-line input
power makes necessary the careful conservation of output signal. Maxi-
mum signal-t~noise ratio is obtained with a short lead from the delay line
to the first amplifier grid. If the amplifier cannot be located within a few
inches of the delay line, a preamplifier is necessary. Low-noise input
circuits can profitably be used, but critically adjusted circuits should be
avoided, if possible, because of the difficulty of maintaining balance
between the delayed and undelayed channels.

The bandwidth of the amplifier must be sufficient to avoid serious
impairment of system resolution and the loss of system signal-to-noise. 1
In addition, the bandwidth of the delayed and undelayed channels must
be sufficient to make the interchannel balance noncritical. Bandpass
unbalance will have relatively little influence upon pulse shape if the
bandwidth of each split channel is perhaps twice that of the over-all
system.

Even though the bandwidth of these channels is large, it may still
be necessary to make an approximate compensation for two types of
unbalance. The smaller gain in the undelayed channel would ordinarily
result in a greater bandwidth. This channel should therefore be nar-
rowed to match the other by the addition of capacity to ground in the
low-level stages. The second type of unbalance arises from the frequency
dependence of attenuation -in the delay-line medium. The square-law
factor generally predominates. Compensation can be obtained by insert-
ing in the delayed channel an LC-circuit tuned to a frequency much higher
than the carrier frequency.

Amplitude cancellation to 1 per cent implies an extraordinary degree
of linearity in the two channels. The carrier level at the canceling diodes
must be well above the region of square-law diode response. The final i-f
stages must be conservatively operated. A first-order correction for
residual nonlinearity will result if the last two i-f stages of the two
channels are identical in every respect.

Gain adjustments should be made in low-level stages to avoid the
introduction of nonlinearity. A wider range of adjustment will be
required in the delayed channel because of possible variations in delay-line
attenuation. A first-order balance of transconductance changes due to
heater voltage fluctuations will result if the same number of amplifying
tubes is used in each channel. Pentodes with high mutual conductance
frequently exhibit small sudden changes in gain as a result of either heat-
ing or vibration. The gains of the individual channels can be stabilized
through feedback of bias derived by detection of the carrier level. A

1In coherent MTI, the signal-to-noise ratio depends upon the over-all system
bandwidth and not in any special sense upon the bandwidth up to the detector.
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more elegant approach is to measure the cancellation residual of a sample

pulse and to correct the relative channel gain accordingly.

FIQ. 16.35.—Signal circuits and case for the line of Fig. 16.33; two-channel amplifier
on the wide chassis at left, video-modulated oscillator and amplifier on the narrow chassis at
right.

After detection and cancellation of the echoes in the delayed and
undelayed channels, the residual video signal must be amplified, rectified,
and limited for application to an intensity-modulated indicator such as
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a PPI. The most difficult of these operations is amplification. If
statistical noise and weak moving-target signals are to be fully visible,
they must reach the final video rectifier at a level sufficient to cause linear
operation of that detector. Since the noise level at the cancellation
detector may be as much as 40 db beneath the signal peak, a gain of
several hundred may be required between cancellation and rectification.
This video amplification is difficult because of the bipolarity and wide
dynamic range of the signals. Unless special precautions are taken,
strong signals from moving targets may draw grid current and bias the
amplifier to the point where weaker moving-target signals are lost. The
bipolar nature of the signals prevents the application of the clamping
technique, which is useful in avoiding a similar trouble with unipolar
video amplifiers. Blind spots and overshoots can be adequately mini-
mized by careful choice of time constants, grid bias, and plate load
resistors, although several additional amplifier tubes may be needed as a
result.1

Full-wave rectification before application to a unipolar device such
as a PPI is roughly equivalent to doubling the PRF~and is correspondingly
to be recommended. Either crystal or diode rectifiers may be used.
Limiting can take place both before and after rectification.

Figure 16.35 shows the two-channel amplifier on the left, with the
delay-line box in the middle, and the video-modulated oscillator and
amplifier for driving the delay line on the right.

16.20. Delay-line Trigger Circuits.-For proper cancellation the
PRF of the radar transmitter must match the supersonic delay to ~ of a
pulse length. Free-running oscillators for generating the trigger have
been built to fire the transmitter at a suitably constant rate. Because of
the large thermal coefficient of delay in mercury, normal fluctuations in
ambient temperature necessitate manual readjust ment of such oscillators
at intervals ranging from 10 min to 1 hr. Since this amount of attention
cannot be tolerated in most applications, several methods have been
devised for automatically maintaining time synchronism between the
PRF and the supersonic delay.

Time synchronism is maintained by generating trigger pulses at a
PRF determined either by the signal delay line or by an auxiliary delay
line. The methods for doing this can be divided into two classes
regenerative and degenerative. The regenerative method has already
been described briefly in Sec. 16.3.

The Degenerative Trigger Circuit.—A highly stable oscillator generates
the transmitter trigger, and a correction is applied to the oscillator if it
fails to match the delay line. This correction is obtained as follows,
Several microseconds before the transmitted pulse, the echo input to the

1Nonblocking amplifier design is discussedin Sees. 58 and 10.4of Vol. 18.
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delay-line driving circuit is desensitized by a trigger from the stable

oscillator. This trigger does three other things: it generates a sample

video pulse which travels down the line; it operates a coincidence circuit

which examines the time of arrival from the comparison amplifier of the

preceding sample pulse; and finally after suitable delay it fires the

transmitter and resensitize the echo circuits. The coincidence circuit

supplies a variable d-c bias to the oscillator which keeps the frequency of

that oscillator in step with the supersonic delay time as measured by the

sample pulses.

This arrangement has the disadvantage that it takes a number of tubes

and, like all multistage feedback circuits, is difficult to analyze in case of

trouble. It has the advantage that, with small additional elaborations,

the sample pulse residue after cancellation can be used to control the gain

of one channel of the comparison amplifier. This type of AGC corrects

for changes in both the amplifier and the delay line.

Regenerative Trigger Circuits. —Three distinct methods have been

proposed for trigger regeneration. They differ in the way in which the

fraction of a microsecond inevitably lost in the trigger amplifier is made up

in the delayed signal channel. The compensating delay must be inserted

after the point at which the trigger pulse has left that channel but before

cancellation.

The first method is to add the required delay either at carrier or

video frequency. Unfortunately, no electrical delay lines are available

which are capable of reproducing a microsecond pulse with less than 1 per

cent distortion.

The second method involves the use of an auxiliary delay-line receiv-

ing crystal slightly closer to the transmitting crystal than is the regular

receiving crystal. The auxiliary crystal receives the trigger pulse. The

finaf time adjustment can be accomplished in the trigger circuit either

mechanically by an actual shift of the crystal or electrically by the use of

a short variable delay. The disadvantages of this method lie in the

excessive attenuation in the trigger channel, the increased difficulty of

delay-line construction, and the loss of design flexibility due to the

necessity of mixing the trigger and the video signals at the transmitting

end of the delay line while preventing their interaction at the receiving

end.

The third method of trigger regeneration, already described in Sec.

16.3, is the use of an extra delay line in close association with the signal

delay line as illustrated in Fig. 1633. This line is thermally lagged by

the box of Fig. 16.35. The method allows freedom in the choice of line

constants and of electrical coupling, with some resultant circuit simplifica-

tion as compared with t he three-crystal delay line. H owever, the amount

of thermal correction is not as great as in the three-crystal line, The
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extra half-length line generates triggers at double the PRF. These are

divided by a counting circuit before delivery to the radar transmitter.

16.21. Special Test Equipment. Operating Tests.—The minimum
additional equipment required to check the components peculiar to an
MTI system can be incorporated in a single A-scope chassis. This
chassis should include video amplifiers, expanded and delayed sweeps,
and a vacuum-tube voltmeter, together with switches and permanent
connections to other parts of the system. In addition, the receiver
chassis s’hould include the locking-test channel shown in Fig. 16.30, and
the two-channel amplifier may contain a delay-line attenuator.

By means of a rectifying crystal permanently connected to the r-f
transmission line, together with an expanded and suitably phased sweep,
the transmitted pulse envelope can be inspected for hum modulation
and mode jumping. This test can be used whenever the more general
coherent oscillator locking test shows trouble.

The locking-pulse mixer current should be monitored. This can be
done by switching the meter normally used for the signal-mixer current.

As can be seen from Fig. 1630, the locking-test channel delays a
sample of the locking pulse by means of a short auxiliary supersonic delay
line, and then mixes this sample with the received signal. If reflecting
end cells are used, multiple reflections within the delay line will give rise
to a number of equally spaced locking pulse echoes. These echoes will
beat with the reference signal. The presence of cycles within the echoes,
when viewed on an expanded A-scope, will show when the local oscillator
is out of tune. Since the coherent oscillator is unlikely to drift, the
tuning of the local oscillator to give maximum receiver response needs to
be checked only rarely.

The principal function of the locking-test channel, as its name implies,
is to reveal any unsteadiness in the original locking pulse or any failure of
the coherent oscillator to lock properly.

An attenuator and appropriate switches can be built into the input
circuits of the two-channel amplifier to permit measurement of delay-line
attenuation.

Checking and adjustment of cancellation can be done while the radar
is operating by mixing a delayed video pulse with the signals before
cancellation. The delay can be chosen to bring the test pulse to a range
position near the outer edge of the PPI, and adjustments can then be
made for the best cancellation of the video pulse.

Because of the several gain controls in series in the receiving train,
a d-c vacuum-tube voltmeter is necessary to check the carrier level at
the cancellation detectors.

Testing MZ’I Oscillator Stability.—It has been shown in Sec. 16.4 that
free-running frequency stability of a high order is required of the local
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oscillator. A similar type of stability is required of the coherent oscilla-
tor. The apparatus designed by S. Robertsl for measuring oscillator
stability has two functions to perform. The first is the quantitative
determination of the rate of change of frequency. Because a precise
calculation of phase error requires the assumption that the modulating
frequencies are small, the second function is to check the accuracy of this
assumption. This is done by changing the time constant of the measur-

ing circuit.
A block diagram of the apparatus used for testing local-oscillator

stability is given as Fig. 16”36. The difference frequency of 7(I kc/see is
obtained by mixing the power from two oscillators in a crystal rectifier.
One of these oscillators can be a reference standard against which the

clOscillator
under
test j

t Diffe~dtiator

Crystal 70kc/sec— — Discriminator — frequency
Recti~lng

mixer amplifier
—

weighting voltmeter

J

circuit

f ,

FIG. 16.36.—Block diagram of oscillator stability tester.

other is compared. The output signal from the mixer is amplified and
applied to a frequency discriminator circuit. The voltage applied to the
discriminator is monitored by means of a vacuum-tube voltmeter and is
always adjusted to the same “value. The voltage output of the dis-
criminator is linearly related to the difference frequency. This discrim-

inator output voltage is applied to a differentiating circuit consisting of a

resistor and condenser. The average voltage across the resistor, pro-

portional to the average rate of change of the difference frequency, is

measured by a voltmeter. Headphones assist in the identification of the

frequency of any modulation that may exist.

To measure the stability of a coherent oscillator, it is allowed to run

freely. For the crystal mixer of Fig. 16.36 is substituted a 6SA7 mixer,

whose third grid is connected to the output signal of the coherent oscilla-

tor. Signals from a quartz-controlled standard oscillator are applied to

the first grid of the mixer. The ditierence frequency between the coher-

ent oscillator and the standard is chosen as 70 kc/see.

I Lot. cit.



SEC. 1621] SPECIAL TEST EQUIPMENT 679

Subclutter Visibility Measurement.—A block diagram of a subclutter
visibility meter suitable for measuring the internal performance of most
MTI systems is shown in Fig. 16.37. An i-f pulse originating either in
the locking-pulse mixer or in a separate generator is modulated, delayed
and inject ed into the receiver channel. Thk same pulse locks the
coherent oscillator. The delayed pulse is modulated in phase and in

m/
From locking puls~ meter

7
~

50# sac
delay line

r I
90” phase

shift

Pulsed Coherent
30 t4c/sec oscillator
mclllator

I J I L I

FIG. 16.37.—Subclutter visibility meter.

-PAttenuator

7Matching
network

To receiver

amplitude by a controlled amount at a controlled doppler frequency, so

that it imitates a moving target in clutter. The minimum percentage

modulation for threshold signal visibility is a measure of subclutter

visibility. Although the simple modulation scheme shown does not

provide an exact duplication of a moving-target echo, it is believed to be

equivalent for test purposes. The meter does not measure the loss of

subclutter visibility due to fluctuations in the clutter produced by scan-

ning or the wind. It measures only the quantity K, in Eq. (28).



CHAPTER 17

RADAR RELAY

BY L. J. HAWORTH AND G. F. TAPE

INTRODUCTION

From the standpoint of the effectiveness with which a radar collects

information, the location of its antenna is of supreme importance. In

the use of the information much depends upon the location of the indi-

cators. “Radar relay” is a means for separating these two components

so that each can occupy the most favorable site or so that indicators can

be operated at several places simultaneously. As the name implies,

the radar data are transmitted from the source at which they are collected

to some remote point by means of a radiation link.

17.1. The Uses of Radar Relay .-Control of aircraft in either military

or civilian applications requires the review and filtering of a mass of

information gathered from many sources, of which radar is only one.

Control centers are, therefore, located at sites chosen for their operational

convenience, whereas radar locations are chosen mainly for terrain and

coverage reasons. Sometimes it is desirable to collect the data at great

distances from one or more fixed land stations. Advantages are also

gained by obtaining the data at an airborne site with its extended horizon,

but displaying and using the data on the ground or on a ship. On the

other hand, occasions arise in which an aircraft can usefully employ

information collected from another site. In any of these cases, the

possibility of multiple dissemination of the data to many points offers

attractive possibilities.

Prior to the advent of radar relay such transmission was done by

voice or not at all. Since the average operator can pass on only about

five data per minute this method is far too slow for any rapidly changing

complex situation, in addition to being rather inaccurate. Any really

sophisticated use of radar data at remote points therefore demands the

use of some sort of relay technique.

Two general types of situation arise: (1) those in which the data are

transmitted between jixed points on land, in which case it is possible to
use fixed, narrow-beam antennas at both ends of the relay link (or, if the
information is to be broadcast from a single antenna, to use directive
antennas at least on the various receivers); and (2) those in which one or
both sites are moving, in which case the antennas must be either omni-

680
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directional or controlled in direction. The first situation is by far the
simpler from the technical standpoint since large antenna gains can be
used in a very simple manner.

17.2. The Elements of Radar Relay .—One obvious method of relaying
radar information is to televise an indicator screen at the radar site and to
transmit the information by existing television means. This system
leads to a loss both in signal-to-noise ratio and in resolution because
persistent displays do not televise well. Furthermore, any single
televised display would have to be a PPI presenting the maximum radar
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F1m 17.1.—Elements of a simple radar relay system. In some caaes electric-al data from

the analyzer can be used directly to generate the indicator sweepa.

range, with the result that much inherent resolution is immediately lost
even though expanded displays might be used at the receiving end. The
first, but not the second, of these difficulties might be overcome by storing
the information on an Orthicon or other storage device rather than on a
cathode-ray tube.

A far superior method is to transmit the original radar data in such a
way that any desired displays can be produced at the receiving location in
exactly the same way as can be done at the radar itself. To do this, it is
necessary to provide at the receiving station: radar video signals, the
modulator trigger (or the pulse itself ), and a mechanical motion (or its
electrical equivalent) that faithfully reproduces the motion of the scanner.

The elements of a system for transmitting this information are
indicated in Fig. 17.1. The radar data are delivered from the set to a
“synchronizer” which. arranges them in proper form to modulate the
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transmitter. At the receiving station, the receiver amplifies and demodu-
lates the incoming signals and delivers the results to an “analyzer.” The
latter performs the necessary sorting into video signals, trigger pulse, and
scanner data. The video and trigger are delivered immediately to the
indicator system. The scanner data must usually be modified in form
before being passed on either to the indicators for direct use in electrical
display synthesis, or to the “scan converter.” The scan converter uses
these data to construct a duplicate of the scanner motion that can be
used to drive a position-data transmitter associated with the indicators.

Since the requirements of the actual transmission and reception are
very similar to those of television, slightly modified television transmitters
and receivers can be used. Together with the antennas, etc., they will
be referred to as the “radio-frequency” (r-f) equipment. The remaining
components will be called the “terminal” equipment.

Except, perhaps, when microwave frequencies are used in the radio
link, the ultimate limit of sensitivity is usually set by the degree of outside
interference rather than by the inherent signal-to-noise ratio of the
receiver. Many factors must be considered in trying to minimize the
effects of this interference.

1. The strength of the desired signals at the receiver input terminals
should be made as high as feasible compared with that of the
interference. This is chiefly a matter of making proper choice of
frequency, transmitter power, and antenna characteristics.

2. The data signals should, as far as possible, be made unlike the
expected interference in signal characteristics, and every advantage
should be taken of these differences in the receiving equipment.

3. In certain cases a favorable signal-to-interference ratio can be
enhanced by techniques such as the use of wide deviation ratios
with frequency modulation.

METHODS OF SCANNER-DATA TRANSMISSION

In even the simplest situation, the relay link must transmit the radar
video signals, the trigger pulse, signals descriptive of the scanning, and
sometimes range and angle markers. 1 In more complex cases some or all
of these items may be duplicated, and additional data such as beacon or
Identification of Friend or Foe, IFF, signals maybe involved. One of the
major problems of radar relay is to find economical methods of carrying
all this information at one time. In the next few sections it will be
assumed that a single transmitter is to relay one set of data of each

1Range markers need be transmitted only if some error is unavoidably present in
the timing of the modulator trigger pulse. Angle markers, on the other hand, furnish

a convenient check on the accuracy with which the scanner motion is followed.
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variety. Complications introduced by multiple sets will be described
later.

17.3. General Methods of Scanner-data Transmission.-Simultane-
ous transmission of video signals and range and angle markers is rela-
tively simple. Marker signals need only be mixed with the video
signals; no separation is performed at the receiver. Trigger pulses can
also be mixed with the video since there is no conflict in time, but some
method of separating them at the receiving station must be provided.
If the pulses are transmitted at a higher power level than the video
signals, the difference in voltage amplitude can be used as a criterion.
This high-level transmission of pulses is usually done with amplitude-
modulated r-f equipment, since the brevity of the pulses allows high pulse
powers, with attendant signal-to-interference gain, to be obtained cheaply
(Sees. 17”11, 17.12), but it is not feasible with frequency-modulated
equipment. The alternative is to separate the signals in time, the video
signals being excluded from the transmitter during an interval prior to
and including the pulse. The trigger channel at the receiving station is
blocked by an electronic switch except when the pulse is expected.
.Means for accomplishing both of these separation methods will be
described later.

Relaying the scanner data is much more complex. It is not feasible
to transmit the numerical value of an angle by a proportional amplitude or
frequency modulation of an r-f carrier. It is possible to devise methods
whereby certain functions (e.g., the sine and cosine) of the scan angle can
be used to modulate two or more subcarriers’ directly by means of slowly
varying voltages; this has been done in the laboratory. It has been
found far more effective to convey the information through the medium
of periodic signals whose frequencies or repetition rates are several times
those involved in the scanning and whose characteristics are in some way
descriptive of it. Since scanning frequencies lie in the interval from
zero to a few cycles per second, the scanner data signals usually have
periodicities in the audio range.

The signals mentioned above can take either of two forms.

1. Continuous a-f signals can be used, the information being carried
in terms of the amplitude, the frequency, or the phase with respect
to a fixed reference. Up to the present time this technique has
been very little used.

2. Pulse-timing techniques can be applied. Data can be transferred
in terms of the frequency of a single train of pulses, the degree of

I A subcarrier is a sine wave, usually in the audio- or video-frequency range, which,
after it has hem modulsted by the information-bearing signals, is used to modulate an
r-f, carrier,
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staggering of two trains, or the lapse of time between a “basic”
pulse which is one of a train and a second pulse occurring a con-
trolled time later in the same cycle.

Omitting for the moment all questions of amplitude versus frequency
modulation, and all problems of external interference, the choice of a
data-transmission system involves three intricately related questions:
(1) how to avoid interference with the video and trigger signals and
mutual interference among the various data signals; (2) whether to use
c-w or pulse methods; (3) which geometrical quantities among those
descriptive of the scanner motion can best be chosen for transmission.

Since the video signals contain frequencies from nearly zero up to a
few megacycles per second it is not feasible to separate scanner data
signals and radar echo signals on ‘a basis of their frequency components.
This leaves the two alternatives of time-sharing within the radar pulse
cycle, or the use of one or more subcarriers.

In the timi-sharing method the scanner data are sent during the
“rest” interval at the end of the radar cycle when the indicators are idle
and the video signals are not useful. The interval can be occupied by as
many signals as are necessary to carry the information. Pulse-timing
techniques are usually used with time sharing since they are somewhat
simpler and probably more accurate than those involving interrupted
continuous waves. It is usually possible to allow some of the pulses to
take part in the transmission of more than one piece of data. Often the
modulator pulse itself is used as part of this timing system.

When the subcarrier method is adopted, it is customary to use con-
tinuous waves rather than pulses, partly for reasons of simplicity and
partly because of smaller bandwidth requirements. When c-w signals are
used, the various components of the scanner data can be distinguished
from one another by sending each on a separate subcarrier, or by using a
different audio frequency for each signal and transmitting them together
on a single subcarrier.

The geometrical quantities transmitted can be chosen in various ways,
depending on the application. The most important are:

1. Changes in the orientation of the scanner can be transmitted by
means of a wave train in which one cycle represents an advance of
the scanner through a given small increment of angle. If the
scanner velocity is constant or changes only slowly, the wave train
can be a sinusoid, or convertible into a sinusoid; hence a synchro-
nous motor may be used in the scan converter. Some method of
adjusting the initial phase of the converter relative to the scanner
nnd of recognizing alignment must be provided. This general
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method is satisfactory only for transmitting continuous rotation at

a fairly constant rate.

2. Theangle itself can betranstitted titerms of therelative phasesof

two sets of periodic signals which are usually either sinusoids or

pulse trains (Sec. 17.5). Since this isasingle-valued method, no

zero-phase adjustment need be made. It can therefore be used for

sector scanning, or forint,errupted scanning. Thedatacan be used

to position a scan converter by means of a phase-sensitive mecha-

nism, or they can be used directly to provide electrical information

for such an indicator as a B-scope.

3. The values of the sine and the cosine of the scan angle can be

transmitted in any of several ways (Sec. 17.7). Transmission of

sine and cosine is also a single-valued method. The data can be

used to control a scan converter or directly in electronic PP1’s or

related indicators.

17.4. Methods of Combating Interference.-Aside from providing
the best possible signal-to-interference intensity ratio at the receiver
input, the principal method of minimizing the effects of interference is to
take advantage of differences between the desired and the undesired
signals. The~fferences, \vhichshould deliberately bemadelarge, canbe
exploited both by using them as a basis for excluding the undesired signals
from the operating device and by making that device as insensitive as
possible to interfering signals that are not excluded. Unwanted signals
can be rejected by frequency discrimination; the bulk of the interference
is excluded in this way. How-ever, since it is always necessary to have a
finite bandwidth to admit the necessary information, some interference is
likely to get through to the analyzer.

In the case of the scanning data, it is often possible to protect against
transient interference (or absence of signals) by exploiting electrical or
mechanical inertia. Care must be taken that the inertia does not
appreciably inhibit satisfactory response to scanning accelerations, a
serious restriction if sector scanning is involved.

A second, and more promising, method of approach is to take advan-
tage of approximate knowledge of what the real signals should do by
excluding completely all information that does not closely agree with
expect ation, just as tuned circuits or filters reject signals outside their pass
band. The knowledge on which to base the selection may be available
a priori, or it may depend partly on a memory of what has happened in the
immediate past.

As an example of such methods consider an information-bearing pulse.
Very similar pulses with the same frequency components as the signals
are likely to be present in the interference and of course cannot be
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excluded bythe receiver. If, however, theseinterferingp ulsesarenottoo

numerous and strong, it is possible to provide almost complete protection

against them by using a “coded” signal to represent the pulse, or by

excluding all pulses that do not come within the narrow time interval

which follows the last useful pulse by the known repetition period, or by

doing both.

The most usual type of coding consists of a group of pulses succeeding

each other by precise, unequal time intervals. The responsive circuit at

the receiver is arranged to recognize only a group with precisely these

spacings. .4 similar combination is extremely unlikely to occur in the

interference.

Trig,
Triggerin

+= p~llr. ,,.. %llillr’~
4

.
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.ti---

Wti
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FIG. 17.2.—Triple-pulse coder.

A common type of coding and a simple method of producing it are

illustrated in Fig. 17.2. When the blocking oscillator V,. is triggered

by an incoming signal, it produces a pulse of less than l-psec duration.

The sharp positive pulse at 1?is passed through the 2-~sec delay line to the

grid of ~lb. The negative pulse on the plate of Vlb passes back to V,. and
retriggers it to produce a second pulse delayed by 2 psec (Waveforms A

and B). The cumulative effect of the two actions charges Cl sufficiently

to cut off Vla for a time so that further regeneration does not take place.

The first pulse is driven down the 4-psec delay line by ~lb and triggers V2~

after a total delay of 6 ~sec. The firing of V,. charges C2 sufficiently to
cut off the tube so that the second pulse, which arrives 2 ~sec later, cannot
trigger it. Thus three pulses occurring at O, 2, and 6 psec appear across

resistance R and pass to the mixer to be combined with the video and
other signals.

Other combinations of time delay can, of course, be used. The

individual delays should not only be unequal, but within reason each
should be great enough to prevent radar or other interference pulses from
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bracketing pulses. They are not, however, usually made greater than a
few microseconds because of the bulkiness of longer delay lines.

A method of decoding the three pulses is shown in the upper part of
Fig. 17.3. Signals from the receiver are dlff erentiated by the grid circuit
of amplifier VICso that blocks of signals are not passed. If the incoming
pulses are large enough, the tube can be biased past cutoff in order to
exclude signals at lower levels (as, for example, when amplitude is to be
used as a basis of discrimination between pulses and video signals).
Weak interference can also be excluded in this way. V, acts as a limiting

2U4+
1 t++.!lfnI I

v~~ c-nl----—Tl—T—
--- &JLL_____JLL__

LS6C ~&&Lllu_ ----~
~r H~----–-..J.!J-

i-

FIG. 17.3.—Interference blanker and triple-pulse decoder.

amplifier. After passing through the cathode follower V~., each pulse
arrives twice at the grid of V3*, once with no delay and once with a
2-psec delay. Six pulses will therefore arrive at VW, and two of these, the
first delayed pulse and the second undelayed pulse, will be in coincidence,
as the waveform diagram shows. Thus five pulses, the second of which
has double amplitude, will arrive at the grid of VAafter a further delay of
4 ~sec. VAis so biased that only the large pulse lifts the grid past cutoff.
Since the total delay of this pulse is 6 psec, its arrival will coincide with
that of the third undelayed pulse on the suppressor of V,. At this time,
and this time only, the plate of V4 receives a signal and fires Vs.. This
event cannot occur if any of the pulses is missing; therefore interference
can produce a result only when three spurious pulses occur with approxi-
mately the correct spacing. Differentiation at the input circuit prevents
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long signals from straddling two or more pulse intervals and thus provid-
ing false coincidences. It cannot, of course, prevent such blocks of
signals from saturating the receiver and excludlng the desired pulses.

A brief analysis of the effectiveness of the coding is worth while.
Periodic pulses cannot give a response from V, unless their frequency is
greater than the reciprocal of the delay times in the coding. Random
pulses or noise do, however, have a finite probability of initiating a
response. To calculate thk probability suppose that there are n random
pulses per second and let r be their length. Then the fractional time
during which the grid of Vdbis receiving signals through the delay line is m.
The probability that a signal from a given undelayed pulse will overlap
that from the delayed pulses is therefore Zrm, the factor 2 entering on the
assumption that any overlap at all will produce a result. Thus the
number of reinforced signals reaching the grid of Vi each second is 2n%.

Since the probability that one of these will coincide with a pulse on the
suppressor grid is n7,1 the total number of pulses triggering V, each
second is 2 n’rz. This is to be compared with the number n of inter-
fering signals originally present, the ratio of improvement being

n/2n3r2 = l/2n2r2.

If, for example, r = 1 psec and n = 10,000, this ratio is 5000. The ratio
improves for smaller n and vice versa.

If the signal being relayed is the firing time of the modulator, the
firing should, if possible, coincide with the transmission of the third pulse.
If the modulator can be triggered with sufficient accuracy, the output
connection indicated in -Fig. 17.2 can be used for this purpose. If, on
the other hand, the modulator is self-synchronous, its pulse must be used
to trigger the coder. The synchronizing pulse at the receiving station,
which must await the arrival of the third pulse, will be 6 ~sec late. If
this error cannot be tolerated, the video signals must be passed through a
6-psec delay line before they reach the indicators.

Figure 17.3 also illustrates one method for excluding all signals
except during an interval surrounding the expected time of arrival of the
desired signal. The coincidence pulse from the plate of Vi is passed, after
buffering in Vw, through a 2-Asec delay line, and is used to trigger the
flip-flop circuit formed by V* and V6b (Sec. 13.7), in which circuit
the latter tube is normally off. After the flip-flop has been triggered, the
current through VW lifts the cathode of Via, cutting this tube off by an
amount greater than the signal level. The flip-flop is timed to reverse
shortly before the next desired signal is expected. 1’1~ prevents an
appreciable pedestal from appearing on the common plate circuit
since it is turned on when VI. is turned off and vice versa. If the signals

1The factor 2 does not enteragain.
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are large enough to allow Vla to rest below cutoff even when on, Vlb is
unnecessary. Alternative types of video switches are described in
Sec. 139. The sensitive time must be long enough to allow for all
uncertainties in the periodicity of the incoming signal and for changes in
the flip-flop circuit timing.

This method can also be used to distinguish between different signals
which have been transmitted on a time-sharing basis: for example, to
separate pulses from video signals. If the coincidence circuit is to be
used to decode more than one set of pulses, the flip-flop can be triggered
by the last set or by a pulse from a delay circuit which spans the signal
interval. More often, a train of switches is necessary to separate the
various pulses from one another after decoding so that no switch is
necessary at the input circuit. Somewhat more elegant methods which
allow narrower open intervals can be used in certain special cases in which
the opening of the switch can be controlled from a sequence of events
within the cycle. Various arrangements will appear in later sections in
connection with specific methods of data transmission.

17.6. The Method of Incremental Angle.-This section and the next
three will describe various specific methods of relaying the scanner
information, the basis of classification being the geometrical quantities
used.

As stated in Sec. 17.2, the method of angular increments usually
involves, as a final stage, a synchronous motor driven by a sinusoid.
Three methods of relaying the necessary data have been used.

In the first method, the sinusoid itself may be transmitted directly
on a subcarrier. The extra expenditure of power involved is usually not
justifiable for this rather inflexible method, especially since the pulse
methods are extremely simple.

As a second method, the modulator pulses themselves can be used to
represent the increments of scanner angle 1 if the scanner motion can be
made sufficiently constant to control the modulator triggering satis-
factorily. Such a system is represented in Fig. 17.4.2 Some form of
signal generator—usually electromagnetic-geared to the scanner pro-
duces periodic signals of frequency proportional to the scanner velocity
and suitable for the pulse recurrence frequency. These signals control a
blocking oscillator or some other device to produce sharp pulses which are
then coded for transmission over the relay link. The third pulse of the
code (from point E of Fig. 17.2) is used for the modulator trigger.

Some method must be provided for separating pulses from video

1This ia,of course,an exampleof time sharingin whichtwo of the signalscoincide.
2In all the diagramsof this chapterthe individual blocks are functional and are

intendedto include proper input and output circuits including amplifiers,cathode
followers, blocking o.willators, etc.
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signals at the receiving station since otherwise video signals might occa-
sionally produce a spurious trigger. If the transmitter provides higher
power inthepulses than inthe video signals, amplitude selection can be
used, and the coded pulses can simply be passed to the transmitter.
Otherwise, the coded pulses must be distinguished in time, and the extra
equipment indicated by the dotted boxes must be used. The video
switch (Sec. 13.9) is arranged to pass video signals only when the flip-flop
(Sec. 13.7) is on, and pulses only when it is off. The flip-flop is fired by the
modulator trigger, so that video signals are passed until shortly before the
next cycle, at which time the flip-flop opens the switch for pulses until
the modulator pulse occurs again.

At the receiving station, signals from the receiver pass to a switch
which is open when a pulse code is expected. Following this switch is a
decoder similar to that of Fig. 17.3. The resulting single pulses serve to
trigger the indicators, to control the signal-selecting switch, and to provide
the rotation. The switching action is similar to that of V,aj Vlb, Vti, and
Vw of Fig. 17.3, the length of the flip-flop being slightly less than that
of the flip-flop at the transmitter so that video signals are always excluded
from the decoder.

To produce the mechanical rotation, the decoded pulses first actuate
a scaling circuit, such as that of Fig. 13.20, which reduces their frequency
to twice that appropriate to a synchronous motor. The resulting puIses,
by triggering a scale-of-two circuit similar to that of Fig. 13. 16b, produce a
symmetrical square wave. A broadband a-f filter removes the higher
harmonics, leaving a sine wave at the fundamental frequency which, after
amplification, powers a synchronous motor that drives a data transmitter.
Proper initial phasing of the data-transmitter shaft can be made by
methods analogous to those of display-sector selection (Chap. 13);
alternatively, a controlled phase shifter can be inserted between the a-f
filter and the amplifier. A convenient index for use in this alignment can
be provided by transmitting one or more angle markers along with the
video signals, as illustrated in Fig. 17.4.

This method is restricted in its use. The requirement of a continuous
scan at a nearly constant speed mentioned in Sec. 17.3 is made even
more rigorous by the synchronization with the modulator, which must
usually operate at a definite PRF. Any requirement for variation in the
scanning rate or the PRF introduces serious complexities because of the
fixed relation between these two quantities. Another draw-back is that
rephasing must be done whenever the signals are interrupted or seriously
interfered with,

More flexibility is provided by a third means for relaying incremental
angle data. If the scanner and the modulator cannot be synchronized but
the scanning is nevertheless reasonably uniform, the periodic signal can be
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expressed by a sinusoidal variation in the relative timing of a pair of
pulses appearing in each pulse cycle. A method for accomplishing this is
illustrated in Fig. 17.5. The basic pulse is initiated by an external trigger
and coded by the circuit of Fig. 17”2. The third pulse, originating in V2.
of that figure (repeated in Fig. 17”5a), initiates the action of a time-delay
circuit consisting of a sawtooth generator V%, a biased diode V&, an
amplifier V*, and a blocking oscillator V4b. The need for a square-wave
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generator to switch vzb is avoided by the action of the positive pulse from
V*.. During the pulse the grid current of V,b charges C, sufficiently to
block off the tube long enough to allow generation of the desired sawtooth.
The a-c voltage from a generator on the scanner acts through the cathode
follower VM to vary the bias of the diode sinusoidally and therefore vary
the delay by steps which approximate a sinusoidal variation of about one
microsecond amplitude. The mean value is set at 5 to 10 psec. The
delayed pulse is mixed with the coding for the basic pulse on the common
cathode resistor R and sent to the master mixer. It is not necessary to
code the azimuth pulse since its function is merely to transmit the
sinusoidal frequency; any interference strong enough to mask this pulse
would render the whole system useless in any case.

At the receiving station the basic pulse is decoded by the coincidence
circuit of Fig. 17.3.1 The resulting pulse, taken from point Y of that
diagram, blocks the grid of vsb and initiates the action of the delay
circuit comprising the sawtooth generator Vbb, the cathode follower Vti,

and the blocking oscillator VT.. The tube V,a is delayed in firing by its
excessive bias. When VTCfires, its cathode drives the l-psec delay line,
and the delayed pulse returns through VTb to turn off the blocking
oscillator. Thus successive I-ysec pulses, adjacent in time, appear at the
grids of V8band VE~ respectively. Their boundary time is made coinci-
dent with the mean time of arrival of the azimuth pulse by adjustment
of the slope of the sawtooth in the delay circuit. The amplified pulse
train from point X (plate of Vti) of Fig. 17.3 is applied to the cathodes of
Va. and VW. Because of the bias the tubes can conduct only during the
coincidence of the azimuth pulse with the pulses on the grids. Condenser
C, is charged negatively by the signal from v8b acting through diode VW
and positively by the signal from V% which forces negative charge to
ground through Vg~. If the coincidence time is equal on VSCand V%,
the net result is zero. However, as the azimuth pulse moves back and
forth in time with respect to the switching pulses, the coincidence times
vary in an out-of-phase manner so that the potential of Cl has a stepwise
variation with a sinusoidal envelope (Waveform I). This alternating
signal is passed through cathode follower VGband a bandpass filter in
order to produce the desired sinusoid for driving the synchronous motor.

In order to minimize the number of transmitted pulses, the basic pulse
can be related to the modulator pulse in any of several ways. If the first
few microseconds of the radar cycle are not too important and the
modulator is not self-synchronous, its trigger can be the third pulse of the
coded group. No range error will result, but the azimuth pulse will
appear on the indicators at the receiving station at a range corresponding

1The pulses can be separated from the video signals by amplitude selection, or by
time separation as in Fig. 17.4.
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to its delay time. If the modulator is self-synchronous, its firing time
must coincide with the first coded pulse. Arangeerror in the indicators
results unless a compensating delay line is used in the video channel at one
station or the other.

If the appearance of the azimuth pulse at short range on the indicators
is not tolerable, a triggered modulator can be fired after the azimuth
pulse, the delay from the third coded pulse being precisely fixed. At the
receiver a similar delay initiated by the decoded basic pulse can be
inserted ‘ahead of the indicators. Correct adjustment of this delay can
easily be made by observing the transmitter pulse appearing with the
video signals.

No analogous method of azimuth-pulse removal exists for a self-
synchronous modulator. It is usually satisfactory to remove the pulse by
anticoincidence methods, even though a “hole” is left in the video signal
train. Otherwise, it will be necessary to introduce between the modulator
pulse and the basic pulse a delay which is longer than the useful video-
signal interval and to transmit both pulses. 1

17.6. The Phase-shift Method.-If a sine wave is passed through a
linear full-wave phase-shifting device connected directly to the scanner,
the resulting phase shift is numerically equal to the scan angle measured
from the position of zero phase shift. By transmitting the phase-shifted
wave together with a reference signal of commensurate frequency and
fixed phase, it is possible to use the relative phases as data from which
to reconstruct the scanner angle.

C-w Methods.—A method of accomplishing this by use of c-w signals
is illustrated in Fig. 17.6. Separate subcarriers fl and f, are respectively
modulated by the phase-shifted sinusoid and by the reference signal,
which is the same sinusoid without phase shift. At the receiving end the
video signals and each of the subcarriers are separated by appropriate
filters and the phase-shifted and the reference sinusoids are obtained by
suitable demodulators. The reference wave is then passed through a
phase shifter similar to that on the scanner. This phase shifter is driven
by a servomechanism whose error signal is the output of a circuit which
compares the phase of the shifted wave and that of the reference wave.
A data transmitter geared to the phase shifter provides proper informa-
tion to the indicators.

The above method is very expensive because of the two subcarriers.
Fig. 17.7 illustrates an alternative c-w method which avoids this difficulty.
Here the phase-shifted signal is a harmonic of the reference signal and is
derived from it by a frequency multiplier. Thus the two signals can be
transmitted without confusion on the same subcarrier. At the receiving

1It is not satisfactoryto use such a long delay between the basic pulse and the
azimuth pulse since small percentages of “jitter” or drift become too important.
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station the two are separated by appropriate a-f falters, and the reference
signal is passed through a frequency multiplier. The resulting sinusoid
is then passed through a phase shifter controlled by a phase-sensitive
Servomechatim as before. Although this method is simple, it places

Modulated
oscillator

AudD

I

1: Filter
oscillator o-~ Video signals

(a)

Phase
comparator

I
,, B sin(2rrfot+@

, f, (~: byfo) Scan

B sin ZrrJOt

, f2 (Mm. byf.)

4m- +
To indicators

Video signals and trigger pulw

(b)
FIG. 176.-Phase-shift data transmission using two c-w subcarriers.

severe requirements on the audio filters. Because of their harmonic
relationship, the sinusoids must be kept extremely pure, and furthermore
any relative phase shifts introduced by the filters (or other circuit com-
ponents) must be extremely constant with time. This is very di5cult to
assure in a-f filters if they are subjected to changing temperatures.
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In the above systems any one of the data-bearing signals can be
conveniently used for automatic gain control purposes.

Pulse Methods.—The pulse methods analogous to those just discussed
would consist of the use of two continuous trains of pulses derived from
sinusoids of equal or commensurate frequencies, one being shifted in
phase with respect to the other. This would require the use of at least one
subcarrier with wide sidebands, and therefore would be expensive in the
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FIG. 17.7.—Phase-ahift data transmission using one c-w subcarrier.

transmitter and receiver design. An alternative would be to transmit the
pulses on the video carrier during those intervals when the echo signals are
not useful. Since the difficulty remains that the two sets of pulses must
“tide through” each other, some method would have to be found for
distinguishing the two trains. This difficulty can be avoided by transmit-
ting one master pulse and one train of “ phase-shifted” pulses on each
radar cycle and, at the receiving station, constructing the reference train
by shock-exciting an oscillator with the master pulse.
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The method is illustrated in Fig. 17.8. At the transmitter the master
pulse triggers a square-wave generator (flip-flop a) which switches a
shock-excited oscillator (Fig. 13.41). The oscillation B is passed through
a phase shifter geared to the scanner, and the resulting wave C produces a
pulse train D.

In order to avoid early transients which might lead to confusion with
the master pulse (especially after coding) the first two or three pulses in
the train are excluded by switch a. This switch is controlled by a square
wave from flip-flop b; it is arranged to turn on late enough to exclude the
required number of pulses and to remain on until after the end of the pulse
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train. The remainder of the circuit is concerned with coding and mixing
the various signals and providing synchronization with the modulator
(which has been assumed to be triggerable). The basic puke and the
pulse train are passed through the coder, as is a pulse formed at the end
of flip-flop b. This last pulse, delayed by a time equal to that of the cod-
ing, serves as the modulator trigger. In order to separate the pulse
signals from the video signals at the receiver, if amplitude selection cannot
be used, the two are passed alternately through video switch b, which is
controlled by flip-flop c. In its normal position, the latter causes the
switch to pass signals from the coders. When the flip-flop is triggered by
the pulse to;the modulator, the switch is reversed and video signals are
passed until the flip-flop spontaneously returns to its initial condition,
shortly before the next basic pulse, and opens the channel to pulses again.
If the transmitter is such that the pulses can be transmitted at several
times the level of the video signals, this switching need not be done since
amplitude discrimination can then be used at the receiver.

At the receiving station, the various signals must be separated and
the data abstracted and put into usable form. The signals from the
receiver are received by a switching and decoding circuit similar to that
of Fig. 17,3 excspt for the source of the input signal to V5b, Whose function
will be explained later. For the moment assume that the switch is open.
When the basic pulse is decoded it starts a chain of events through flip-flop
a, the switched oscillator, the phase shifter, and the pulse former on the
one hand; and another chain through the delay circuit and flip-flop b’ on
the other. Both culminate in switch a’ and produce at its output termi-
nal G’ a train of pulses like that at point G at the transmitter. Mean-
while, the transmitted pulse train is decoded and passed through switch
c, whose purpose is to exclude the basic pulse and the modulator pulse.
The two pulse trains are brought together in a “comparison” circuit
which produces a polarized error voltage if they do not coincide. (If the
two pulse trains have slightly different frequencies, because of slight
differences in the oscillators, the error voltage will refer to their “centers
of gravity.”) The amplified error voltage controls a motor which turns
the phase shifter in such a way that the error voltage is kept very small,’
and the phase shifter and the data transmitter rotate in synchronism
with the radar scanner. The modulator pulse is selected by switch d
which is ~tivated by fip-flop a. The latter is triggered at the moment

of recovery of flip-flop b’ and endures until after the arrival time of the
modulator pulse. In addition to its function at the indicators this pulse
also triggers the ilip-flop ( V~, and VW Fig. 17”2) controlling the switch

(V,. and Vlb, Fig. 17”2) ahead of the decoder. When this switch is

1 See Vol. 20 of this series for details of the comparison circuit and motor drive.
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closed all signals (video and interference) are excluded until the flip-flop
returns to its stable condition shortly before the next basic pulse.

17.7. General Methods of Relaying Sine and Cosine.-A complete
description of an angle can be given by expressing its sine and its cosine
in the same units. Probably the greatest variety of actual and proposed
systems for data transmission have involved the relaying of these quanti-
ties in one way or another.

If sine and cosine of the scan angle are transmitted, these data can be
used for ,PPI synthesis either with or without mechanical motion. Since

>

AC line voltage (f~

I A sin h fot

e

? ‘

Oscillators
A cos O sin 2rr fot mixer

transmitter

T —
Video signals

and trigger pulse

w
Recewer Filters

&

[ Video signals
-

FIU. 17.9.—Hypothetical method of transmitting synchro data by c-w,

the method of synthesis has an important bearing on the choice of a relay
method, a brief discussion of the use of the data will be given. T\vo
general methods are possible: mechanical duplication of the scanner
motion at the receiving station (as in the previous cases), or use of the
sine and cosine voltages to produce the two necessary PP1 range-sweep
“omponents.”

Derivation of mechanical motion from sine and cosine information
requires the use of a servomechanism. Practically speaking, it is neces-
sary, in order to reproduce the mechanical motion, to provide a-c voltages
proportional to sine and cosine, as well as a voltage of constant amplitude

for reference purposes. .111 voltages must have the same frequency and

phase. From the terminal-equipment standpoint these voltages could
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be obtained most simply by exciting a synchro on the radar scanner and
relaying each of the resulting voltage “components” together with
a constant reference voltage (Fig. 17”9). This method, which would
require the use of multiple subcarriers, and would thus involve excessive
bandwidth, complex multiple modulation and filtering, or both, has never
been used. Two component voltages and one reference voltage can be
provided at different a-c frequencies, but this arrangement is not suitable
for use with a servomechanism. It can, however, be used to produce
slowly varying sine and cosine voltages. These can then be used to modu-
late alternating current of proper frequency to provide the required volt-
age components for a synchro-controlled servomechanism. The method
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F:~. 17. 10.—Use of S1OW1y varying sine and cosine voltages: (a) production of mechanical
motion; (b) fixed-coil PPI synthesis.

is illustrated in Fig. 17.10a. It has been successfully used in connection

with various types of data transmission resulting in slowly varying sine

and cosine voltages.

In contrast to the reproduction of mechanical motion, the fixed-coil

PPI can best use slowly varying polarized direct current. 1 Since alter-

nating current can easily be rectified to give such voltages, any of the

methods is applicable to this case. As shown in Fig. 17. 10b, the sweep

components are produced by sawtooth generators using the signal volt-

ages as their source potentials so that the ‘‘ sawteeth” are modulated in

the proper manner as the scanner rotates (Sec. 13.16). Through the

provision of low-impedance or multiple-output circuits for the sine and

cosine voltages, as many indicators as desired can be used. The sweep

length for each can be chosen independently of those of the others.

1 It is poseible, of course, to relay the sweep components themselves. However, a
separate sub carrier would be required for each. Furthermore, each “sawtooth”
must endure for the time of the longest desired sweep, and fast sweeps must be
achieved by amplification of a short segment. Errors would be greatly magnified in
such a process.
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At least two methods of supplying slowly varying sine and cosine
voltages have been successfully applied. One is a c-w method; the other
involves pulse timing.

A C-w Method.—In order to allow transmission of all the scanner data
on one r-f subcarrier, each item of information can use a different audio
frequency, the subsequent sorting being done by a-f filters. Figure 17.11
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illustrates such a method. The stators of the scanner synchro are excited
by equal-amplitude signals of frequencies f, and f,, as are the two equal
primaries of a transformer whose secondary is in series with the synchro
rotor. The voltage across the combination is then

jl(A + B sin 0) + ~@ + B cos o),

where fl and fzrepresent the audi~frequency input voltages and A and B

are constants. Since A is greater than B, the amplitude terms are always
positive. This voltage is mixed with a constant-amplitude a-f signal of
frequency fj (which is used for AGC at the receiver), and the combination
is used to modulate a subcarrier of somewhat higher frequency than the
maximum required for video signals. The modulated carrier, the video
signals, and the trigger pulse are then mixed and passed on to the trans-
mitter proper. At the receiving station, the various component signals are
separated by appropriate filters, as indicated in Fig. 17.11, and the sine
and cosine signals passed through detectors. The resulting voltages con-
tain a d-c component of magnitude C (with respect to the detector bias
point) and a varying component of amplitude D, the sum being always
positive. The d-c component can be prevented from affecting the final
device by relating its bias level properly to that of the detector. The
scheme of adding a constant a-f component to the signal is intended to
preserve the phase sense of the components varying sinusoidally with the
scanner rotation; in this case it is considerably simpler than transmitting
a reference signal to be used in keying a phase-sensitive rectifier.

Pulse-timing Methods.—The simplest method of using pulse-timing
techniques to relay sine and cosine information can be understood by
referring to the timing diagram of Fig. 17.12. A basic pulse occurs once
each radar cycle. The delay of a second pulse is varied with respect to it
in accordance with the expression A + B sin O,where A must be greater
than B in order that the delay shall never become negative. A third
pulse is delayed with respect to the “sine” pulse by an amount propor-
tional to A + B cos 0. In the interpretation of the data it is only neces-
sary to provide for each function a circuit that will develop a voltage
proportional to the time lapse between the members of a particular pulse
pair.

The essentials of such an equipment are illustrated in Fig. 17.12.
Slowly varying sine and cosine potentials are furnished by a data trans-
mitter (which can be either a d-c excited sine-cosine potentiometer or a
two-phase synchro whose output signals are rectified in a phase-sensitive
manner). Each of these potentials controls the operation of a linear
delay circuit. The sine delay circuit is triggered by the basic pulse, and
the cosine circuit is triggered by the sine pulse produced by the sine delay
circuit. Each. gives a finite delay A when the controlling voltage is zero
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The resulting pulses are mixed with the modulator pulse and coded before
being combined with the video signals preparatory to transmission.

At the receiving station, the pulses are decoded and sorted. Each
of the pulse pairs (basic-plus-sine and sine-plus-cosine) is fed to an auto-
matic range-tracking circuit which develops the required voltage as
indicated in Fig. 17.12. The d-c components can be removed in the way
explained in connection with Fig. 17.11.
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Fx~. 17.12.—Ewentialsfor relaying sine and cosine by pulse-timing methods.

Since this general type of synchronization equipment has seen far
more service than any other to date, it will be worth while to consider
it in more detail. The following section gives an extended treatment of
one particular example.

17.8. Pulse Method for Relaying Sine arsd Cosine.-Electronic
means for determining the interval between pairs of pulses will be con-
sidered first. In Fig. 17.13 it is assumed that the basic pulse and the sine
puke have been decoded and ~eparated so that each is available on a
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separate channel. There must now be developed a d-c voltage whose

value is at every instant proportional to the delay of the sine pulse with
respect to the basic pulse. Two of the many possible methods of accom-
plishing this are illustrated. The components of Fig. 17.13a drawn in solid
lines illustrate a very simple method. The basic pulse triggers a flip-flop
having a lifetime slightly greater than the maximum delay of the sine
pulse; the resulting square wave is used to switch a sawtooth generator of
very low output impedance. Thus, within the life of the sawtooth, the
instantaneous voltage at S is proportional to time elapsed since the
occurrence of the basic pulse. When the sine pulse occurs, it momentar-
ily closes the “double clamp” (similar to Fig. 1326), thus connecting
point T tightly to point S so that the condenser is charged to the instan-
taneous potential of S. The leakage path from T to ground is made to
have a high resistance so that the potential at T remains essentially con-
stant until the new cycle, at which time it will take a new value corre-
sponding to the new value of the time delay of the sine pulse. Thus the
potential at T will go through the same variations as the time delay and
will in the present case have the form A + B sin o as desired. This very
simple method is satisfactory provided little or no interference is encoun-
tered. An interfering pulse will, however, cause T to take a potential
corresponding to its time of appearance. This effect can be reduced by
filtering so that no single pulse can cause any very great change, but this
filtering may cause troublesome phase lags in the desired output. A
better method of protection is to employ the output voltage to control the
opening of a switch (dotted circuits in Fig. 17.13a), through which the sine
pulse must pass, in such a way that a pulse can be admitted only during a
very narrow time interval including the time when the true pulse is
expected. (Since this device as described will work only when the track-
ing is already nearly right, some means must be provided for holding the
switch open until correct conditions are once established. ) With the
addition of this protective switch, the method of Fig. 17.13a is satis-
factory. The addition makes it, however, nearly as complex as more
elegant methods of regenerative tracking. Regenerative tracking,
although more complex, provides certain very definite advantages in
compensating for errors occurring later in the circuit.

The elements of a regenerative tracking circuit are shown in Fig.
17.13b. The basic pulse triggers a delay circuit which is controlled by the
final output voltage in such a way that, assuming this voltage is right, the
delay circuit produces a pulse shortly before the arrival of the sine pulse.
The delay-circuit pulse triggers a flopover (Sec. 13.7) which in turn
sends a pulse down an improperly terminated delay line. The reflected
pulse, of opposite polarity, turns off the flopover. The resulting square
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wave from the flopover is used to open the sine pulse switch for 25 ~sec
or so at the expected time of arrival of the sine pulse. 1

The delayed pulse reaches the far end of the delay line exactly at the
middle of the switching wave. The remainder of the circuit is designed
to force thk “comparison” pulse into time coincidence with the sine
pulse by properly controlling the delay through adjustment of the out-
put voltage. Various methods can be used to accomplish this adjust-
ment. The operation of the method illustrated is described below. The
comparison pulse triggers a flip-flop. The square waves from the two
plates, one positive and one negative, are fed to the control grids of a pair
of pentodes (Fig. 17. 13c), turning one on and the other off. The screen
grids, normally at cathode potential, receive the positive sine pulse. If
the pulse arrives when the control.grid of a given tube is on, that tube will
produce a negative pulse on its plate. The signals are integrated in
opposite polarity on condenser Cl by means of the diodes. A negative
signal from Vj drives a negative charge through V3. to Cl. A signal from
V, drives a negative charge to ground through VW The potential on C,
is the output signal. It is returned (perhaps after amplification) to the
comparison-pulse delay circuit which it controls. Thus, if the switch-
ing occurs before the arrival of the sine pulse, VI conducts, Cl becomes
more positive, and the delay is increased. If the switching is too late, Vt
conducts and the delay is decreased. The process continues on successive
cycles until the delay is such that the sine pulse” straddles” the instant of
switching. The delay circuit will then follow the variations in the delay
of the sine pulse so that the output voltage varies in the desired manner.

Figure 17.14 illustrates a system in which, although it is assumed that
the modulator can be triggered, means are provided to distinguish
between the cosine pulse and the modulator pulse for other reasons.

The delay circuits in the synchronizer may be any of the varieties
described in Sees. 13.7 and 13.12, the most precise and trouble-free
results being obtained by the use of circuits similar to but not so refined
as the circuit shown in Fig. 13.36. If this type is used, the sine or cosine
voltage is used to bias the cathode of the diode, and the bias of the anode
is adjusted to give the desired delay A at zero scanner angle. The value
of B is determined jointly by the slope of the sawtooth and the amplitude
of the sine and cosine voltages from the scanner.

The basic pulse, sine pulse, and cosine pulse are passed to the usual
three-pulse coder along with the modulator trigger signal, which is derived
from a fixed-delay circuit triggered by the cosine pulse. In order that the
trigger signal shall be properly timed when decoded at the receiver, the

1 Since this interval is too narrow to allow rapid “looking in” initially or after
tracking has been lost, the circuits are arranged in a mamcr not shown so that in the

abaence of pulses the grid remaine on.
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actual modulator trigger is delayed from the signal to the coder by a time
equal to that occupied by the code. By closing the relay onto point Y
and inserting a proper electronic switch between X and Y, the modulator
trigger signal can be used as a switching signal when cyclical time sharing
with beacon or other signals is desired. If no such need is involved, the
cosine pulse can serve also as the modulator trigger signal so that delay
circuit a can be omitted and points B and C made the same.

The coded pulses and the video signals are made to share the radar
cycle by a switch operated by a flip-flop keyed by the modulator trigger,
as described in previous cases.

At the receiving station, the pulses must first be separated from the
video signals and from one another. The “ sequencing” circuits which
accomplish the latter are shown on the top row of the diagram. After
being decoded, the signals pass to several switches of the multiple-grid
variety shown in Fig. 13.27. The numbers alongside each indicate to
which grid the various signals are applied. 1 The main switch is opened
shortly before a basic pulse is expected, in a manner that will be described
presently. On passing through this switch, the pulse triggers a flip-flop
which remains on for an interval slightly greater than the largest delay
time of the sine pulse. This elevates the h-o. 2 grid of the sine-pulse
switch so that the sine pulse can pass through provided the No. 3 grid is
on, as explained in connection with Fig. 17.13. Once the system is
‘‘ locked in,” the narrower switch pulse on the latter grid is the deciding
factor in rejecting unwanted signals; the longer interval is useful during
the locking-in process when the shorter one cannot be used. The sine
pulse, in addition to its tracking role, triggers a flip-flop controlling the
cosine-pulse switch, and the cosine pulse similarly triggers a flip-flop con-
trolling the modulator pulse switch. The modulator pulse is passed onto
the indicators and, in addition, triggers a flip-flop which closes the switch
ahead of the decoder while video signals are being received, and opens it
shortly before the next basic pulse.

A few words should be said about the process of “locking in” initially
or after tracking has been lost through failure of signals or severe inter-
ference. Since the main switch is controlled by a flip-flop, it will sooner
or later be open. If no pulse occurs during the open interval, this switch
will close, but it will be opened again by the next pulse. Sooner or later
it will receive a pulse when open. If this is the sine pulse, the sequence is
established. If it is not, the cosine-pulse switch will pass no. signal, and
the process must start over. In practice, the right combination is
promptly found, and the various pulses then pass through the sequencing
circuits in the proper manner.

1The pulsesmay be separatedfrom the video signalsby amplitudeselection,or
by time separationas in Fig. 174.
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The tracking circuits are similar to the circuit shown in Fig. 17.13c
except for changes made to provide for a scan converter and for the fact
that the switching voltages forthesawtooth delay circuits are provided
by the same flip-flops that control the sine- and cosine-pulse switches.
A-c signals for the scan converter are obtained by modulating the 60-cps
line voltage with the sine and cosine voltages, as in Fig. 17.10a. The
regenerative tracking assistsgreatly in overcoming errors in the modu-
lators by rectifying the modulated alternating current with a phase-
sensitive detector and using this result to control the tracking delay
circuit. Thus the amplitude of the modulated alternating current (which
is the quantity of primary interest) is forced to vary in the same manner
as the delay in the signal pulse, regardless of errors in the comparison
circuits, the modulator, any amplifiers, etc.

Equipment essentially like that just described has had a great deal
of use and in its final form has proved satisfactory. An entire system
using this method is described in Sec. 17.16.

17.9. Comparison of Synchronization Methods.-Not all the syn-
chronization methods described in the previous sections have been used
on actual radar relay systems although nearly all of them have been setup
and tested in the laboratory. Because of the inadequacy of testing in
many of the cases, evaluations are difficult, but the following general
statements can be made.

Pulse US. C-UI Methods. —Pulse methods have been much more highly
developed than those using c-w transmission, partly because of the pulse-
circuit experience available at the Radiation Laboratory, and partly
because the r-f equipment available during most of the work was of the
amplitude-modulation rather than the frequency-modulation type.
However, much can be said in favor of the pulse methods from a funda-
mental standpoint, regardless of the type of carrier modulation.

1. Since one pulse, the trigger, is involved in any method, adequate
protection against pulse interference must be provided in any case.

2. When time sharing is used within the radar cycle, the pulse methods
require less complex r-f equipment than do the c-w methods with
their requirement for at least one subcarrier. Were time sharing
with the video signals abandoned and the pulses sent on a sub-
carrier, the additional complications would be compensated by
considerable simplification and increased effectiveness of the termi-
nal equipment. The synchronization signals would automatically
be separated from the video signals. The use of 100 per cent of
the time and the freedom from restrictions imposed by the radar

PRF would lessen the sensitivity to interference and permit much

more flexibility than is available with the time-sharing technique.
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Such a method would be extremely advantageous if multiple sets

of angular data were to be relayed.
3. Pulse methods are inherently more accurate than c-w methods

since they involve either” counting” or the measurement of time
probably the most accurate types of physical measurements that
can be made. Furthermore, no dependence whatever is placed on
the linearity of r-f modulators, amplifiers, detectors, etc., in con-
trast to the c-w methods where all such devices must be extremely
linear and free from dk.tortion.

On the other hand, c-w methods involve somewhat simpler terminal
equipment than do the puke methods. They are also much less suscepti-
ble to pulse interference, which is the type most likely to be met with at
most of the radio frequencies involved.

Comparison of Specijic Methods.—The specific synchronization
methods that have bee~ most thoroughly tested are—

1. The conveying of sine and cosine by pulses.
2. The conveying of angular increments by the modulator pulses.
3. The conveying of angular increments by the sinusoidally varied

pulse.
4. The method of phase-shifted pulses.
5. The conveying of sine and cosine by a-f signals of different fre-

quencies.

Certain qualitative comparisons among these are possible.
The method of relaying angular increments by modulator-pulse timing

is by far the simplest if it can be used, which is only when the scanner
rotates very uniformly and can be exactly synchronized with the modu-
lator. Unfortunately, the tests of thk method were made in connection
with an airborne radar in which the scanning rate varied considerably;
hence appreciable inertia could not be used. Furthermore, multiple-
pulse coding had not been adopted at that time. As a result, interference
led to somewhat erratic results. Since no opportunity has arisen for
testing with a proper radar and with coded pukes, it is difficult to make an
accurate assessment, but the comparative success under unfavorable
conditions indicates that when properly applied the method can be
satisfactory.

If the scanning is fairly uniform but cannot be synchronized with the
modulator, the method of the sinusoidally varied pulse (Sec. 17.5) gives
very satisfactory results with a minimum of complexity as proved by a
reasonable amount of testing (See. 17.15). This method is somewhat less
susceptible to interference effects than Method 2 since more data are
sent per radar cycle and since an extra pulse does not cause an irreversible
effect.

The method of relaying sine and cosine data by pulse-timing tech-

.
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niques has given satisfactory results even under very severe interference
conditions. It can, of course, follow sector, as well as continuous,
scanning. Its principal drawback is its relative complexity, but much
of the complication in Fig. 17.14 arises from extreme precautions against
interference and from the necessity of operating a servomechanism.
Were fixed-coil PPI’s used, or were it possible to operate a servomecha-
nism satisfactorily from d-c signals, the equipment would be considerably
simplified. A far simpler model operating fixed-coil PPI’s and designed
for less severe interference conditions has seen considerable successful
service.

The phase-shifted puke method is quite comparable to the sine-
cosine method in effectiveness; its method of converting to mechanical
motion is somewhat simpler, and it has considerably fewer adjustments.
Since more data are transmitted per radar cycle, greater protection against
interference is probably afforded. Although this method is of more
recent origin than the sine-cosine method, has not been so highly devel-
oped, and has not had such thorough test% it appears to be mtisfactory.

The sine-cosine method using multiple a-f signals is in principle
quite simple and should prove satisfactory. Although it has been
successfully operated in an actual system (not at the Radiation Labora-
tory), the author is not aware of any extensive tests in the presence of
interference. This method requires more complicated and wider-band
transmitting and receiving equipment than do the pulsed methods which
involve time sharing.

THE RADIO-FREQUENCY EQUIPMENT

In selecting the radio-frequency equipment, the requirements to be met
and the operational conditions must be carefully considered. Among the
important factors are the station locations (land-, water-, or air-based),
the maximum range required, the types of interference to be met, and the
nature of the data to be transmitted. These factors affect many of the
variables of the design, such as the types of antennas chosen, the r-f power
necessary, the carrier frequency most desirable, and the mechanical
construction of the equipment.

17.10. Antennas, Frequencies, and the Radiation Path.-The antenna
gain should be as high as practicable at both stations. For a given
transmitted power, the signal discernibility is always directly proportional
to the gain of the transmitting antenna. At the receiving station the
signal-t o-internal-noise rat io is also proportional to the antenna gain.
and considerable interference reduction is accomplished by the direction-
ality that accompanies high gain. Such antennas therefore permit the
use of much lower power to achieve a given result than would be required
with omnidirectional antennas.

Highly directional antennas can always be used for transmkaion
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between fixed ground stations since they can be permanently oriented in
the correct direction. Very high, even microwave, frequencies are
desirable for such applications since directional antennas can then be
small, rugged, and easily constructed and installed. At least one micrw
wave equipment has been successfully used in experimental tests (Sees.
17.14 and 17.15).

When one or both stations are moving, on the other hand, it is neces-
sary either to use sufficiently wide antenna patterns to provide coverage
in all the necessary directions, or else to provide for automatic pointing
of the antenna, with the consequent added complexity and weight. (If
several receiving stations are involved the transmitting antenna must
cover them all. ) As a result, lower frequencies (100 to 900 Me/see) have
predominated in such applications since more power is available and
higher antenna gains can be obtained with a given pattern. In cases
involving transmission from aircraft, certain interference effects described
below are much ‘less troublesome at low frequencies than at very high
frequencies.

In systems tested at the Radiation Laboratory for the transmission
of data from an aircraft to the ground, elementary antenna arrays have
been used. One system, operating at 300 Me/see, had a vertically
polarized dipole mounted on the tail section of the aircraft and two verti-
cally stacked dipoles at the receiving station. The vertical gain of this
latter antenna improved somewhat the ratio of signal to inherent and to
local noise, but did not reduce interference appreciably since little inter-
ference comes from high angles. In a test of a 100-M c/sec relay equip-
ment, the transmitting antenna was a quarter-wave vertical radiator
mounted on the skin of an aircraft and a corresponding vertical quarter-
wave receiving antenna was used at the ground station.

When a link was established ‘at 800 to 900 Me/see, it was found very
desirable to increase the gain of the two antennas in order to extend the
usable range of the equipment. This was accomplished by using stacked
dipoles at both the transmitting and receiving stations. These arrays
had a uniform horizontal pattern and some gain in the vertical plane.

Associated or near-by equipments often constitute a serious source of
interference; consequently both antenna and power-line filters are desira-
ble at the receiving station. Frequently these must be designed to reject
a particular frequency being radiated by a near-by antenna. Conversely,
it is often necessary to filter the r-f output of the relay transmitter in
order to minimize the radiation of harmonics that interfere with near-by
receivers. The specific filters required for a given installation must be
designed to meet the operational requirements of a specific system involv-
ing a given complement of radar, communication, and navigational
equipment. No general rules can be given.
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Diffraction Phenomena. —Whenever one of the relay stations is in an
aircraft, especially if the transmission path is over water, interference
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between direct and reflected rays can occur. This subject. is treated
in detail in l“ol. 13 of this series. Figure 17.15 shows curves of
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signal strength as a function of range for frequencies of 100, 300,
and 850 Me/see, displaying the effect of frequency on the number and
the magnitude of the fluctuations in signal strength that are due to
interference. Figure 17.16 shows curves of signal strength as a
function of range for receiver antenna heights of 75, 110, and 140 ft
above the surface of the sea. These curves indicate the manner in which
the effects of signal cancellation can be reduced by using diversity recep-
tion with antennas at different heights. A simple diversity system might
consist of two antennas respectively 75 and 140 ft above the sea, with
arrangements for switching the receiver to the antenna providing the
greater signal strength at any given moment. In effect, this reduces the
depths of the cancellation minima in either of the antennas considered
separately.

Future Trends in Frequency .—Frequencies most generally used for
radar relay have been in the region from one to a few hundred megacycles
per second, partly for reasons of achievable power, higher gains of non-
directional antennas, and so on. Future trends appear to lead toward
higher frequencies, up to and including microwaves.

Comparatively speaking, the use of such frequencies is characterized
by the possibility of using simple, highly directional antennas, by low
gain in omnidirectional antennas, by reduction in man-made static
(except for pulse interference from radars), by a great increase in the
overwater diffraction effect, by a large number of available channels, and
by the relatively low power now available for c-w operation.

The powers available for continuous operation with equipment devel-
oped by the end of the war are approximately as follows:

100 Me/see
(FM)., . . . . . . . .

(AM.. .

300 Nfc/sec
(FM) . . . . .

(AM) . . . . . . . . . .

1000 Me/see
(FM), ,.,..

(AM)...

3000 Mc/sec(F.M).
10,000 Mc/sec (FM)...

100 watts average

100 watts average

250 watts peak video level
500 watts peak in pulses

30 watts average
30 watts average

80 watts peak video level
175 watts peak in pulses

25 watts average

{

25 watts average
40 watts peak video level
80 watts peak in pulses
10 watts average

0.1 watts average

Any of these is sufficient for use in applications where both antennas
can be directive., and there is little question that the very highest fre-
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quencies will be used for such purposes in the future. Until recently it
was not economical to use a-f modulation of microwaves because of the
extreme oscillator-stability requirements necessary to avoid excessive
bandwidth. However, a highly ingenious application of a microwave
discriminator in combination with a feedback amplifier controlling the
oscillator frequency appears to overcome this difficulty and to permit
the use of c-w synchronization methods.

For applications requiring omnidirectional antennas, the ranges so far
obtained at frequencies above 300 Me/see have been rather limited, espe-
cially in situations involving diffraction effects. As greater power becomes
available at the higher frequencies, they will undoubtedly find more and
more applications even where it is not possible to use highly directed
beams. The diffraction difficulty can largely be overcome by the careful
use of diversity antennas.

17.11. General Transmitter and Receiver Considerations.-Although
the specific characteristics desirable in the transmitter and receiver
depend upon the particular application, certain general statements can be
made.

The transmitter should provide sufficient power to ensure clear signals,
free from noise and interference, at the maximum required range. In
common with all components, it must have sufficient bandwidth to accom-
modate the band of frequencies present. The receiver should have a
satisfactory noise figure, a proper bandwidth, and in many cases must
provide special means of distinguishing between desired and undesired
signals by methods analogous to the antijamming techniques described
in Sec. 12.8. Automatic gain control is necessary to prevent strong
signals from overloading the receiver, and to insure that signals are
applied to the decoder at the correct level.

Bandwidth varies with the particular characteristics of the radar set
and the type of synchronization used. In general, the video sections will
have a bandwidth between 1 and 3 Me/see, with corresponding r-f and
i-f bandwidths from 2 to 6 Me/see, when normal search radar systems are
used. Since the relay link is only one section of the over-all channel, the
bandwidths of its components must be somewhat greater than would be
necessary if it alone were involved.

An important decision is the choice between amplitude and frequency
modulation. The relative advantages and disadvantages of these two
methods are somewhat different for pulsed and for c-w signals, and
depend also upon the type of interference expected. The principal
advantage of frequency modulation is this: if the carrier power is appreci-
ably greater than that of an interfering signal, the latter tends to be

1R. V. Pound, “An Electronic Frequency Stabilization System for CW Micro-
wave Oscillators,” RL Report No. 815, Oct. 1, 1945; Rev. Sci. Inst. 17, 490 (1946).
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suppressed. Frequency modulation is thus helpful in cases where it is
desirable to remove the last traces of low-level interference. Such inter-
ference reduction is effective only if a large deviation ratio is used, that
is, if the ratio of half the maximum carrier-frequency excursion to the
maximum modulation frequency is large. (A deviation ratio of 4 is
considered excellent. ) This requirement increases the necessary band-
width of the r-f parts of the transmitter, and of the r-f and i-f stages of
the receiver. This increase presents additional transmitter circuit prob-
lems, and reduces the gain in the amplifier stages. In the receiver, the
greater bandwidth admits more interference in addition to complicating
the receiver design.

The most important aspects of the relative virtues of the two types of
modulation arise, however, in connection with the consideration of
particular types of signals and interference. For example, if pulse
synchronization signals are received at a level appreciably above that of
interference, amplitude-selection methods can entirely exclude the inter-
ference, regardless of the type of modulation. This gives the amplitude-
modulation method a definite advantage because the low duty ratio of
the synchronization pulses makes it possible to transmit them at peak
powers several times higher than the permissible averagel and thus
assists these signals to override the interference. A fairly high ratio of
peak to average power can also be maintained for video signals since,
except in extreme cases, echoes are received for only a small fraction of the
time. In frequency modulation, on the other hand, the carrier operates
at a constant power level.

No such advantages exist for amplitude modulation in connection with
c-w synchronization met hods. Low-level, more or less cent inuous
interference can be very disturbing, and the natural suppressing effect of
the limiter and discriminator in an f-m receiver can be of very great
advantage. Furthermore, the use of subcarriers and carriers of higher
order can be most readily accomplished in a system which is frequency-
modulated throughout.

The above discussion, admittedly rather hypothetical in the absence
of extended comparative tests, might be summarized as follows:

1. Amplitude modulation methods seem preferable for the relaying
of synchronization pulses (of which there is always at least one),
the advantage increasing -with the strength of the interference.

2. There is probably little to choose between AJI and FM with
respect to the video signals. If the interference is severe, the
higher peak powers and narrower bandwidths possible with ampli-

1This is usually accomplished by combining grid modulation by both the video

and the pulse signals with plate modulation by pulses only.
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tude modulation make it preferable; if, on the other hand, the
interference is at low level it can be more completely suppressed
by frequency-modulation methods.

3. Frequency-modulation methods are definitely preferable for c-w
synchronization signals.

The following sections give brief descriptions of some actual equip-
ments.

17.12. A 300-Mc/sec Amplitude-modulated Equipment.—Largely
because of its availability, the type of r-f equipment most used at Radia-
tion Laboratory consists of a modification of an amplitude-modulated
television transmitter-receiver combination operating in the 300-Mc/sec
region (specifically on any of 10 channels between 254 and 372 Me/see).
The transmitter provides 90 watts of peak video signal power, and 250
watts of pulse power.

A block diagram of the transmitter is shown in Fig. 17.17a. Provi-
sion is made for grid modulation by all of the signals and for additional
plate modulation by synchronization pulses. Negative video and syn-
chronization signals are amplified by a three-stage broadband video
amplifier. The second stage has a gain control in the cathode to compen-
sate for variations in input-signal amplitude. The amplified signals drive
the grids of the 8025 r-f power amplifiers through a cathode follower.
Since the bias for the cathode follower must remain constant for all duty
ratios, a d-c restorer is used between its grid and the —105-volt supply.
The synchronization pulses are amplified by a 4-stage video amplifier oper-
ating into a pulse transformer connected to the cathode of a diode through
which the r-f amplifiers draw their power. In the absence of pulses, the
diode is conducting and the plates of the r-f amplifiers are connected to
the high-voltage supply (800 volts). The arrival of a pulse disconnects
the diode and raises the plate potential of the amplifier by several hundred
volts, resulting in a very high instantaneous power.

The master oscillator consists of a pair of 8025’s in push-pull, the plate
and grid circuits being tuned by transmission-line elements of variable
length. The amplitude of oscillation is controlled by the capacitive
reactance of the filament line, and can also be varied by changing the
length of the filament line. .Change of channel necessitates retuning of
the r-f power amplifier by adjustment of a short-circuiting bar on the
parallel line which constitutes the plate load. The electrical length of
the coupling loop is also varied with the plate tuning. The monitor
diode rectifies a small portion of the output signal, which is displayed on a
scope for monitoring purposes.

A reflectometer, or bidirectional coupler, is coupled into the r-f line
at all times. This gives a continuous indication of the power output and
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provides a means of measuring the standing-wave ratio on the line. The
bidirectional coupler consists of a short section of line in which is mounted
a directional pickup loop. At orientations 180° apart, the loop picks up

Negative video 3.staga video H Raflectometar
signals and pulses amplifiar

I I
Cathode

follower with Master

d.c rastorer oscillator

-v

I
Pulse Modulation

transformer
—

diode

I I

&

Synchronization 4.stsge video High voltaga
pulsas amplifier transformer

(a) Transmitter

a ‘ ; “-
Video Video

Tuned cavity Detector cathoda
Video signal

amplifier follower output

R-f
3 stages

of if
Invarse

amplifiers faedback Amplifier
amplifiers

I I\ I
3 :::?

Converter Cathoda

amplifiers follower

1 I t

R.f Cathode
oscillator followar

Estsrnal radar I
AGC IoOp

interference suppression
(b) Receiver

FIQ. 17.17 .—3OO-Mc/sec amplitude-modulated equipment.

the outgoing power and the reflected power respectively. The filter
section is installed to prevent radiation of harmonics and other spurious
c.ff-frequency signals. It has been designed to have 50 ohms impedance,



SEC. 17.13] 10&MC/SEC F-M EQUIPMENT 721

an insertion loss of less than 2 db from 290 to 320 Me/see, and a loss of
more than 40 db above and below this band. The design is conventional:
three T-sections are matched to the line with a ir-section at each end.
Inductors are used as series elements, and combinations of lines as the
shunt elements.

Figure 17. 17b shows a block diagram of the receiver. The r-f ampli-
fier is a miniature triode (6J4) connected as a grounded-grid amplifier. A
dual triode (6J6) is used in a push-pull oscillator circuit tuned 30 Me/see
below the carrier frequency. The 30-Mc/sec i-f signal from the converter
is amplified by six stages, gain control being applied to the first three.
The i-f bandwidth is about 3 Me/see between half-power points. The
output of the detector, a 6AC7 connected as a diode, is applied to the first
video stage. A choice of two time constants is available in the grid
circuit of this stage, 0.47 sec and 2.4 ~sec. The longer one is normally
used; it gives good response to very low video frequencies. The short
time constant, when used, serves the same function against extended or
c-w interference as similar circuits do in a radar receiver (Sec. 12.8).

The automatic gain control is actuated by the synchronization pulses.
A small signal is taken from the plate of the final cathode follower,
amplified, and passed to another cathode follower. Because of inverse
feedback, the output signal of this cathode follower is a sharp spike,
rather than a flat-topped 2-gsec pulse. If the synchronization pulses are
coded, they pass through a delay line to a coincidence tube, the com-
bination acting as a decoder. The coincidence tube is so biased that only
pulses will actuate it, the video signals being biased out at this point by
the video-level control. The output signal of the coincidence tube is
applied to the cathode oi a diode, whose plate potential is set by the AGC
level control. Thus, if the signals from the coincidence tube are suff-
iciently negative to cause the diode to conduct, the grid of the cathode
follower which is also connected to the plate of the diode will change
potential and thereby change the grid potential on the first three i-f
stages. A long time constant in the cathode-follower grid circuit holds
the grid potential essentially constant between pulses. There is thus a
loop in which strong pulses produce a more negative potential on the i-f
grids to reduce the receiver gain, and vice versa.

It may happen that operation of a radar in the vicinity will overload
the receiver during transmission. Such interference can be overcome
by introducing a portion of the interfering radar trigger at the interfei-
ence-suppression terminals shown. This reduces the receiver gain at the
instant of radar transmission, with the loss of only one or two microseconds
of video-signal reception.

17.13. A 100-Mc/sec Frequency-modulated Equipment.—A second
type of equipment which has been used for air-to-ground or air-t~ship
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relay links is a 100-Mc/sec frequency-modulated system. The equip-
ment operates at four frequencies between 78 and 116 Me/see, channel-
changing being accomplished in the receiver by a coil-switching mechanism
and in the transmitter by plug-in coils. A block diagram is given in
Fig. 17.18. The input signals are amplified and delivered push-pull to
the deviator by a phase splitter. The deviator acts as a reactance tube,
modulating an oscillator which operates at one-eighth the desired carrier
frequency. Three stages of frequency-doubling and power amplification

Signals Video
Phase splitter

Push.pull
amplifier deviator

t t

Doubler
25 Me/see

Doubler 12.5 Me/see Push.pull
oscillator

Detector Discriminator
and doubler

I
Power monitor

I
Signal monitor

Y

Transmitter

R.f amplifier Mixer If amplifier

1
>

Discriminator Video Signals
amplifier

Receiver
FIG. 17.1 S.—100-Mc/sec frequency-modulated equipment.

follow. The final stage consists of a pair of 4E27 tubes operated as a
Class C amplifier with an average r-f output power of about 100 watts.

The equipment is designed to accommodate a maximum video
bandwidth of 2 Me/see. The oscillator gives a maximum linear fre-
quency deviation of 0.5 Me/see. Thereforej in this and the first doubler
stage the bandwidth need be only the 2 Me/see determined by the
video frequencies involved. After a second doubling, the bandwidth
is made 4 Me/see in order to support two sidebands on each side of
the carrier. After the final doubling, a bandwidth of 6 Me/see would be
required to support all the sidebands above 5 per cent, but it was found
experimentally that distortion was not serious if the bandwidth were
reduced to 4 hlc/sec. This simplified the amplifier design and resulted in
higher r-f power than would otherwise have been available.
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Two miniature double diodes are included in the transmitter for
monitoring purposes. One of these tubes is connected as a discriminator
to provide a video-output test point at the antenna-line connector. Dur-
ing all testing, this video signal gives an accurate over-all check of the
r-f and video sections of the transmitter. One half of the remaining
double diode is used as an r-f detector to provide a relative power indica-
tion on a panel meter which is also used, by means of a rotary selector
switch, to measure the grid currents of the several doublers. This diode
is also connected to a test point to allow a scope to be used when over-all
alignment and bandwidth measurements are being made. Because of
the stability of this transmitter, it was found unnecessary to use a bidirec-
tional coupler with it.

The receiver has one tuned r-f stage, a mixer, a local oscillator, seven
i-f stages, two limiters, a discriminator, a video amplifier, and three
tubes connected in parallel as a cathode-follower output stage. All the
tubes in this section of the receiver are 6AK5 miniature pentodes, except
the one used in the dk.criminator which is a 6AL5 miniature double diode.

The r-f, i-f, and video sections, as well as the discriminator, are stand-
ard in design, an 8-Me/see bandwidth in the i-f amplifier being obtained
by double staggering of alternate stages. A two-stage limiter is used to
insure constant input-signal voltage at the discriminator. Both limiter
tubes operate at reduced plate and screen voltages to reduce the grid
swing necessary to cause plate limiting. A fast time constant in the grid
circuit of the first limiter was chosen to discriminate against impulse
noise by producing the Ylmiting bias quickly. Longer time constants are
possible in the second limiter since the signal variations at thk tube are
neither large nor of short duration.

This equipment has been given extensive airborne tests in conjunction
with two different types of synchronization equipment, and has also been
operated between fixed ground stations.

17.14. Microwave System for Point -to-point Service.-The two
equipments described in Sees. 17.12 and 17”13 were developed primarily
for air-to-surface work involving the use of omnidirectional antennas; an
upper limit was therefore set to the possible radio frequency. The pres-
ent section will describe equipment designed for use between fixed ground
stations which permit the use of directional antennas.

Safe margins of power are easily attainable in such applications since
the maximum range is usually sharply limited by the horizon or by rough-
ness of the terrain. The received signal was specified to be 40 db above
thermal noise at maximum range in order to provide a safe operating
margin. In the application of this criterion to the selection of frequency
and antenna sizes, the following table is illuminating. Paraboloid
antennas are assumed at both stations.
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TaLE 17.1.—MAxIMuM RANGE OF RELAY SYSTEMS

Frequency,
Me/see

300
1,000
3,000

10, OOO

Power,
watts

50
25
05
01

Beamwidth, degrees

9-ft

paraboloid

= 27

8
2.7
0.8

3-ft

paraboloid

= 80
24

8
2.4

Free-space range, miles

9-ft
paraboloid

196

460

195

292

3-ft

paraboloid

22
,51
22
32.5

When one considers the Dower involved, the decrease of man-made
interference with increased frequency, and the privacy and protection
from interference provided by narrow beams, microwave frequencies
appear to be the most desirable. The decision between 3000 and 10,000
Me/see was based largely upon the fact that in the latter case waveguide
of a convenient size could be used, an extremely desirable design feature.
Since a 32-mile range is adequate for the uses intended, and since too
great sharpness of beam might lead to alignment difficulties, 3-ft parabo-
loids were used at both stations.

Frequency modulation was chosen, partly because of its advantages
when signal-to-noise and signal-to-interference ratios are high, but mostly
because it simplified the oscillator design. Large deviations of the oscil-
lator are easily accomplished, and there are no problems of r-f bandwidth.
Since the required video bandwidth was about 1.5 Me/see, a total
deviation of 6 Jfc/sec was chosen. The total frequency spectrum
involved is then a little more than 9 hlc/sec. In order to minimize the
required i-f bandwidth in the receiver, the discriminator was set on one
side of the pass band of the receiver. A value of 11 31c/sec was then
chosen for the i-f bandwidth to provide a margin to take care of improper
tuning.

The equipment is shown schematically in Fig. 17”19. The oscillator, a
2K39 reflex klystron, is stabilized against a cavity by means of a microwave
discriminator. 1 The output of this device is a d-c signal whose ~’oltage is
proportional to the deviation of the oscillator frequency from the fre-
quency for which a resonant cavity, used as comparison standard, is set.
This error signal is amplified by a push-pull d-c amplifier and used to
control the reflector voltage of the klystron in such a way that its fre-
quency is forced into agreement with the resonant frequency of the cavity.
l~ideo signals and pulses are applied directly to the reflector to produce
the desired frequency modulation. Rapid response is purposely avoided

I R. V. Pound, A Microwave Frequency Discriminator, RL Report No. 662,
Aug. 4, 1945; Reu: Sci. InSt. 17, 490 (1946).
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in the frequency-control circuits so that they will not stabilize against the
signal frequencies.

Not shown in the transmitter diagram is a monitor, consisting of a
crystal mixer and a video amplifier, which draws power from the main
waveguide. In combination with a synchroscope, this provides a very
effective means of checking and aligning the transmitter.
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FXQ. 17. 19.—Microwave equipment.

The local oscillator of the receiver is also frequency-stabilized against
a cavity. The circuits and layout of the i-f amplifier and the automatic
gain control are similar to those of the receiver described in Sec. 12.11,
the bandwidth being 11 Me/see. A tw~stage limiter is used ahead of the
i-f discriminator, care being exercised to provide sufficiently rapid limiting
action to reduce impulse noise. The discriminator is similar to that used
in radar AFC circuits and has a bandwidth of about 17 Me/see between
peaks.
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RADAR RELAY SYSTEMS

Two complete radar relay systems will now be described; their general
features are sufficiently applicable to future requirements to make this
worth while, even though better systems could now be designed. The
requirements for the two systems are quite different. The first involves
the transmission between fixed ground stations of three sets of radar echo
signals and one set of beacon signals, all resulting from antennas mounted
on a single continuously rotating scanner. Although the number of sets of
video signals is large, the use of directional antennas eases the r-f problem,
and the continuous scan renders scanner synchronization relatively
simple.

In the second example, one set of radar signals and one set of beacon
signals are relayed to ground from a long-range airborne radar set
arranged to permit sector scanning. In contrast to the former case, the
“picture” data are relatively simple, but the requirement of large
angular coverage forces the use of low-gain antennas and puts a severe
requirement on the r-f system. Sector scan and the turning of the
aircraft greatly complicate the scanner-synchronization problem.

17.15. A Ground-to-ground Relay System.—The radar set originat-
ing the data in this example is a ground-based microwave set (see Chap.
15) in which the scanner, rotating at either 2 or 4 rpm, carries two
radar antennas and one beacon antenna. One of the radar antennas pro-
vides long-range low-angle coverage; the other provides coverage at high
angles. Both regular video signals and MTI (Chap. 16) video signals are
derived from the upper-beam signals; this beam is chosen for MTI because
it is the one predominantly used at the shorter ranges where the clutter is
worse.

Thus four sets of video signals must be transmitted: lower-beam
radar echoes, upper-beam radar echoes, upper-beam MTI video signals,
and beacon responses. Time sharing is used to put two. sets of video
signals on each of two carriers. One channel is shared between the MTI
video signals and the lower-beam video signals, MTI video being trans-
mitted for a time interval corresponding to the first 30 to 50 miles of
range from the radar, and the lower-beam video for the remainder of the
radar cycle. A second channel is shared between the upper-beam radar
echoes and the beacon signals; since the data from these two are simul-
taneous, switching must be done on a whole-cycle, rather than on a frac-
tional-cycle, basis. Two pulse cycles are allotted to radar, then one to
beacon, and so on, the unequal division being used because signal sensi-
tivity is more critical in radar than in beacon operation. The resultant
loss in sensitivity is 0.5 db for radar signals and 1 db for beacon returns.

Two transmitters, feeding a common antenna through a duplexer, are
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used to provide the two channels, since, at the time of design, equipment
accommodating subcarriers was not available and weight and power were
not crucial items. The remaining data are combined on these same two
channels as indicated in Fig. 17.20. The mixing and switching of the
signals for the first transmitter is fairly simple. Range markers and the
proper set of angle markers are mixed with each set of video signals, and
the two sets are fed to a video switch, which passes the MTI signals for
the first 50 miles or so and the lower-beam signals thereafter. The
switch is like the circuit of tubes Vl~ and Vlb of Fig. 17”3, but has signals
on both grids.

The synchronizer is similar in function to that of Fig. 17.5 (including
Fig. 17.2), 1 with the addition of a scale-of-three circuit to produce the
beacon switch pulse on every third cycle. The third pulse of the mod-
ulator code is counted down for this purpose and passed to the signal
switching unit. The switching signal to be relayed is delayed 16 ~sec (by
reflection in an 8-~sec delay line) in order that it be clear of the azimuth
pulse at the receiving station.z The three-pulse code, the azimuth pulse,
and the beacon pulse are “mixed” by using them all to trigger a blocking
oscillator.

The video signals to the second transmitter are switched twice.
The upper-beam video and the beacon video are switched cyclically as
described above. The switch is controlled by a flopover circuit (Fig.
13. 16) which remains in the stable state that causes video switch a
to pass the radar signals until a beacon switch-pulse occurs; it then passes
to a second stable state that causes the video switch to pass beacon
signals. At the next modulator pulse the original condition is restored.

A video switch provides for time sharing between the video signals
and the synchronizing pulses in order that the former shall not interfere
with the latter. In its normal position, the flip-flop holds switch b in

the state that passes pulses. Firing of the flip-flop by a pulse delayed by

30 psec from the modulator pulse reverses the video switch allowing echo

signals to pass. The flip-flop returns spontaneously to its original state

shortly before the start of the next radar cycle. Signals from switch b

are combined with range and angle marks in a video mixer, from which
they pass to transmitter No. 2.

At the receiving station, the signals pass through a duplexer to two
receivers. The first delivers the time-shared MTI and lower-beam video
signals, together with markers, directly to the indicators. Signals from

1 The circuit details of the equipment actually tested differ considerably from
those of Figs. 17.2 and 175.

2 In order that pulses passing through the three-pulse coincidence circuit shall not
cause false coincidences, they should follow each other by at least the sum of the code
length and the pulse length—in this case a total of 8 ysec.
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the second receiver contain the coded modulator pulse, the azimuth pulse,
and the beacon switch pulse. They pass through a switch which excludes
all signals while video is being transmitted but opens shortly before the
arrival of a trigger pulse. This switching, the decoding of the modulator
pulse, and the derivation of the scanner information from the azimuth
pulse, are done by methods similar to those of Figs. 17.2 and 17.5. The
upper-beam video signals and the beacon video signals are separated by a
video switch which consists essentially of a pair of out-of-phase switches
similar to that made up by tubes V1~ and Vlb in Fig. 17”3. The video

switch is controlled by a flopover which is triggered to the beacon position
by the beacon switch pulse and to the radar position by the next modula-
tor pulse. The switch pulse is singled out by coincidence with a pulse
derived locally (N) at the proper time by delaying the decoded modulator
pulse.

The time occupied by the pulse code results in the triggering of the
indicators 8 ~sec too late. This produces a slight distortion in the dis-
plays, but there is no error in range measurements since accurate range
markers are transmitted with the video signals. The display distortion
is unimportant because short-range displays are not used. Similarly, the
fact that the indicators must be blanked out for the first 30 ~sec is of no
importance since targets at such close range are practically never of
interest.

Several r-f equipments, including the three described in earlier
sections, were tried experimentally in this application. All operated
with reasonable satisfaction, maximum range being limited in every case
only by the line of sight. On the whole, the microwave equipment is
considerably superior to the others because of its compactness, the small
power involved, the narrowness of the beam, and the greater freedom
from interference. However, the fact that the use of frequency modula-
tion did not permit the pulses to be transmitted at higher level than the
video signals was a definite handicap for reasons described below.

The equipment as a whole operated about as anticipated. Compara-
tive PPI photographs taken simultaneously at the two stations are shown
in Fig. 17.21. The only difficulties of consequence involved occasional
loss of synchronization, usually because of pulse interference picked up
on the radio link or on the radar set. The direct results of spurious
triggers on either the angle data or the sweep triggering were not appreci-
able, but loss of the trigger occasionally upset the sequencing with
unfortunate results. Once the proper chain is broken, it can be spuriously
started by interference or by video signals and remain in error for several
cycles. Both the indicator sweeps and the azimuth data are then in
error, sometimes by as much as 5° or 10°. The resulting angular error
persists until it is manually removed. When amplitude selection of the
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Fm. 17.21.—Comparative PPI photograph taken eimultaneouely at the transmitting and
at the receiving etatione.
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pulses is possible (with the amplitude-modulated equipment ), these
effects are greatly reduced. Amplitude selection also provides suppres-
sion of weak interference picked up on the link itself. With this pro-
tection interruptions are extremely brief and cause little difficulty.

17.16. Relay System for Airborne Radar.-In the system just
described, the scanner synchronization was rendered fairly simple by the
continuous scanning, and the problem of obtaining adequate signal
strength was simplified by the use of dkectional antennas. The principal
complications were those involved in the simultaneous transmission of
several sets of video data. The present section will describe briefly
the arrangements used to solve a far more difficult problem, in which the
data originate from a l~ng-range airborne set equipped for sector scanning.
The scanner synchronization, diffi~ult in any case, is rendered far more
so by the fact that the omnidirectional antennas required give so little
gain that the interference problem is severe. Every possible device must
be used to provide a maximum of power from the transmitter, to reject
interference in the receiver, and to protect the synchronization pulses by
coding, by switching, and so on.

The video data involved are simple, consisting merely of radar signals
and of signals from a separate beacon receiver. In order that the two
sets of video signals may be accommodated, cyclical time sharing is used
during the intervals of beacon use, the modulator trigger serving as the
signal that radar is being transmitted on a given cycle.

The design was built around the sine-cosine synchronization method
of Sec. 17”9 and the 300-M c/sec amplitude-modulated r-f equipment of
Sec. 1712. Much experimentation was done, however, with the phase-
shifted pulse method of synchronization (Sec. 17.6), and with the
100-Mc/sec frequent y-modulated r-f equipment of Sec. 1713. The
former combination is outlined in Fig. 1722, in which some parts peculiar
to this system and not heretofore described are shown.

It is necessary to provide the azimuth data in terms of compass
directions rather than aircraft heading. To accomplish this, an a-f wave
is passed through a two-phase synchro on the scanner and a two-phase
differential synchro controlled by a compass so that the two resulting
signals have amplitudes proportional to sin 0 and cos @ respectively,
where 6 is the scanner orientation with respect to true north (Sec. 13.4).
Each of these signals is passed through a phase-sensitive rectifier keyed
by the audio oscillation in order to develop the slowly varying voltages
necessary to control the sine and cosine delay circuits (Sec. 17.8).

The remainder of the synchronizer is like that shown in Fig. 17.14
except for the provision for radar-beacon switching on alternate cycles.
During periods of beacon use, the relay of Fig. 17.14 is to the right,
diverting the modulator pulse from the coder to the scale-of-two multi-
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vibrator of Fig. 17.22. The square waves from the latter control a
switch that alternates between radar and beacon video signals, if the
latter areto be relayed. Apulseformed onthose cycles inwhich radaris
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FIG. 17.22.—Am-to-surface relay system.

transmitted is passed to the coder to serve as an identifying pulse in the
relay channel. When the beacon signals are not desired, the relay of
Fig. 17.14 is reversed and the original pulses go to the coder on evezy
cycle.
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The video switch of Fig. 17.14 alternates the video signals (radar or
radar alternated with beacon) with the coded pulses, and passes the
results to the transmitter (Fig. 17.22), where they ultimately modulate
the grid of the r-f power amplifier. The pulses are additionally used to
modulate the plates of the same tubes; this arrangement provides a much
higher power in the pulses than would otherwise be available. The
transmitter power is approximately 50 watts average, 80 watts peak on
video signals, and 175 watts peak on pulses.

An r-f filter is provided in the antenna lead. The antenna consists
of a vertically polarized dipole mounted on the tail section of the aircraft.

At the receiving station, the energy is received by an antenna con-
sisting of two vertically stacked dipoles and passes through a resonant
cavity of loaded Q equal to 100 on its way to the receiver described in
Sec. 17.12.

The analyzer and scan converter operate as shown in Fig. 17.14,
separating the various signals and providing a simulated scanner motion.
The separation of video signals from pulses is aided by an amplitude
selector which takes advantage of the higher power in the pulses. This is
helpful, especially during the locking-in period. The additional parts
necessary to separate the radar and beacon data are shown in Fig. 17.22.
The cosine pulse is delayed 30 psec to form a trigger available on every
cycle, regardless of whether radar or beacon video signals are being
transmitted. The modulator pulse indicates those cycles on which radar
video is transmitted. A trigger occurring only on the beacon cycles
can be formed by an anticoincidence circuit operated by these two pulses.
The video switch separating the two types of video is controlled by a
flopover which is thrown to the radar position whenever the modulator
pulse occurs, and back to the beacon position by the next cosine pulse.
The switch then passes beacon signals on every cycle in which the modu-
lator pulse does not occur.

This equipment gave reasonably satisfactory results in its final form.
In spite of all the precautions taken, however, the considerable interfer-
ence from radar and communications equipment, together with the
presence of diffraction minima, limited the reliable operating range to
about 30 miles when the interference was severe, and to 50 miles or so
under reasonably favorable conditions. These figures would be some-
what improved by the use of diversity antennas. but in the absence of
tests no figures can be given.

Extensive tests of the 100-Mc/sec frequency-modulated equipment
have been made under less severe interference conditions than those
faced in tests of the 300-Mc/sec equipment. At 100 Me/see, diffraction
minima occur only at short ranges where the signal strength is high, and
they are much less pronounced than those at higher frequencies, as
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indicated by Fig. 17”15. This relative freedom from cliffraction effects,
together with the higher antenna gains, gave the 100-Mc/sec equipment
better performance in the absence of severe interference than that of the
300-Mc/sec system. Under the test conditions, satisfactory results
were achieved at ranges up to 100 miles with the airplane flying at
10,000 ft. However, a great deal of interference exists in this frequency
band in busy locations. The tests did not give adequate opportunity
to observe the effect of thk interference in reducing the maximum range
since the sites used were relatively isolated.

The phase-shifted pulse method of synchronization (Sec. 17.6)
gave results comparable to those of the sine-cosine method with either
type of r-f equipment under reasonably interference-free conditions.
Since it is slightly simpler and has fewer adjustments, it was therefore
somewhat superior under the test conditions. No data are available
on its relative performance in the presence of severe interference,
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Absorbing material, bandwidth of, 71
Absorption, atmospheric, effect of, 112

of microwaves, in oxygen, 59
in water vapor, 59

AFC, 453-457
beacon, 456
radar, 454-456

AI, 200
AI Mark IV, 201
AIA, 203
Air control, high-performance radar for,
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AN/APA-15, 306
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nonscanning, 277–279
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receiving cross section of (nee Cross

section, effective receiving)
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Antenna, rolled parallel-platescanning,
304

Schwartzschild,29$298
of SCI height finder, 298-302
stabilization of (see Stabilization; Sta.

bilizer)
Yagi, 277

Antenna equation, 271-272
Antemafeedj 272–274
Antenna iilterfor radar relay, 720
Antenna mount, 271
Antenna pattern for airborne ground-

mapping, 23
Antenna temperature, 32

Anticlutter circuits, 460
Antijamming, 457–460
AN/TPG-1, 210, 211
AN/TP$lO, 191

antenna mount of, 286
Array, corrugated coaxial line, 303

of pol yrod radiators, 303
A-and-R-scope, 166
ASB, 197
A-scope, 164

design of, 524-528
ASD, 199
ASD-1, 199
ASE, 196
ASG, 199
ASH, 199
Aspect function, 88
ASV Mark II, 196
ATR switch, 7, 407411
ATR tube, 407
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by rain, 61
by water droplets, 60
in waveguide (see Waveguide, attenua.
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Aural detection (see Detection, aural)
Automatic frequency control, 453457

(See .2s. AFC)
Autosyns, 487
Azimuth-pulse removal, 695

B

Back-bias, 459
Back bombardment of magnetron cath-

ode (see Magnetron cathode, back
bombardment of)

Back-of-the-dish system (see System,
back-of-the-dish)

Baltzer, O. J., 80
Bandwidth, i-f amplifier, 444

over-all, of cascaded double-tuned
circuits, 448

of cascaded single-tuned stages, 446
of receiver (see Receiver bandwidth)

Bartelink, E. H. B., 449
Beacon, airborne, 246

azimuth width of reply of, 256
choice of frequency for, 260
fixed ground, 248
with ground radar, 609
interrogation of, 252–260
interrogation coding of, 263–264

frequency, 263
pulse length, 263
multiple pukes, 263
two-frequency interrogation, 264

overinterrogation of, 265
portable, 249
radar, 27, 243–270

general description of, 243–246
use for communication, 244, 264

range performance of, 254
reply coding of, 264

gap coding, 264
range coding, 264
width coding, 264

side-lobe interrogation of, 257
swept-frequency, 262
traffic capacity of, 265–268
unsynchronized replies of, 268

Beacon system, radar, 24&254
Beam shape, choice of, 60@604
Beamwidth of antenna, 20, 271
Bell Telephone Laboratories, 291, 565,

664
Bendix Aviation, 578, 580
Blackmer, L. L,, 221
Blind speeds, choice of, 654

iu MT1, 650
Blocklng oscillator, 502
Boice, W. K., 560
Breit, G., 13
British Technical Mission, 15
Brush, high-altitude, for rotating ma-

chines, 561
B-scope, 171

design of, 52&532



B-scope, electrostatic, 528
magnetic, 528

Button, C. T., 578

c
Cable, coaxial, 397
Carlson, J. F., 65
Cathode follower, 494
Cathode-ray tube, 47S486

deflection coil of, 477
display projection of, 219
electrostatic deflection of, 476
electrostatic focusing of, 476
magnetic deflection of, 477
magnetic focusing of, 476
types of, 483

Cathode-ray tube screens, 479-483
cascade, 480
dark trace, 483
long-persistence, 480
supernormal buildup in, 482

Cathode-ray tube swe~ps, delayed, 522
Cavities, resonant, 405-407
CH (see Home Chain)
Chaff, 82
Chain, Home (see Home Chain, British)
Channel, signal, 434
Chart projector, 215
Chokes, 397
Chu, L, J,, 64

Circuit efficiency, of magnetron, 345
Cities, radar signals from, 101
Clamps, 503-508

switched, 505–508
Close control, 232–240
Clutter, 124–126

rain, 81
Clutter fluctuation, internal, 642–644

measured values of, 643
when radar is moving, 657

Clutter-noise, 651
CMH, 188
Coaxial-type mixer, 417
Coder, triple-pulse, 686
Coding (see Beacon, interrogation coding

of)
effectiveness of, 688
of pulses, 686

Coherence, ways of producing, between
echo signals and reference signal,
635-638

739INDEX

Coherent oscillator, 632
effect of detnning, 640
for MTI, 662-665

circuit design of, 663
Combined plan and height systems, 192
Complex targets, 73, 7$81
Component, r-f (see R-f components)
Compound targets, 73, 81
Computers, dead-reckoning, 215
Conical scan (se. Scan, conical)
Connectors coaxial-line, 396

type N, 397
Contrast of PPI display (see PPI dis-

plays, contrast of)
Control (see Speed; Voltage; etc.)
Controllers, 235
Corner reflector, 67
Cosecant-squared antenna (see Antenna,

cosecant-squared)
Counter, V. A., 80
Coupling, for coaxial line (see. Line,

‘coa;ial, coupling for)
waveguide (see Waveguide, choke

couplingfor)
Coverage,high, 50

low, 50
Coveragediagram,54
Crestfactor, 557
Crosssection,of aircraft,76

experimental,78
cornerreflector,67
cylinder,66
effectivereceiving,20
flat sheet,65
propellermodulationof, 76
radar,21, 63
scattering,,21

from sphere,64
segmentof sphere,66
of ships, 80

CRT (seeCathode-raytube)
Crystal,converter-type,specificationsof,

414
for mixer,412-414
noisetemperatureof, 413

C-scope, 173
Cut paraboloid,272
C-w radarsystems

(Seealso Radar system,c-w)
CXAM, 180
Cylindricalreflector,276
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D

Dark-trace screens, 483
Dark-trace tube, 22o
Data stabilization, 311–312
Data tramsmiesion, 283

potentiometers for, 487
variable condensers for, 489
variable transformers for, 487

autosyns, 487
resolvers, 487
selsyns, 487
synchros, 487

Data transmitter, angle, 48&492
D-creetorer, 503
Deck-tilt error (see Error, deck-tilt)
Decoder, triple-pulse, 687
Delay line, characteristic impedance of,

671
folded mercury, 668
fused quartz, 669
laboratory type of, 633
liquid, 667-669
mercury, design constants for, 670
supersonic, 667–672

Delay-line attenuation, 670
Delay-line circuits, 634
Delay-line driving circuits, 672
Delay-line end cells, 669
Delay-line signal circuits, 672-675
Delay-line trigger circuits, 67$677

degenerative, 675
regenerative, 676

Delay tank, liquid, 669
Detection, aural, 134
Detector, balanced, for MTI, 666

second, 449
Dicke, R. H.,32
Diffraction cr08s8ecti0n, 69
DMraction phenomena at medium wave-

length, 715
Diode, biased, 504

charging, 383
Diode limiters, 504
Display, double-dot, 174

one-dimensional, 164–167
three-dimensional, 174175
two-dimensional, 167–174
pip-matching, 167
sector, 168

(See abo Indicator)

Doppler effect, 125, 629
Doppler frequency, 128
Doppler system, bandwidth of, 135

pulsed, 630
pulse-modulated, 150-157
range-measuring, 139-143
simple, 132–139

Double-dot display (see Display, double-
dot)

Double-tuned circuit, 446
DuBridge, L. A., 16
Duct, 56-58
Dueppel, 82
Duplexing, 407411
Dynamotors, 57%581

booster armature voltage regulation of,
560

dual-output, 579
triple-output, 579

E

Eagle (see AN/APQ-7 scanner)
Eccles, W. H., 497
lIkcles-Jordan circuit, 497
Echo, from rain, 81

fluctuations of, 83
reduction of, 84

second time around, 117
from storm, 81

Eclipse, 559, 574
Effective height, of ship target, 80
Eicor Inc., 579
Eighth-power region, 51
Electromagnetic energy storage, 356
Electronic efficiency, of magnetron, 345
Electronic switches, 503–510
Electrostatic deflection of beam of CRT

(see Cathode-ray tube, electrostatic
deflection of)

Electrostatic energy storage, 356
Electrostatic focusing of CRT (see

Cathode-ray tube, electrostatic fo-
cusing of)

Elsey, Howard M., 561
Emslie, A. G., 640, 645
Error, deck-tilt, 309

in aircraft, 311
E-scope, 173
Evans Signal Laboratory, 17
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F

Fairbank, W. M.,80
Fan beam, 22,274-277
Fact time constant circuit, 458
Feedback amplifiers (see Amplifiers, nega-

tive feedback)
Feedback chains, 449
Feedback paire, 449
Fergueon, A. J., 449
Fighter Control Center, 22%231
Fittings, type-N (see Connectors, type N)
555th Signal Air Warning Battalion, 229
Fletcher, R., 353
Flip-flop, 497
Flopover, 497, 49S499
Form factor, 557
Forward Director Posts, 229-240
Frequency modulation (see Modulation,

frequency)
F-m range measurement, multiple target,

147–149
F-m range-measuring eystem, 143-147
FTC (ace Fast time constant circuit)

G

Gain, of antenna, 19
8torage, 44

Gain-bandwidth product, singl~tuned

stage, 446
double-tuned stage, 447

Gain control, instantaneous automatic,
459

GCA, 211
Gear boxee, aircraft, dual-outlet, 560
General Electric Comuanv. 559, 565.570.

571, 573, 574 - “ ‘ ‘ ‘
General Radio Company, 664
Generator, aircraft, dual-purpose, 56o

400-cps, permanent-magnet-field, 585
single stroke, 496

Glaee, S. W., 561
Gordy, W. O., 80
Goudemit, S. A., 65
GPI, 216

Gray, Marion C., 65
Ground control of approach (eee GCA)
Ground-position indicator (see GPI)
Ground return, 92-96, 154
Guerlac, H. E., 13

H

Half-wave line (eee Line, half-wave)
Hard-tube pulser (eee Puleer)
Heat removal from r-f head (nee R-f

head, heat removal from)
Height, effective, 52
Height-finding, 1%196

by elevation ecarming, 189
by null readings, 184
by searchlighting, 187
by signal comparison, 185

Height-6nding system, combined with
plan system, 192

Height indicator, V-beam, 547
Height indices, 518-524
Height markers, movable, 520
Hertz, Heinrich, 13
Holtzer-Cabot Electric Company, 574,

575, 576, 577, 578
Home Chain, British (CH), 17$186

organization of, 226-228
Homing, 196-203

on aircraft, 200
on surface target, 196

Hubbard, M. M., 56o
Hudspeth, E. L., 80
Hulsmeyer, 13

1

IAGC (see Gain control, instantaneous
automatic)

Identification systems, (s.. IFF)
I-f amplifier (see Amplifier, i-f)
IFF, 251
Impedance, characteristic, 391

of delay lines, 671
internal, of pulser, 366
normalized, of wavegnide, 401

Indication, true-bearing, 311
Indicator, clsseification of, 164

ground position (see GPI)
plan-position (see Plan-position indi-

cator & PPI)
radar, 161–175
radial time base, 174
range-height (nee Rang~height indi-

cator)
spot error, 175

(See a.ko Display)
Indices, 163
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Indices, ofrange andangle,513-524
Inductance, nonlinear, as switch, 381
Inductance charging, 382
Integration, of radar information, 38-47
Interference absorber, 69
Interference lobes, 50
Intermediate frequency, choice of, 444

Intermediate-frequency amplifier (see
Amplifier, i-f)

Interrogator-responsor, 253

J

Jacobsen Manufacturing Company, 585
Jordan, F. W., 497
Josephson, V., 77
J-scope, 166
Judson Manufacturing Company, 585

K

Katzin, M.,80
Keep-alive electrode, 410
Keneipp, H. E.,56o
Klystron, reflex, 414
Kock, W. E.,85
K-scope, 167

L

Lawson, J. L., 33
Lebenbaum, Paul, Jr., 561
Lee regulator, 574
Leland Electric Company, 570, 573, 574
Levoy, L. G., Jr., 56o
LHTR, 208
Lighthouse tube, 207
Limiting of video output signal level, 452
Line, coaxird, 393-398

coupling for, 396
rotary joint for, 396
to waveguide, transition between,

403
half-wave, 392
long, effect of, 393
matched, 393

quarter-wave, 392
stub-supported, 395

Line-type pulser, (see Pulser)

Linford, L. B., 77
Loaded Q, 406

Lobe-switching, 203
Lobes, side, 272
Local oscillator, 8, 414416

MTI, design of, 65%662
stability of, 638-640

Local-oscillator stabilities, typical, 661
Lockover, 497
L-scope, 167

M

Magnetic focusing of CRT (see Cathode-
ray tube, magnetic focusing of)

Magnetron, 7, 32G355
construction of, 32 1–325
electron orbits in, 33o
frequency pulling of, 349
frequency stabilization of, 351
inductive tuning of, 347
input impedance of, 346
modes of operation for, 328
for MTI, stability of, 640
output coupling of, 329
performance chart for, 336
pulling figure of, 349
pulse-length limitations on, 346
pulse power of, 341
resonant system of, 325
rising sun, 330
space-charge distribution in, 335
strapped, 330
tunable, C-ring, 347
tuning of, 347
wavelength scaling of, 341

Magnetron cathode, back bombardment
of, 344

Magnetron efficiency, 345
Magnetron instabilities, 353

sparking, 353
mode-changing, 353

Marconi, G., 13
Markers (see Range, Timing, Angle,

Height markers)
Massachusetts Institute of Technology,

16
Mattress antennas, 274
Micro-B, 171
Micro-B display, 531
Microwave Committee, 15
Microwave propagation (see Propaga-

tion of microwaves)
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Microwave, reason for use of, 10
attenuation of (see Attenuation of

microwaves)

Mixer, 8
coaxial-type, 417
crystal for (eee Crystal, for mixer)
microwave, 416-418

Modulation, amplitude, 129, 139
frequency, 130
pulse, 130
from scanning, 136

Modulator, MTI requirements on, 641
(See al-w Pulser)

Morse, P. M., 65
Motor-alternator sets, aircraft, 561–563

speed regulators for, 57 1–578
starting current of, 561–563

Motor-alternator sets, speed control of,
574

Mount, antenna (see Antenna mount)
three-axis, 309

Mountain relief, 96-99
Moving-target indication (see MTI)

MTI, 626-679
basic principles of, 62fk632
blind speeds in, 650
magnetron for, stability of, 640
on moving system, 655–658
noncoherent method of, 656
phase-shift unit for, 655

design of, 663

special test equipment for, 677–679
target visibility in, 649-653
trigger generator for, 634

MTI cancellation equipment, stability
requirements on, 641

MTI component design, 65*679
MTI component requirements, summary

of, 642

MTI components (see particular com-
ponent)

MTI local oscillator, stability of, 63%640
MTI locking pulse, requirements on, 662
MTI operating tests, 677
MTI oscillator stability, testing, 677
MTI receiver characteristics (see Re-

ceiver, MTI, characteristics of)
MTI requirements on modulator, 641
MTI system, practical, 632-635
MTI system constants, choice of, 638-655

MTI targetsin clutter,visibility of, 651-
653

MTI transmitter,658
Multivibrator,497-500

cathode-coupled,499
tip-flOp,498
single-stroke,498

Myers, TV.L., 283

N

National Defense Research Committee
(seeNDRC)

Naval ResearchLaboratory, 14
Navigation, lightweight airborne radar

systemfor, 611–625
radar (seeRadar navigation)

NDRC, 15
Division 17, 216

Neild, W. G., 569
Network,pulse-forming,375
Newtonregulator,566-570
IX TAC, 229
Noise, 2847
Noise figure,over-all receiver,32, 441
Noise fluctuations,3.%10
Noise power,available,30
Noise temperature,of crystal (seeCrys-

tal, noisetemperatureof)
Nonscanningantennaa,277–279
Nyquist, H., 30

0

Oboe systcm, 24W247
Odographs, 216
C)lson, V. A., 655, 665
Optical superposition, of indicator scales,

218
Oscillator, local (see Local oscillator)

phase locking of, 632

P

Paraboloid antennas, 272-274
Peaking, series, 452

shunt, 451
Pedestal, 271
Performance chart, for magnetron (see

Magnetron, performance chart for)
Phantastron, 500
Phase locking of oscillators, 632
r-mode, 326
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Pillbox, 276
Pip-matching, 203
Plan-position indicator, 6, 167

(See ah. PPI)
Plotting board, 180°, 238

verticrd, 235
x-Y, 240

Polyrod, 278
Polyrod radiators, array of, 303
Pound, R. V., 717, 724
Power, for mobile radar, 585

prime, supplies for radar, 555-587
for radar, in aircraft, 555-583

frequency of, 555
recommendations for, 582

at tied locations, 583
for large systems, locally generated,

584
for shipborne systems, 586

Power frequencies, in aircraft, standard,

556
Power supply, 3-phase a-c radar, 559

for ultraportable equipment, 585
vibrator, 581

PPI, 167
delayed, 169
deeign of, 532-545
off-center, 168
open-center, 169
pm-time-base resolution for, 544
resolved-current, 538-545
reached time bsse, 534–538
rotating-coil, 534
stretched, 170
threAone, 553
using automatic transmitter triggering,

540
PPI displays, contraat of, 54*554

resolution of, 548-554
Pre-plumbing, 408
Prwwrization, of r-f lines, 283, 420
PRF, choice of, 598

Prime movers, small, 586
Prime power supplies for radar (see

Power, prime, supplies for radar)
projector, chart, 215
Propagation, free-space, 18

of microwaves, over reflecting surface,
47-53

(sss ah. Microwave propagation)
PSWR (see Standing-wave ratio, power)

Pulse, phaae-shifted, 697
sharp, generation of, 501-503

pulse cable, 386
pulse length, choice of, 596-598
pulse modulation (see Modulation, polae)
pulse packet, 122
pulse power (see Magnetron, pulse power

of)
P@e-forming network (see Network,

pulseforming)
Pulse-modulated doppler system, 150-157
Pulee-to-pulse cancellation, 631
Pulse recurrence frequency (see PRF)
Pulee transformers, 38L-386
Puk3er, 353-390

basic circuit, 356-36o
driver circuit, 371
energy sources of, 387
hard-tube, 367-373
hard-tube and linetype, comparison

of, 3W363
line-type, 358, 374-383

a-c charging of, 383
recharging circuit of, 382
switches for, 377–381

overload protection of, 364
Pulser switch, 357

for line-type pulsers, 377–381
nonlinear inductance as, 381

Pulser switch tubes, high-vacuum, 368

Q

Q, of cavity, 406
Quarter-wave line (see Line, quarter-

wave)
Quarter-wave plate, 84

R

Racons, 246
Radar, 419

comparison of, with eye, 1
C-W, 127–159

comparison with pulse radar, 123

ground, use of beacons with, 609
history of, 13
limitations of, 116-126
prime power supplies for (see Power,

prime, supplies for radar)
principle of, 3-6
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Radar, pulse,3
range performance of, 8-10
word, 3

Radar beacon (see Beacon, radar)
Radar components, 6-8
Radar coverage, effects of surface reflec-

tion on, 603
Radar cross section, 21, 63
Radar equation, 21-27
Radar horizon, 53
Radar in~cator, 161-175

(See do Indicator)
Radar landmarks, 113
Radar navigation, 108-115
Radar performance figure, 5W
Radar performance surveys, 592
Radar relay, 225, 680-735

AM vs. FM for, 717–719
antenna for, 713–719
antenna filter for, 720
frequencies ueed for, 716
100 Me/see, equipment, 721–723
300 Me/see, equipment, 719-721
uses of, 680

(See af.so Relaying)
Radar relay analyzer, 682
Radm relay interference, combating, 685
Radar relay receiver design, 717
Radar relay r-f equipment, 682, 713-719
Radar relay scan converter, 682
Radar relay synchronizer, 681
Radar relay system, for airborne radar,

732-735
ground-to-ground, 72&732
maximum range of, 724
microwave, 723-726
simple, 681

Radar relay terminal equipment, 682
Radar relay transmitter design, 717
Radar scanning patterns (see Scanning

patterns, radar)
Radar system, 12

airborne, lightweight, for navigation,
611-625

c-w, 12i-159
comparison with pulse radar, 123
summary of, 157-159

high-performance, for air surveillance
and control, 592–61 1

testing, 590
versatility of, 588

Radial time baae indicator (see Indicator,
radiaf time baae)

Radiation Laboratory, 16
Radio Corporation of America, 24o
Radomes, 314

airborne, drag of, 315
electrical transmission of, 316
examples of, 317–319
sandwich construction of, 316
structural design of, 316

RAF Fighter Command, 226
Rain echo (see Echo, from rain, 81)
Ramandanoff,D., 561
Rangeequation,595
Range-heightindicator (RHI), 172,545-

547
Rangeindices,518-524
Rangemarkers,movable, 518
Rangescopes, 165-167
Rangesweep,162
Rapid photographicprojection, 221
Ratio, standing-wave(seeStanding-wav~

ratio)
Rayleighscattering,63
Receiver,definitionof, 435

general-purpose,462464
input circuitsof, 442
lightweightairborne,46447o
logarithmic,’553
MTI, adjustmentof limit level in, 649

characteristicsof, 64&649
comparisonof types of, 648
limiting,647, 665
lin-log,647, 665

over-allnoise figureof, 32, 441
radar,433-474
typical, 46M74
‘wideband, 470474

Receiver bandwidth, 33
Receiver design, MTI, 665
Receiving system, typical, 435-441
Rectangular waveforms, generation of,

491X501
Reflection, diffuse, 89-92

specular, 89-92
Reflection coefficient, 49
Refraction, 53
Regulator (see Voltage, Speed, etc.)
Relaxation oscillator, free-running, 496
Relay radar (see Radar relay)
Relaying, of scanner data, 683
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Relaying, of sine and cosine, general
methods of, 701–71 1

Repeater, electromechanical, 49W-492
syncbro-driven, 490

Resistance, back, of crystal, 413
spreading, of crystal, 413

Resolution of PPI display (see PPI dis-
plays, resolution of)

Resolvers, 487
Resonance charging, 382
Resonant cavities (see Cavities, resonant)
Responder beacons, 246
R-f components, 391-432
R-f head, 419432

examples of, 425-432
heat removal from, 421
test points in, 424

&f switch, 295
R-f unit, 420
Eleke, F. F., 353
Rieke diagram, 339
Rising sun magnetron (see Magnetron,

rieiig sun)
Roberts, S., 662, 678
Robertson, L. M., 561
Robertson, R. M., 291, 295
Robinson, C. V., 298
Rotary joint, for coaxial line (see Line,

coaxial, rotary joint for)
for waveguide (see Waveguide rotary

joint)
Rotary spark gap, 381
R-scope, 165
Rubenstein, P. J., 64
Ryde, D., 62
Ryde, J. W., 62

s

Sawtooth generators, 51&514
Scale factor, 162
Scale markers, 163
Scale-of-two, 497, 499
Scan, complex, 281

circular, 281
conical, 188, 205, 281
helical, 281
horizon, 281
Palmer, 282
sector, 199, 281
simple, 280

Scan, spiral, 281
Scanner, 271

airborne, installation of, 312
electrical, 29 1–304
of long-range ground radar, 287
mechanical, 282-291
stabilization of (see Stabilization; Sta-

bilizer)
surface-based, installation of, 313
weight of, 283

Scanning, conical (see Conical scan)
signal fluctuations due to, 644646

Scanning loss, 43
scanning modulation (see Modulation,

from scanning)
seaming patterns, radar, 280-282
scanning rate, 116-121

azimuth, choice of, 599
Schwarzschild antenna, 295-298
SCI height finder, 29~302
SCR-268, 203
SCR-270, 181
SCR-271, 181
SCR-521, 196
SCFL527, 186
SCR-540, 201
SCR-534, 207-210

close controI with, 238
scanner, 284-286

SCR-588, 186
SCR-615, 188
SCR627, 186
SCR702, 202
SCR-717, 199
SCR-720, 201
screens, cathode-ray tube (see Cathode-

ray tube screens)
sea return, 92-96
Second-time-around echo, 117
Sector control, 230
Sector display (see Display, sector)
Sector scan (see Scan, sector)
Self-synchronous system, 438
Selsyns, 487
sensitivity-time-control circuit, .460
Sequencing circuits, 710
Series gap switch, 377
&?ries peakhg (see Peaking, series)
servomechanisms, 49 I
Shunt peaking (see Peakiag, shunt)
Side lobes, 272
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Signal, interference of, 73
minimum detectable, 2S47
minimum discernible, 34

Signal Corps Laboratories, 14
Signrd fluctuations due to scanning, &&&

646
Signal loss caused by MTI, 651
Single-tuned circuit, 445
Skiatron, 220, 483
Skin depth, 406
Slug-tuned coil, 442
SM, 188
Spark gap, rotary, 381
Specular cross section, 69
Speed control, of motor-alternator sets,

574
motor-, electronic, 578
of motor, by voltage generator, 574
tuned-circuit, for motors, 577

Speed governor, carbon-pile, 578
Speed regulator, for aircraft motor-alter-

nators, 571–578
motor-, Lee, 574

Spencer, R. C., 68
Stabilization, 304–312

airborne antenna, 30$308
frequency, of various components (see

varioue components)
ehipborne antenna, 30%312

Stabilizer, airborne, errors in, 308
line-of-sight, 30&308
roll, 306
shipborne, accuracy of, 311
stable-base, 306

Stagger damping, 449
Stagger-tuned circuits, 448
Standing waves, 391
Standing-wave ratio, power, 392

voltage, 392
Storage gain (see Gain, storage)
Storage tube, as delay device, 631
Storm echo (see Echo, from storm)
Straight line charging, 383
Strapped magnetron (see Magnetron,

strapped)
Stratton, J. A., 64
Straus, H. A., 295
Structures, radar signals from, 99
Stub support, broadband, 395
Subcarrier, phase-shifted, 695
Subcarner method, 684

Superposition, optical, of indicator scales,
218

Superrefraction, 55
Switch (see ATR, Rf, TR, etc.)

pulser (see Pulser switch)
Switch tubes, high-vacuum, for prdsers,

368
Synchronization, 51g524

incremental angle, method of, 689–695
jittered-pulse system of, 693
phase-shift method of, 69$701

Synchronization methods for radar relay,
comparison of, 71 1–713

Synchronizer, radar relay, 681
Synchros, 487
Synchroscope, 164
System, back-of-the-dish, 419

radar (see Radar system)

T

Targets, complex, 73, 7$81
compound, 73, 81
extended surface, 85

Teleran, 240
Temperature, noise, of crystal (see Crys-

tal, noise temperature of)
Test equipment for MTI, special, 677–

679
Thyratron, hydrogen, 379
Time base, 162
Time-sharing method, 684
Timing markers, discrete, 52&522
TR switch, 7, 407411, 420
TR tube, 407

prepulsing of, 607
Tracking, automatic angle, 207-210

regenerative, of pulses, 707
Tracking circuit, locking in of, 710
Transducers, electromechanical, 667
Transformer, jog, 295

(see also type of transformer)
Transmission, c-w, of sine and cosine,

703-711
data (see Data transmission)
pulse, of sine and cosine, 704

Transmit-receive switch (see TR switch)
Tranemit-receive unit, 420
Transmitter, data (see Data transmitter)
Transponders, 246
Trapping, 56-58
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“1’rigatron, 379
Iligger generator for IMTI, 634
Tube (see Cathode-ray tubes; Klystrons;

etc. )

hve, M. A., 13

u

Unloaded Q, 406
U.S. TacticalAir Commands, 22%240

v

Van Vleck, J. H., 59, 60
Variable Elevation Beam (VEB), 189
VEB (see Variable Elevation Beam)
V-beam (see Height indicator, V-beam)
V-beam radar, 193–196
Veinott, C. G.,560
Vibrator power supplies (see Power

supply)

Video, output limiting of (8ee Limiting of
video output signal level)

Video amplifier (see Amplifier, video)
Video mapping, 223
Video mixing, 45
Visibility, of MTI targets, in clutter,

651-653
subclutter, 653
measurement of, 679
of target, in clear, 64%651

in MTI, 64%653
Voltage regulation, booster armature, of

dynamotors, 58o
Voltage regulator, for aircraft alternators,

563-566
carbon-pile, 56G570

Voltage regulator, carbon-pile, adjust-
ment of, 567

shock-mounting of, 568
control of motor speed by, 574
finger-type, 570
meebanical, 56&571

VSWR (seeStanding-waveratio,voltage)

w

Wrdlman, H., 448, 449
Watson-Watt, Sir Robert, 14, 176
Wave shape of airborne alternators, 557
Waveform (8ee type of)
Waveguide, 398-405

attenuation in, 405
bends in, 402
choke coupling for, 401
to coaxial line, transition between, 403
cutoff frequency in, 400
modes in, 400
power-handling ability of, 404
of variable width, 291
wavelength in, 400

Waveguide rotary joint, 403
Wavelength, choice of, 604

in waveguide, 400
Waves., standing (we Standing waves)
Weinstock, Robert, 64
Williams, D., 77
Wincharger Corporation, 574, 576
Window, 81
Woodcock, W., 77

Y

Yagi antenna (see Antenna, Yagi)
Yaw 8tabihzation, 311








