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CHAPTER 23
EXTERNALLY TUNED MAGNETRON OSCILLATORS
By H. J. Reicu

In the types of magnetron oscillators that have been discussed in
Chaps. 20, 21, and 22, the tank circuit forms an integral part of the
tube. Tuning over wide frequency ranges is therefore inherently difficult.
Wide tuning range may be achieved by the use of an external tank circuit
in conjunction with a split-anode magnetron tube. Oscillators of this
type will be discussed in the present chapter.

23-1. Externally Tuned Magnetron Oscillator Circuits.-——In its
simplest form the split-anode magnetron consists of a straight-wire

Anode Line )
End Plate

N
~ Anode \‘ CTube Envelope
: - node Lead
Filamentary
Cathode Filament Lead
2 2 |s
Fia. 23-1.—Basic circuit of Fia. 23-2.—Method of mounting split-
parallel-line magnetron oscil- anode magnetron in magnetic field.

lator.

cathode surrounded by a coaxial cylindrical electrode, which is split
longitudinally to form two semicylindrical anodes. The tank circuit,
which is usually a parallel-line resonator one or more quarter wavelengths
long, is connected to the anodes, as shown in Fig. 23-1. The tube is
mounted between the pole pieces of a magnet, in such a manner that the
anode-cathode region is in a magnetic field that is parallel to the axis and
of essentially uniform density, as illustrated in Fig. 23-2. Direct voltage
is applied between the cathode and the anodes.

Electronically, the behavior of the split-anode magnetrons discussed
in this chapter appears to be in most respects similar to that of multi-
cavity magnetrons (see Sec. 20-5). Except at frequencies considerably
lower than those at which the tubes are normally operated, it does not
seem to depend upon static negative resistance,' nor is it apparently

1 BRaINERD ef al., ‘Ultra-high-frequency Techniques,” 8ec. 10-11, D. Van
Nostrand Company, Inc., New York, 1942.
566
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related to the radial transit time of electrons in the cathode-anode
space.!

The tank circuit of an externally tuned magnetron oscillator may
consist of either a lumped-constant parallel LC circuit shunted between
the anodes, or a parallel-line resonator. In practice, however, the
lumped-constant oscillator usually tends to oscillate at a frequency much
higher than that of the LC circuit. The reason for this phenomenon is
that lumped capacitance serves as an effective short circuit at frequencies

considerably higher than the re-

Voltag el\ sonant frequency of the lumped-
constant tank. In conjunction

with the anode leads, therefore,
103 1O ‘ it provides a quarter-wave paral-
(a) (b) lel-line resonator that may act

Fia. 23-3.—Voltage distribution in paral- as an alternative tank -circuit.

lel-line oscillator in the A/4 and 3A/4 medes w0l type of oscillation takes

place depends upon the relative
values of loaded @ of the two tank circuits. The remainder of this
chapter will be devoted to parallel-line oscillators.

Oscillations in parallel-line oscillators may take place at any resonant
frequency of the resonator, provided that the electrodes are at or near a
voltage antinode of the resonator. In Fig. 23-1, the anode segments are
connected to the open end of a parallel-wire line short-circuited at the
other end. When unloaded, this circuit normally oscillates at the
fundamental resonant frequency of the line. At this frequency of
oscillation the anodes are at a voltage antinode, and there is a single
voltage node, which is at the short-circuited end of the line. Because
the length of the line is approximately 14 wavelength, this mode of oscil-
lation is called the /4 mode. The voltage distribution in the /4 mode
of oscillation is shown in Fig. 23-3a. The next higher mode of oscillation
is one for which the electrical length of the line is 34 wavelength and there
is a second voltage node between the anodes and the short-circuited end
of the line, as shown in Fig. 23-3b. In general, oscillation is possible at
any frequency for which the electrical length of the line is (2n — 1)N\/4,
where n is any integer and \ is the line wavelength corresponding to the
frequency. Because the lumped capacitance of the anodes is across the
open end of the line, the physical length of the line is somewhat less than
(2n — 1)M\/4. Factors that determine the mode in which oscillation
takes place will be discussed in Sec. 23-7.

The circuit of Fig. 23-1 is ordinarily tuned by means of an adjust-
able short-circuiting bar, which may be moved along the line. The
highest frequency of oscillation is obtained when the short-circuiting

1 BRAINERD et al., op. cit., Sec. 10-12.
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bar is adjacent to the tube envelope. Design considerations limit the
extent to which the length o the anode leads with n the tube may be
reduced, and in tubes designed to deliver an output of 150 watts or more,
the maximum frequency obtainable in the \/4 mode with the circuit of
Fig. 23-1 is of the order of 400 Mec.

Higher frequency may be obtained by using within the tube envelope
an additional short-circuiting loop, called a back-loop, as shown in Fig.
23-4. The higher frequency results both because of the shorter length of
line and because the interelectrode capacitance is in effect divided between
the two halves of the line. Asin the Movable

circuit of Fig. 23-1, tuning is accom-  gack-/00p short-circurting bar,
plished by means of a movable short- \( - L/
circuiting bridge on the external 9

portion of the line. Oscillation may \ Line
occur at any frequency for which the  Fie. 28-4.—TDouble-ended parallel-line
electrical length of the line is nA/2, oscillator.

where 7 is an integer and A is the wave-length. The anodes should, how-
ever, preferably be at or near a voltage antinode. An unloaded, or lightly
loaded, symmetrical circuit normally oscillates in the A/2 mode.

23-2. Types of Tube.—Figure 23-5a shows the structure of a single-
ended magnetron designed for use in the single-ended circuit of Fig.
23-1. The anodes of this tube are cooled by water fed through the lines,
as shown in Fig. 23-7. In order to afford circulation, the water is brought
in through a small tube inside each line and flows out through the line.

The highest frequency at which useful output may be obtained with
the 5J30 tube shown in Fig. 23-5a is approximately 385 Mc. The lowest
usable frequency of oscillation is determined by tube failure resulting
from electron bombardment of the glass in the vicinity of the anode
seals. Electrons that escape from the interaction space through the
anode gaps spiral around the anode leads, moving toward the seals. The
direction of motion is, however, reversed between half cycles. At high
frequency the length of a half period is insufficient to enable electrons to
escape from the interaction space and reach the seals. Asthe frequency is
reduced, a value is reached at which sufficient bombardment of the glass
occurs to result in strains in the glass and rapid failure. Tube failure
from this cause has been eliminated in recent tube models by the use of
improved shielding baffles at the gaps between the anode segments and
of electrically floating shields on the anode leads near the seals (see Fig.
23-5a).

Aside from tube failure resulting from electron bombardment of the
glass, the lower frequency limit of oscillation appears to be determined
by the length of line that can be conveniently used. The physical length
of the line at a given frequency can be reduced by the use of lumped
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capacitance across the line at the anode terminals, but such capacitance
is likely to result in operation in a higher mode, since the capacitance
provides a low-impedance shunt across the line and thus tends to produce
a voltage node at that point. The amount of capacitance that can be
used is therefore limited.

Figure 23-5b shows the structure of the 5J29, a tube with an internal
back-loop designed for the circuit of Fig. 23-4. Cooling of such a tube is
simplified by the fact that the back-loop makes it possible to carry water
in through one line and out through the other. The maximum frequency
of oscillation of the 5J29 tube is approximately 800 Me, although power
cannot be coupled out efficiently above ahout 770 Mec.

5J30 5J29 5J32 ZP676
/AR 5
Nevtra/
Anode
(@) (6) () )

F1a. 23-5.—Typical glass split-anode magnetrons.

In order that a high upper frequency limit may be attained, the back-
loop must be made short. It is evident, therefore, that only when the
movable external short-circuiting bar is near the anode terminals of the
tube will the anodes be near the mid-point of the line. As the frequency
is reduced by lengthening the external line, the position of the anodes
departs more and more from that of the voltage antinode. Finally, a
position is reached for which the anodes are in a more favorable position
in the N mode than in the A\/2 mode of oscillation. Operation therefore
jumps abruptly to the N mode, with a corresponding increase of fre-
quency. Further lengthening of the line again causes reduction of fre-
quency until conditions are more favorable to the 3\/2 mode than to the
N mode. The frequency then again jumps to approximately the same
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value as in the preceding jump. It is apparent that this phenomenon
limits the frequency range at the low-frequency end.

Mode jumping of the type just discussed can be prevented by the use
of the double-ended tube shown in Fig. 23-5¢. With this tube both
sections of the line may be adjusted in length and the anodes thus kept
near the voltage antinode at the center of the line. This tube may also
be used in a single-ended line. In single-ended-line operation, a capacitor
may be shunted across the ‘“back” terminals (those to which the line is
not connected). Lower frequencies may thus he obtained without the
tendency toward mode jumping that is observed when the capacitor is
connected between the line terminals of the anodes.

Another type of tube is the meutral-anode tube or neutrode illust-
rated in Figs. 23-5d and 20-2. In this tube the anode is divided
into three segments, one of which connects to the mid-point of the internal
loop. The latter segment covers 180 deg or more of the total anode cir-
cumference, and each of the others covers 90 deg or less. Since the
mid-point of the loop is a voltage node, the r-f potential of the large anode
is neutral relative to the other two. The electronic behavior of the tube
resembles that of a multicavity magnetron even more closely than does
the two-anode type. Operation appears to be more stable, and a higher
frequency limit is obtained than in the two-anode type. The neutrode
is, however, more adversely affected by unbalanced loading (see Sec. 23-6),
since unbalanced loading displaces the voltage node from the mid-point of
the internal loop.

23-3. Performance.—OQutputs in excess of 1 kw at efficiencies rang-
ing up to 70 per cent have been obtained with tubes of the type shown in
Fig. 23-5 and tubes of similar struc- 35,

ture. A production model of a trans- £ 2 1100 N §
mitter using interchangeable 5J29 3 900 Sower Output 1| &
and 5J30 tubes to cover the fre- ¥ . 70°;:
quency range from 150 to 585 Mc 3 o, N 50§
gives a power output in excess of 180 § 5, | “Efticiency] | 30%
watts in the range from 150 to 700 & |, i
Mec. The output falls approximately 120 140 160 180 200 220 240 260280

N Frequency,Mc
linearly to 50 watts as the frequency Fro. 23_6._0‘?"“ of power output

is increased from 700 Mc to 785 Mc. and efficiency of a ZP599 magnetron used
Figure 23-6 shows curves of power in a single-dial parallel-line oscillator.
output and efficiency of an oscillator using a ZP599 tube. Operating data
for 10 types of split-anode magnetrons are listed in Table 23-1.

In order to prevent undesirable radiation from the tube and the lines,
the system must be shielded. A satisfactory type of shielded oscillator
is shown in Fig. 23-7.

Typical curves of direct anode voltage as a function of direct anode
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current at fixed filament current and wavelength at three values of mag-
netic flux are shown in Fig. 23-8a. Throughout the ranges in which the
curves are dotted, the oscillation is unstable (see Sec. 23-10). Figure
23-8b shows the manner in which the form of the current-voltage curves
is affected by filament current. Reduction of frequency affects the form
of the anode current-voltage curves at low values of anode current in a
similar manner to reduction of filament current. The small slope of the
current-voltage curves at low filament current is in part the result of
back-heating, which is the heating of the cathode by electrons that return
to the cathode with increased kinetic energy.

F1a. 23-7.—S8tructure of a practical parallel-line split-anode magnetron oscillator.

As the anode voltage is increased from a low value, very little anode
current flows until the voltage reaches the value corresponding to the
voltage intercept of the anode current-voltage curve. Because of the
reduction of voltage with increase of current at low values of anode cur-
rent, particularly at low frequency, the current then jumps abruptly to
a higher value, which depends upon the resistance of the power supply
and the shape of the current-voltage curve. If the dotted portion of the
curve covers a considerable range of anode voltage, if the slope of the curve
at higher currents is low, and if the impedance of the power supply is small,
the anode current may jump to such a high value as to result in damage to
the tube. For this reason it is usually necessary to provide some means
of limiting the anode current.
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The anode current may be stabilized by (1) the use of an anode power
supply having high internal resistance; (2) the use of a constant-current
network in the a-c¢ line of the power supply; (3) the use of a constant-
direct-current device, such as a pentode, in series with theanode power
supply; (4) the use of the direct anode current to excite the electromagnet
that supplies the magnetic flux; and (5) the automatic reduction of
filament current with increase of anode current. In the fourth method
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Fi1e. 23-8.—Anode current-voltage curves of a 56J30 magnetron at a frequency of 2560 Mc:

(a) at a filament current of 34 amp and (b) at a flux density of 1540 gauss.
the effect of making the magnetic flux proportional to the anode current
is to increase the slope of the anode current-voltage characteristic.
Thus, if the electromagnet is designed to produce a flux density of 1540
gauss at an anode current of 400 ma, flux densities of 1380 and 1225
gauss will be obtained at approximately 358 and 318 ma, respectively.
The resultant curve is shown by the dashed line A-B in Fig. 23-8z. In
the fifth system, the anode current is limited by limiting the cathode
emission. This method is useful in partly compensating for the effect
of back-heating, but will obviously fail if the back-heating is more than
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sufficient to supply the necessary emission. In some high-power tubes
the back-heating is great enough so that the filament heating current
may be turned off when the tube is oscillating.

Because of the extreme complexity of the problem, no complete theo-
retical analysis of performance has so far been made. A number of
useful approximate relations have been derived, however. Slater has
shown that oscillation cannot take place unless the magnetic flux density
exceeds a minimum value which depends upon the number of anode gaps
and the wavelength. For a two-segment split-anode magnetron the
minimum required flux density is given by the relation

G > 31,800 (23-1)

in which A is the wavelength and ® the flux density.

Hartree has shown that oscillation cannot start spontaneously unless
the anode voltage exceeds a minimum value. For a two-segment split-
anode magnetron the minimum voltage is given by the equation

e(AYV'E e ) _rcz]
2;1«(5—16) 1?—;';:_2.11'—6&[1 (1.'—¢> -1 (23“2)

where E, is the anode voltage; ® the flux density in gauss; N the wave-
length in centimeters; r. and r, the cathode and anode radii, respectively,
in centimeters; ¢ the velocity of light in centimeters per second; and e
and m the charge and mass, respectively, of an electron.

The voltage at which most efficient operation should be expected has
been derived by Slater. For a two-segment split-anode magnetron the
relation for best operation is

re = 0.0345 AE,

10,600
®—-—x

In the derivation of Eq. (23-3) the assumption was made that the ratio
of the anode radius to the cathode radius has a theoretical optimum
value.

It has also been shown theoretically that oscillation should cease
when the anode current exceeds a certain maximum value. This
phenomenon is observed experimentally.

23—4. Tube Life.—At the time of writing, the tube life of this series
of magnetrons has not been long. Thirty hours represents a typical
life expectancy, and many tubes fail much earlier.! Tube life is greatly
shortened by no-load operation and by nonuniform cooling of the
envelope. Unless the filament is destroyed by a rapid increase of anode
current and resulting back-heating, the tubes invariably fail by crack-
ing as the result of strains set up in the glass. A contributing factor to

1 8atisfactory tube life can be achieved by the use of a cylindrical shields sur-
rounding the electrode structure.

(23-3)
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failure appears to be the tungsten that is deposited on the inside of
the envelope. it is possible that this coating causes excessive losses
and localized heating of the glass. In order to conserve tube life, the
filament should be operated at as low a temperature as is consistent
with required power output and with ease of starting of oscillation.

Not only must the anodes of split-anode magnetrons be water-cooled,
but the filament leads and the entire envelope must be cooled by air.
It is important to cool the envelope as uniformly as possible. In order
to ensure proper circulation of water within the anodes of tubesnot hav-
ing an internal loop, the inner tubes that carry the water into the anodes
must extend as far into the anodes as possible. If this precaution
is not observed, boiling may take place within the anodes.

23-6. Modulation.—Figurc 23-9 shows a circuit that has been found
satisfactory in modulating split-anode magnetrons. Anode-current
modulation is produced by varying the grid voltage, and hence the plate
current, of the series pentodes. The

pentodes serve the additional func- @'ﬁg Choke
tion of stabilizing the anode current, Pentodes
as discussed in Sec. 23-3. The peak- U +

ing coil L partly compensates for the

. . \From
stray capacitance of the modulating  gempams- To Power Supply
circuit, which would otherwise affect tor cd
the response adversely at high modu- = Peaking Coil
i ies. iveload
lation frequencies. The effective loa Cscillotor .

resistance of the modulator tubes is
approximately equal to the average
slope of the anode voltage-current -
curve of the magnetron in the oper- Y .

ating range. From the point of view _K"’:e‘:f:’ ;7”""’7 fhla/t{:) .
of fidelity, the output of this type of cyitsor split-anz)lgell:ago;il;lgoﬁ 2scil;a:(;;.
modulated oscillator is not very satis-

factory, since the amplitude of oscillation does not in general vary
linearly with anode current. Moreover, amplitude modulation is accom-
panied by appreciable frequency modulation.

If the frequency of oscillation is increased at constant anode current
and flux density, it is found that the anode voltage rises. In order to
make possible the maintenance of the correct operating voltage of the
series pentodes, therefore, the power supply must be provided with
means for varying the anode supply voltage.

The attainable band width increases with the tightness of load cou-
pling, because of the reduced value of Q.

23-8. Load Coupling.'—The simplest method of coupling out power
from a parallel-wire magnetron oscillator is by direct connection to one

1 See also Chap. 16.
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side of the line near the movable short-circuiting bridge, as shown in
Fig. 16-10a. The tap connects to the center conductor of a coaxial
cable, the outer conductor of which is connected to the shield surround-
ing the parallel-wire resonator. A disadvantage of this type of coupling
is that it unbalances the oscillatory circuit with respect to ground and
thus tends to reduce the efficiency of operation. For normal require-
ments, however, this effect is not serious, provided that both the outer
conductor of the output line and the short-circuiting bar are solidly
grounded to the shield by good low-impedance connections.

Theoretically, in order to achieve single-dial tuning with optimum
coupling over the entire frequency range of the oscillator, the mechanical
coupling mechanism between the short-circuiting bar and the load tap
should be such that the distance between the bar and the tap is auto-
matically reduced as the frequency is increased. In practice, however,
it is found that this refinement is not justified, since the load is seldom
perfectly matched and the oscillator is, moreover, rather tolerant of
mismatch. The effects of lead inductances and other frequency-sensi-
tive portions of the circuit must also be considered. By careful atten-
tion to details, it is possible to achieve a condition in which the optimum
distance from the short-circuiting bar to the load tap is approximately
constant when the load is matched. The oscillator of Fig. 23--7 employs
this type of output coupling and has two controls. The frequency con-
trol moves both the short-circuiting bar and the coupling tap; the cou-
pling control moves only the coupling tap. With a matched load, this
oscillator is capable of operating over a range of 150 or 200 Mc¢ with
single-dial control with only a slight reduction of output and efficiency.

The unbalancing resulting from the use of a single coupling tap can
be avoided by tapping both lines and connecting to the output cable by
means of a balun (see Secs. 3-13 to 3-16). The limitations and compli-
cations introduced by this arrangement may, however, outweigh its
advantage.

Figure 16-12a shows a system of coupling that is advantageous when
operation is desired at the highest possible frequency. The load
impedance is transformed by means of matching networks to a very low
value and is in effect inserted in series between one side of the resonator
line and the short-circuiting bar. Since no space is required ahead of
the bar for coupling purposes, useful power may be obtained with the
bar right at the tube seals. This method of coupling has the added
advantage that it does not require separate coupling adjustments.

" Another method that avoids the need of a separate coupling adjust-
ment is to couple the load to the oscillator by means of a second parallel-
wire line which is close to the oscillator lines, and the length of which is
adjusted simultaneously with that of the oscillator lines, as shown in
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Fig. 16-6a. By comparatively small adjustments in the relative posi-
tions of the tw. short-circuiting bridges, the tracking can be made
sufficiently good over the entire frequency range so that a single tuning
control suffices. Figure 236 shows curves of power output and effici-
ency of a single-control oscillator using this type of coupling.

23-7. Mode Jumping.—Figure 23-10 shows typical experimentally
determined curves of minimum ratio of anode voltage to flux density at
which oscillation starts, plotted as a function of frequency. Curves of
this type vary with tube structure and with flux density [see Eq. (23-2)]
and to some extent with load. After oscillation starts, operation is
possible over a range of E;,/® that may in general extend on either side
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F16. 23-10.—Minimum ratio of anode voltage to flux density for oscillation of type 5J29
and 5J31 tubes,

of the starting value. The curves shown in Fig. 23-10 were plotted

from data obtained in A/4, 3\/4, and 5\/4 operation and are, therefore,

applicable to at least these three modes.

From a curve of the type shown in Fig. 23-10, it is possible to deter-
mine in which modes oscillation is possible. Suppose, for instance, that
the frequency of the resonant line used with a type 5J29 tube is 150 Mc
intheA/4mode. The frequency in the 3\/4 mode is then approximately
450 Mc. Oscillation is possible in the A\/4 mode if E;/® exceeds 0.35.
If Ey/® exceeds 0.92, oscillation may take place in either the \/4 mode
at 150 Mc or in the 3\/4 mode at 450 Mc. If the loaded Q in the two
modes is the same, oscillation will normally occur in the N\/4 mode,
since E;/® exceeds the value required for the A\/4 mode by a much
greater amount than it does the value required for the 3\/4 mode.
This is merely another way of saying that at the lower frequency the
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conditions are more favorable to the transfer of energy to the resonator
from the source of direct voltage by electrons in the anode-cathode
space. Any oscillator capable of oscillating in more than one mode
will, however, tend to oscillate in the mode in which its loaded @ is
highest if other operating parameters are such as to allow oscillation in
that mode. In effect, the oscillator always tries to shed its load if that
is possible. If the load is coupled to a parallel-line magnetron oscil-
lator at a point on the line at which a voltage node exists in a higher
mode, the loaded @ may be greater in the higher mode than in the funda-
mental mode. Hence, as the load is gradually increased, a value is
reached at which the oscillation will jump to the higher mode if E,/®
is sufficiently great to support oscillation. Such an abrupt change from
one mode to another is called mode jumping.

Mode jumping may also be influenced by the facts that the flux
density required to sustain oscillation increases with frequency [see
Eq. (23-1)] and that there is a maximum value of anode current at
which oscillation is possible. Under operating conditions normally
used, however, the ratio E,/®, rather than the values of flux density and
anode current, determines whether oscillation can jump to a higher mode.

Mode jumping may take place at constant load if the oscillator is
modulated. If the load and the operating value of E,/® are such
as to cause operation in the 3\/4 or a higher mode when the oscillator is
loaded, modulation may cause E,/® to fall to a value so low that oscil-
lation is not possible in this mode, or that efficiency of electronic energy
transfer is so low that operation shifts to a lower mode in spite of its
lower loaded Q. Mode jumping as the result of modulation is obviously
highly undesirable in ordinary applications of a modulated oscillator.

The tendency toward mode jumping in a parallel-line oscillator may
be reduced by lowering the impedance of the load. This fact may be
explained as follows. In order to maintain the load constant, the cou-
pling point must be moved closer to the short-circuiting bridge as the
load impedance is decreased. The closer the coupling point is to the
short-circuiting bar, however, the higher is the mode of oscillation at
which the coupling point is at or near a voltage node. Since the
values of ® and E,/® are insufficient to sustain high-order-mode oscilla-
tion, there is less tendency for mode jumping.

The tendency toward mode jumping may also be reduced by the use
of a form of coupling circuit in which the coupling is not made at a
single point along the line. The coupling methods illustrated in Figs.
16-6a and 16-12a are therefore preferable from the point of view of
avoidance of mode jumping.

23-8. Frequency Pulling.—Like other self-excited oscillators, split-
anode parallel-line oscillators exhibit frequency pulling, or change in
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frequency with load impedance (see Sec. 21-6), and are subject to the
long-line effect. The long-line effcct is the presence of frequency dis-
continuities over the tuning range of the oscillator and is observed if the
load is tightly coupled to the oscillator through a long transmission line
that is not matched to the load (see Sec. 21-8). The long-line effect
is merely an example of the frequency discontinuities that may be
observed over the tuning range of any oscillator having two or more
tightly coupled oscillatory circuits. The transmission line acts as one
oscillatory circuit. When the load cannot be matched to the coupling
line throughout the entire frequency range, frequency jumping may be
prevented by making the transmission line so short that it cannot reso-
nate within the tuning range of the oscillator, or by coupling the trans-
mission line loosely to the oscillator. When frequency jumping does
exist, the frequencies at which jumping occurs may be shifted away from
a desired portion of the tuning range by means of a line-stretcher
inserted in series with the transmission line.

23-9. Frequency Pushing.—Frequency pushing, or change in fre-
quency with direct anode current, is observed in split-anode magnetron
oscillators. It is caused by change of impedance presented to the tank
circuit at the anodes as the result of electronic action within the tube
(see Sec. 21-4). Frequency pushing causes amplitude modulation to be
accompanied by frequency modulation.

23-10. Pulsing.—Under certain conditions of operation, particularly
at low values of anode current, the amplitude of oscillation of split-
anode magnetrons jumps periodically between two values, one of which
may be zero. This action is called pulsing. The pulsing frequency may
be changed from the order of once a second to as much as 1 Mc per sec
by variation of the circuit constants of the power supply. It is not pre-
vented by the use of a constant-current supply. In at least some types
of split-anode magnetrons, pulsing does not occur at high values of
anode current, but to date no way has been found to ensure that it will
not occur at low currents. Pulsing therefore limits the usefulness of
this type of oscillator as a generator of amplitude-modulated waves
when large percentages of modulation are desired, unless the modula-
tion introduced by the pulsing is not objectionable.

Pulsing is probably explained by the presence of regions of the anode
current-voltage diagram in which the anode current-voltage curves have
a negative slope, the action in some respects resembling that of a glow-
tube relaxation oscillator. It is of interest to note that pulsing is not
ordinarily encountered in multicavity magnetrons.

28-11. Modulation by Filament Field.—Split-anode magnetrons now
available make use of single-wire filamentary cathodes. Computation
of the magnetic flux produced by the filament current discloses that the
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density of the flux at the surface of the cathode is of the order of
one-tenth that of the main applied magnetic flux. Although the flux
produced by the filament current in a straight filament is normal to
the main flux, it does affect the electron paths. When the filament
current is alternating, as is usually true, the effect of the filament-cur-
rent flux is to modulate the oscillation at twice the supply frequency.
This effect, which is very objectionable in the generation of modulated
waves for communication purposes, can be prevented by the use of
direct heating current or of tubes having bifilar reversed-helix filaments
or filaments resembling a short-circuited length of coaxial cable. Such
tubes are not at present available, but tests have shown that they are
feasible.

TABLE 23-1
Develop- | Type Fre- Power | Effic. :)!:or:cct 1:’:::3:' Flux Fila- | Fila-
mental | num- | quency, | output, [ per density, | ment | ment [ Structure
volt- | current,
number | ber Mo watts | cent gauss | volls | amp
age ma
ZP579 | 5J29 | 350-770 | 75-150 .. 2500 | 450max 1500 2.2 35 | Internal
loop
ZP584 | 6J31 | 700-1200] 75-150 | .. | 2500 | 450 max|2640 2.5 | 40 |Internal
Joop
ZP590 | 5J30 | 150-385 | 75- 150 50 2500 | 450 max|1500 2.2 35 | Single-
ended
ZP599 | .... 90-300 | 750 min| .. 2300 |1000 1750 7 32 | Single-
ended
2ZP646 | 5J32 | 90-450 | 80-150 | .. | 2500 | 450 max|1500 2.2 | 35 | Double-
ended
ZP647 | .... | 225~500 | 1000 50 | 2300 (1000 1200-1500{ 10 32 | Neutrode
ZP675 | .... | 425-775 | > 150 | 50 | 1500 | 400  {......... e .. | Neutrode
ZP676 | 5J33 | 750-1150, 200 40 | 1800 | 400 1500 2.2 | 35 | Neutrode
ZP677 | .... |1100-1650{ > 200 | 50 P P E 7 32 | Neutrode-
tropotron*®
ZP685 | .... | 450-700 | 1000 50 | 2300 |1000 1500 7 32 | Tropotron*
2’333 700-1050, 1000 50 | 2500 {1000 1500 7 32 | Tropotron*

* The tropotron is a recently developed multisegment tube in which the resonant line makes one or
more complete turns about the anode structure, the various segments being connected to the line in
such a manner that the tube behaves like a multicavity magnetron.



CHAPTER 24
POWER-MEASURING DEVICES FOR ULTRAHIGH FREQUENCIES

By E. A. Yunker, H. C. EArLy, G. Hog, AND G. R. BRIDGEFORD

24-1. Introduction.—The measurement of power at very high fre-
quencies presents a number of problems not encountered at low radio
frequencies. At the lower frequencies, currents and voltages may be
quite accurately measured. Also the reactances of resistors are not
importantly large. As a result, power may be calculated from current,
voltage, and resistance measurements. At very high frequencies, how-
ever, these measurements ordinarily cannot be made accurately, and in
any case special devices are required. Thus, an ordinary thermoammeter
cannot be connected into a coaxial cable to measure current, nor can it
be applied to waveguide-current measurement. Because of the difficulty
of making power measurements at high radio frequencies, a great many
devices have been developed for the purpose. A number of these will be
described in this chapter.

These devices may be divided into several fairly definite categories.
Probably the most important of these are the calorimeter wattmeters.
Here the r-f power is absorbed and converted into heat in a resistive
load in some form of calorimeter. The heat is then either calculated
from measurements of mass, temperature, specific heat, and time, or a
comparison is made with d-¢ or low-frequency a-¢c power. Such power-
measuring devices give absolute readings and tend to read low because
some power is invariably lost in places where it cannot be accounted for.
Calorimeter wattmeters are, however, in general the most accurate.

Another type of r-f wattmeter depends upon the conversion of r-f
energy into optical radiation, as by a lamp filament. The light flux
through a fixed solid angle is measured by optical means such as a
photronic or photoelectric cell, optical pyrometer, or photometer.

Some r-f wattmeters utilize the change in electrical resistance of an
element that carries all, or a known fraction, of the power to be measured.
The resistance measurements may be made by an ohmmeter or a bridge.
This group includes gas-filled load lamps, bolometers, and thermistor
bridges. The load lamp in this case may or may not operate in the optical
temperature range.

There are also a number of sampling devices and relative-power indica-~
tors. In these a fraction of the total power is taken off and rectified

569
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and a relative indication presented on a d-c milliammeter. Probes in
slotted lines and coaxial cables, unidirectional couplers, and indicators
that take a fraction of the power radiated from an antenna are included
in this group.

Special devices have been developed for measuring the current in a
coaxial line without spoiling the impedance continuity of the line. Such
8 device permits power to be calculated from the relation P = IR when
the resistance of the load is known.

An ideal r-f wattmeter should be instantaneous in reading, indicate
absolute values, present a pure resistance load to the source at all fre-
quencies, require no tuning, and be accurate. One type of wattmeter
may be superior to others in one or more of these characteristics; another
may be better in some other respect. This further accounts for the
multiplicity of wattmeters that have been devised. In general, one
device is suitable over only limited ranges of frequency and power.

An impedance mismatch into the load will not necessarily cause an
error in the reading of the power-measuring device, since the device
measures whatever power reaches it. Such mismatches may, however,
cause the transmitter to deliver less than its maximum output to the load
because of the reflections back into the transmitter. The amount of
power reflected may be measured by using a slotted line between trans-
mitter and power meter and applying the formula

dor ¢ te a = ‘L:;l *

Per cent reflected power = (or T 1) X 100

where o is the ratio of the voltage maximum to the voltage minimum of
the standing waves along the slotted line.

24-2. Dummy Loads.—A dummy load, as applied to radio trans-
mitters, is a device for dissipating r-f power in the form of heat or light
rather than by radiation from an antenna. Such dcvices are useful when
operation of a transmitter is desired without radiation. More often, in
high-frequency practice, dummy loads are used to absorb r-f power that
is being measured. The load itself may form the dissipation element of
the wattmeter, as in the calorimetric wattmeters and load lamps; or
it may be incidental to the measurement, as in the thermocouple types.
Ideally, the impedance of a dummy load should match that of the device
driving it and be resistive at all frequencies, without tuning.

“Lossy”’ Line.—Probably the closest approach to these characteristics
is exhibited by an unterminated coaxial cable long enough so that, at
the operating frequency, the loss is, say, 10 db to the open-circuited end.
The reflected wave then suffers an equal attenuation, giving 20 db total
loss back to the input so that the effect of reflections is no longer objection~
able. By choosing high-loss cable, such as those using polyethylene
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dielectric for ultrahigh frequencies, or rubber insulation for the lower, the
required attenu:tion may be obtained in a reasonable length. The
loss is preferably produced in the dielectric rather than in the center
conductor, because the heat generated is then more readily dissipated by
conduction in the cable. If desired, a disk resistor (Sec. 24-5) may be
used to terminate the line so that less lossy cable is required.

Since the current in a line terminated in its characteristic impedance
decreases exponentially, the greatest loss, and therefore insert the great-
est heating, occurs at the input end of the cable. The size of cable used
should thus be chosen to transmit the total power. However, smaller
sizes of cable, having higher attenuations and therefore requiring less total
length, may be used after the initial current has been attenuated down to
where the smaller cable can transmit it without causing the dielectric to
melt and the cable to short-circuit. Forced air may be used to cool the
cable if necessary. The use of lossy cable and other dummy loads is
taken up in subsequent sections in connection with the wattmeters in
which they are used.

Resistor Star.—A load that is satisfactory for frequencies up to 500 Mc,
if carefully made, consists of a star of metallized resistors connected
between the center and outer conductors at the end of a coaxial cable.
By making the center conductor longer than the outer, the several resis-
tors may be arranged cylindrically with a minimum length of leads. The
resistors should, of course, be chosen to give a resistance equal to the
characteristic impedance of the line when they are connected in parallel.
The power-dissipating ability of this load may be greatly increased by
immersing it in oil that is kept in circulation and cooled. It is well to
check the impedance match of such a resistor load by examining the
standing waves on a slotted line. If oil is to be used, the slotted-line
measurements should be made with the resistor in oil because of capaci-
tance effects. Considerable improvement in impedance match may often
be made by carefully selecting resistors.

Gas-cooled Resistors.—A noninductive resistor in a gas-filled bulb such
as the Ohmite D-100 is very satisfactory for frequencies up to about 25
Mec. It has the advantages of compactness and portability. Other
types of gas-filled load lamps for higher frequencies are discussed in Sec.
24-7 in connection with power measurements.

Sloping-guide Water Load.—A simple waveguide water load suitable
for use in the power range from a few milliwatts to perhaps 100 kw is
shown in Fig. 24-1. It consists simply of a piece of rectangular wave-
guide, with a watertight plate on one end, mounted on a slight tilt and
filled with water. The wide dimension of the guide is horizontal so that
the electric field is nearly perpendicular to the surface of the water. For
a low standing-wave ratio the length of the load should be at least six
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times the width of the guide. Under these conditions a voltage standing-
wave ratio of less than 1.05:1 may be expected.

For outdoor use at high power levels the heat may be carried away by
the steam that escapes through holes in the top side, while for indoor use
the water may be circulated through a heat exchanger.

Water Surface

Direction of
& Field in Wavequide

3Inches

Fia. 24-2.—A dummy load designed to dissipate 1 kw, of power at wavelengths of
8 to 12 cm.

All-metal Waveguide Load.—Figure 24-2 shows a dummy load
designed to dissipate 1 kw of power at wavelengths of 8 to 12 cm. Itis
not adapted to power measurement. For use where mechanical rugged-
ness is important, the all-metal type is superior to types employing lossy
dielectrics such as sand or transite. The high attenuation in this device
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is produced by the tapered steel ridges that serve to load the guide and
to reduce the impedance in order that the currents may be large. These
steel ridges are fastened to the inside walls of a 4-ft section of 114-by 3-in.
waveguide by means of machine screws. This 4-ft length of guide has
enough surface area to dissipate a kilowatt of power without the use of
cooling fins or forced air circulation. If cooling fins are used, the over-all
length can be reduced.

The spacing between the ridges is about 0.035 in. except at the front
end of the load where the ridges are tapered in a manner that resembles
an exponential curve. The design of this curve is important if the
standing-wave ratio is to be kept low over a wide frequency range.

In order to distribute the heat evenly along the length of the load and
to avoid local overheating, it is necessary that the attenuation near the
terminal end of the load be much greater than it is near the middle. This
increase in the rate of attenuation is obtained by decreasing the wide
dimension of the guide (the dimension that is perpendicular to the electric
field). Inridge waveguide this dimension can be reduced greatly without
reaching the cutoff frequency. The two metal wedges are used to taper
this dimension gradually until the cutoff frequency is reached and the
attenuation approaches infinity.

It is important that the ridges be made from steel that has good
magnetic properties. The skin depth of the currents in the metal is pro-
portional to \/p/uf, where p is the resistivity, 4 the permeability, and f
the frequency. Thus the higher the value of u, the greater the attenua-
tion. The steel should be of low carbon content and, if it has been cold-
rolled, should be annealed. There may be a magnetic type of stainless
steel, having a high resistivity, which would be advantageous for this
application, but this possibility has not been investigated.

The standing-wave ratio for the foregoing load has been tested at
various frequencies. When the load is dissipating a kilowatt of power the
standing-wave ratio does not exceed 1.15:1 over the wavelength range
from 8 to 12 em. Measurements taken with low-power test equipment
when the load is at room temperature show a somewhat higher standing-
wave ratio.

Antennas.—An antenna giving a low standing-wave ratio makes a
good load for test purposes except for the fact that the radiation may be
objectionable. If an antenna is used as a load for measuring purposes, it
must be borne in mind that the impedance of an antenna depends upon its
location with respect to ground and near-by objects. Its impedance
must be determined usually by measuring-line methods, for conditions
under which it will be used. This is especially true for the very high
frequencies where even a hand placed near by causes appreciable reflec-
tion that changes the input impedance of the antenna.
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Several other types of dummy loads such as water-filled waveguides
and coaxial lines are discussed in subsequent sections in connection with
complete wattmeters. These may also be used for simple dummy loads.

24-3. Determination of Power from Current or Voltage and Resist-
ance.—Probably the most satisfactory method for determining power at
comparatively low radio frequencies, say below 50 Mc, consists in measur-
ing the rms current into, or voltage across, a dummy load of known resist-
ance and calculating the power from I?R or E*/RE. Any dummy load or
antenna is satisfactory for this purpose provided that the resistance at
the point where the current or voltage measurements are made is known
for the operating conditions. A thermocouple r-f ammeter may be used
to measure the current; vacuum-tube voltmeters or oscilloscopes are
suitable for voltage measurements. As the frequency of the r-f power is
increased, errors in measurement and uncertainties in resistance values
increase so that above perhaps 50 Mec special devices such as calorimeters
are more satisfactory.

24-4. Thermocouple in Coaxial Line.—The principal limitation to the
use of the ordinary type of r-f ammeter, which consists of one or more
thermocouple elements and a d-¢ milliammeter in a case, or a thermo-

) . . couple unit with external meter, is that it

f%glmg ﬁZﬁ{ loud s so large that it must be used with open-
C/é———ﬁ_—i_'i* wire lines and that, particularly at very
'_Z'%m acouple N high fr.equen.cleg, 1t. causes a la.rge m.ape(?-

J ance discontinuity in the line in which it

is used. This difficulty may be sur-
mounted by making the thermoelement
Fstus mppeen part of the center conductor of a coaxial

I'k f cable Load line used to transmit power to a load.
E The meter used to measure the d-¢ output

ey
R

@

[Thermocouple ) of the thermoelement is then placed out-
Capacitance side the r-f system as, for example, at the
Loupler to terminal end of a lossy line used as a

(b dummy load. Such an arrangement,

F1a. 24-3.—A coaxial-line ther- developed to meet some special needs, is
3}:;?:,’:" “Zz)t t“;‘i,‘:;m‘;ﬂv:g};‘*";:ﬁg shown schematically in Fig. 24-3a. The
used with capacitance-type output thermoelement may be conveniently
coupling system. mounted as the center conductor of a short
section of coaxial line between two cable fittings, as shown in Fig.
24-4. If a capacitance type of output coupling system is used on the
transmitter, a quarter-wave stub, or similar high-impedance shunting
device, must be used in order to complete the d-c¢ circuit to the meter.
This is shown in Fig. 24-3b.

With proper care the device can be used at frequencies up to 2500
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Mc and for powers up to 500 watts. It is rugged, quick-reading, and
simple to operats. It may be calibrated with an absolutc-reading watt-
meter, such as those described in Sec. 24-8, or on low-frequency power
with theoretical corrections for skin effects in the thermocouple. Since
the impedance of the thermocouple is very low, a microammeter of low
resistance and high sensitivity should be used.

Thermocouples may be made by welding together two wires of dif-
ferent metals or of one metal and an alloy of that metal. The problems of
thermoelectric power and mechanical propertics are the same as for ordi-

nary thermocouples used for tem- Weld

perature measurements. The ends

of the wire may be spot-welded, or w
a flame weld may be used. An r-f @

arc is convenient and satisfactory
as a welding heat source. In this
case the ends of the wires to be
welded are twisted together and
then placed in two close-fitting

capillary tubes made by drawing a

b)
larger glass tube down to fit the ‘ ]
W?res. The twis!;ed ends of t}ne Typel'l-ﬁal.g/%‘sjsis
wires should project a short dis- Connector

tance beyond the glass. By bring-

ing these wire ends close to the

tank of an r-f oscillator, an arc may

be drawn to the wires, which causes

them to fuse. After they have been

welded, the wires should be pulled

out collinearly. As little as possi- ()

ble of the wire should be fused, so Fic. 24-4.—Thermocouple mounted as cen-
as not to make a large gl obule of ter conductor of short coaxial line.
metal at the joint. A butt joint between the ends of the wires is the
most desirable form of weld because the corrections for skin effect, which
are based on a circular wire of uniform diameter, apply more closely to
such a joint than to one of indeterminate shape, but such a joint is
difficult to make on small wires.

The sensitivity of a thermocouple depends on the metals used and
upon the diameter of the wires and their length, the latter two factors
involving cooling effects. The shorter the wire, the less is the impedance
discontinuity to the line in which it is used. A copper-constantan couple
346 to 14 in. long made of wires 0.003 to 0.005 in. in diameter is suitable
for powers up to about 50 watts. Silver with bismuth gives greater
sensitivity and about the same power rating.
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Thermocouples that are geometrically ideal from the standpoint of
corrections for skin effect may be made by silver-plating a constantan wire
for one-half its length. Plated couples, however, for reasons not investi-

gated, lose their calibration if

2{':5-‘/ Cable  yerheated.
S Thermocouple-type r-f power-
h‘ﬁ measuring devices may be cali-
L ) [& brated by comparison with an
Thermocouple absolute power-measuring device
F1a. 24-5.—Circuit for calibrating thermo- such as a calorimetric wattmeter
couples. , (Sec. 24-8) or on low-frequency

alternating current, as shown in Fig. 24-5. In the second case, correction
must be made for skin effect in the thermocouple. This may be done in
accordance with the following analysis:

Let R, = d-c resistance of the wire of the first metal of the thermo-

couple
R, = d-c resistance of the wire of the second metal of the thermo-
couple :
Ry = a-c resistance of the first wire
Ry’ = a-c resistance of the second wire
P;. = d-c power consumed in the couple
P,. = a-c power consumed in the couple
I = current through the couple
Then
Py = I*(R1 + Ry) (24-1)
P, = I*(R{ + RY) (24-2)
RY = K\R, (24-3)
Ry’ = KR, (24-4)

where K, and K, are functions of frequency. Then

Pg. = I*(K\Ry 4+ K3R») (24-5)
and, if we write

Rz = aRg (24"6)

P, = I*(K:R, + KiaR;)

= Ile(Kl + Kga) (24—7)

Py = I’R[(l + a) (24—8)
Then

Pu Kl + aK3

P 1+4a (24-9)
or

Pa = Pa, (K + aKa) (24-10)

l14+a
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Equation (24-10) provides a means of conversion between the calibrating
d-c power and the a-c power corresponding to the same thermocouple
temperatures. Ratios of Rs. to Ra. are given by Terman.!

Because of the small diameter of the thermocouple, it is not feasible
to make the impedance of the coaxial line, of which the thermocouple is
the center conductor, low enough to match standard coaxial cables. The
couple, therefore, presents an impedance discontinuity in the line. This
corresponds to a voltage standing-wave ratio of about 2:1 at 500 Mc for
the average thermocouple unit. If this amount ot reflection cannot be
taken care of by the transmitter output tuning system, a tuning stub,
such as that shown in Figs. 24-3b and 24-9, should be used. Asin any
device that indicates power by volt-
age or current measurements at a { f% i
single point in a transmission line, ‘\""
standing waves on the line will Fia. 24-5.—Arrangement of parallel
introduce errors depending upon thermocouples to prevent impedance dis-

S continuity in the coaxial line.
where the indicator happens to be
on the standing wave (sce Secs. 24-22 and 21-27). The load should
therefore be sufficiently good to make the fraction of power reflected
consistent with the accuracy desired.

The impedance discontinuity in the line caused by the small diameter
of the thermocouple wire may be largely prevented by using a number of
thermocouples in parallel arranged around the circumference of a circle in
the manner of wires in a cage antenna, as shown in Fig. 24-6. The
diameter of the circle should, of course, be equal to that of the center
conductor of the coaxial-cable section. For a given power rating, the
wires used for the couple must then be smaller than for a single-element
thermocouple, or the thermoelectric power of the metals used must be
greater. Multielement couples of this type must be calibrated against a
standard r-f power-measuring unit because of the uncertainty of the cur-
rent distribution among the parallel elements of the multielement system.

24-6. Disk Resistor with Voltmeter.—Small amounts of power, say
up to 25 watts, may be dissipated in an air-cooled disk resistor used as
a termination to a coaxial line. The disk will ordinarily be larger in
diameter than the cable and may be attached to the cable by means of a
tapered coaxial section. If the disk resistor has a resistance that properly
matches the line, a constant-impedance taper is used. If not, the taper
may be made to effect the necessary match. By building a suitable
nonreactive voltmeter across, and integral with, the disk resistor, measure-
ments of power may be made. Such an arrangement is shown schemati-
cally in Fig. 24-7. The carbon resistor was designed for 50-ohm

1Teruaw, F, E.. “Radio Engineers’ Handbook,” p. 31, McGraw-Hill Book Com-
pany, Inc., New York, 1943.
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termination. Its impedance, measured in the mounting shown, is 49 + j5
ohms at 1100 Mc. The center electrode of the disk resistor should be rela-
tively large, because otherwise the current density at the inner conductor
may be so high as to cause breakdown in the resistor. In the unit shown,
the center conductor was 34 in. in diameter. The disk was capable of dis-
sipating 30 watts when cooled by air from a 7500-rpm 2-in. fan. Resistors
of this type have also been made of germanium. A disk-type diode such
as the GL559, should be used because tubes having conventional leads

Silver burnish Inner Conductor
Topered Section Plate
7 ) / Cathode
IN /AT

i 2%

AL AL ALIS S PIFLPIN AT PN 2P0 e
5

Heater
Voltmeter Tube.

Outer l
Conductor o=

(B/ower Motar)
F1a. 24-7.—Wattmeter using a disk-resistor voltmeter.

would introduce serious reactances. The capacitance C,, which is built
into the tube, is large enough to cause the diode voltmeter, of which it is
a part, to read peak volts.

The power-measuring device of Fig. 24-7 is compact, quick- and
direct-reading, rugged, and does not require tuning. It is usable as
described for frequencies up to 1200 Me. However, considerable inac-
curacy may occur because the voltmeter reads peak volts. Readings
are therefore a function of wave form, and it cannot be used to measure
the power in a modulated wave. Improvement of the disk resistors
would be desirable, since those used change value with age because of loss
of the coating material and possibly breakdown near the center conductor.
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24-6. Photometric Systems.—The photometric power-measuring
system is essentially a load lamp of some sort, usually incandescent,
coupled to the source. The r-f energy lights the lamp, and the radiant
energy is measured by some means such as a light meter, a photoelectric
cell and amplifier, or an optical pyrometer. The lamp must be tuned for
each frequency. Usually a M\/4 line is coupled to it for this purpose, but a
M\/2 line may also be convenient as an aid in matching lamp impedances.
Depending upon the size of lamp and the light-measuring equipment,
powers of 1 mw to 20 or 30 watts may be measured. The lower powers
can be measured with fair accuracy by this method, but errors of over 5
per cent are obtained at the higher powers, such as 1 to 30 watts. Above
800 Mc the errors due to losses in the glass seals become so great that the
method should not be used.

Lamps are normally calibrated by using an a-c¢ or d-¢c power source.
For the most accurate measurement a comparison method is used by
which the low-frequency and high-frequency powers are put on the lamp
alternately so as to eliminate any danger of error due to aging or other
calibration change.

It is important that the r-f current be constant along the filament;
otherwise there will be hot spots that cause errors in calibration. This
is so because the luminous efficiency of an incandescent lamp increases
with temperature so that a given amount of r-f power expended in a sec-
tion where the temperature is high will produce a greater effect on the
photometric device than will the same amount of d-¢c or low-frequency
power expended uniformly along the wire in calibrating the lamp. Non-
uniformity of current is caused by standing waves. These are not easy
to prevent, since the impedance of the filament is a function of tempera-
ture and thus complicates the problem of matching the load to the line.
The effect of current nonuniformity may be almost entirely avoided by
using lamps with very short filaments such as, for example, those used in
automobile headlights. Since most lamps of this type are gas-filled,
excessive voltage will cause a gaseous arc within the lamp. This arc is
less likely to occur if the lamp selected for the load is one in which the
parallel wires ordinarily used to support the filament are bent away from
each other at the ends where the filament is attached rather than bent
inward Other sources of error are heating losses in the leads to the lamp,
in the tuning device, and in the glass, since heat thus developed will not
cause a response in the photometric indicator. Darkening of the lamp
bulb between calibration and use, caused by a deposit of tungsten, is
also a source of error.

Advantages of photometric systems lie mainly in their small size and
rapidity of reading. Completely portable units, very light in weight,
can be made for measuring the range of powers above 1 watt or so.
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Below this, power supplies for amplifier systems necessarily increase the
size of the units. If accuracy is sacrificed for simplicity, a very rugged
and portable unit consisting of 3- to 50-candlepower bulbs on tunable
Lecher wires with a shielded light meter of the photographic type can
be made up quickly. These provide sufficiently good measurements for
many types of use.

A “grease-spot’’ photometer is very useful for temporary use or in
cases where more convenient devices are not available. A translucent
spot is made on a sheet of paper with oil, grease, or varnish and is illumi-
nated on one side by the load lamp. An ordinary lamp, the brilliance
of which is controlled by a variac, is placed on the other side of the paper
and adjusted for disappearance of the spot.

24-7. Gas-filled Load Lamps.—Ordinary high-vacuum single-fila-
ment lamps are found to have fairly desirable properties as load lamps
except that the heat-dissipating ability is low. By filling the lamp with a

. gas, such as hydrogen, the dissipation
33 capability is raised by a factor of the
order of 20. Measurements with these
lamps at frequencies up to 1200 Mc are

Iz

3 very accurate and check well with
Fia. 24-8.—Gas-filled load lamp for calorimetric measurements. Above
ultrahigh frequencios. 1200 Me the load lamp can still be used

with good results up to frequencies of the order of 3000 Mc, although the
accuracy is less. Available lamps of this type are suitable for measuring
powers in the range from 1 to 50 watts. A gas-filled lamp having a shape
adapted to use at ultrahigh frequencies is shown in Fig. 24-8.

The errors likely to be encountered in the use of gas-filled load lamps
are the same as those discussed in the preceding section. It has been
shown experimentally and mathematically that, if the length of wire is
kept below 17 wavelength, standing-wave effects, and the difference
between d-c and r-f resistance, are small or negligible. Table 24-1
shows the error due to length of filament.

TaBLE 24-1
Length of filament..................... 0 A/16 N/8 | 3\/16 | A/4
Ratio of a-c to d-c power............... 1.000 { 1.002 | 1.037 | 1.185 | 1.500

Although the lamps are made to fit into holders that go into coaxial
lines, they are not ordinarily good terminations. Furthermore, the
resistance of the lamp is a function of the power dissipated. For example,
the cold resistance of a particular lamp of the type shown in Fig. 24-8 is
about 8 ohms, while for 15-watt dissipation the resistance is 75 ohms.
Tuning can be accomplished by a single variable plunger behind the lamp,
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a double-stub tuner preceding the lamp, or a combination of both, as
shown in Fig. 24-9 These tuning stubs should be adjusted so that the
hot section of the filament is in the middle because, if it is near the end,
errors will occur owing to the cooling effect of leads and seals in the tube.

Gas-filled load lamps may be calibrated on direct current by measuring
the voltage across the lamp for various currents through it. From these
data the corresponding resistances
and power dissipations are calculated Tuner g’“"'”?

. ondenser
and a curve of power as a function l oad Lamp
of resistance is plotted. Radio-fre-
quency measurements may then be [?4°€ T
made, with the circuit shown in Fig. TTU,,e,
24-9, by noting the resistance of the
filament while it is dissipating the o
power to be measured and reading 249 Cireuit of gas-filled load-lamp
the power from the curve. The
power used in determining the d-c resistance is, of course, negligibly small.

24-8. Calorimeter Wattmeters.—A calorimeter wattmeter is a device
in which power is measured in terms of a rise in temperature in a mass of
substance of known thermal capacity. It consists essentially of a dummy
load by which the power is dissipated into a medium such as water or oil
and means for measuring the mass of the substance and its rise in tem-
perature. Since heat energy is measured by the product of mass of sub-
stance, specific heat, and rise in temperature, and since power is a rate
of flow of energy, calorimetric measurement of power is made either by
rise in temperature of a fluid flowing at a fixed rate or by the rate of rise of
temperature in a fixed quantity of a substance such as a mass of water.
Examples of both types are described in the following sections.

24-9. Oil-immersed Dummy Load.—One of the simplest calorimetric
wattmeters consists of a vessel of oil into which is immersed the dummy
load in which the r-f power is dissipated. The oil is kept in circulation
by means of a small motor and impeller so that the temperature through-
out the mass of oil is essentially uniform. The power may then be calcu-
lated in terms of time, mass, specific heat, and temperaturerise. Usually,
however, a given mass of oil is calibrated by dissipating d-c or low-fre-
quency a-c power in either the same dummy load, or in a separate heating
element, and plotting temperature as a function of time for different
power inputs, or power as a function of rate of rise of temperature. An
accuracy of 5 per cent is attainable.

A dummy load suitable for this type of calorimeter consists of a num-
ber of small metallized resistors, say 2-watt, arranged radially between the
center and outer conductors of a coaxial cable, as discussed in Sec. 24-2.
The cooling effect of the oil will, of course, increase the power rating of

Ohmmeter or Bridge
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the resistors. The upper frequency limit for a wattmeter of this type
depends upon the excellence of the dummy load and is in the neighbor-
hood of 500 Mc. Disk types of resistors (Sec. 24-5) are good to consider-
ably higher frequencies.

24-10. Air Calorimeters.—Air, in place of a liquid, may be used for
absorbing the heat dissipated in the dummy load of a calorimetric watt-
meter. An advantage over liquid cooling is that the time required for
the calorimeter to reach equilibrium may be reduced. Whether this
advantage obtains in practice or not depends upon the thermal capacity

Thermometer Flow Indicator
Lossy* Coaxial Line Gon0rd—C Storage
; [ ~ /| Thermometer
i,:,,— e d)

Water
Pump

i o ) Blower

Calibrating Resistor

Output Indicator for
Tuning Transmitter

Solid Dielectric

Thermal Insulation

Copper Braid
%%r}'ff Outer Conductor

Center Conductor
F1a. 24-10.—Wattmeter using a lossy-coaxial-cable calorimeter.

of theload used. Essentially the air calorimeter consists of a load resistor
cooled by a blast of air and a differential thermocouple, or thermometer,
arranged to read the rise in temperature of the air. If thermocouples or
mercury thermometers are used, care must be taken to shield them from
the r-f fields. The sensitivity of the thermocouple system may be
increased by the use of thermopiles, or multiple thermocouples.

Several types of resistor loads are applicable. One comsists of a
tubular resistor used as the center conductor of a coaxial line. Tapered
coaxial lines are used to connect the load to the coaxial cable used to
transmit the power. Air is forced through the resistor, out through holes
in the end opposite the blower and back between the resistor and the outer
conductor of the coaxial line of which it is a part. Such loads have been
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built that were good up to 1000 Me, a frequency at which the standing-
wave ratio was 2:1. The power dissipated was 100 watts. Another
type of load uses a length of lossy solid-dielectric coaxial cable with the
outer waterproof covering stripped off, arranged in a grid or coil so as to
give a large exposure to the air forced past it. This resistor gives a
better termination than the coaxial resistor and is useful up to several
thousand megacycles but is bulkier and slower heating. In general, air-
calorimeter wattmeters are not so satisfactory as water-calorimeter watt-
meters because they are less accurate and, on account of limitations in
the load resistors, are not much faster. The lower accuracy is caused by
the difficulty of avoiding losses in heat.

24-11. Lossy-coaxial-cable Calorimeter Wattmeter.—A calorimeter
wattmeter that takes advantage of the simplicity, convenience, and good
terminating characteristics of lossy coaxial lines is shown in Fig. 24-10.
It consists essentially of a length of solid-dielectric coaxial cable, with the
protective covering removed, inside a copper, vinyl, or similar tube, a
water pump, a radiator, a water-flow indicator, a blower, and ther-
mometers to indicate the temperatures of the water going into and flowing
out of the tube surrounding the lossy-cable load. A heating element to
be used on direct current or low-frequency alternating current is included
in the system for calibrating purposes. An output indicator consisting
of a rectifying crystal and milliammeter (Sec. 24-27) is connected to the
low r-f end of the lossy cable for convenience in tuning transmitters not
provided with such an indicator.

The length of lossy cable used in the load should be such as to give
about 10-db attenuation at the operating frequency. Since the end of the
cable farthest from the transmitter is open-circuited, reflections will
occur and another 10-db attenuation will result before the wave reaches
the transmitter. Since the length of cable required is dictated by the
lowest frequency at which it is to be used, the cable will always be longer
than necessary for the higher frequencies. The principal objection to
excessive lengths of lossy cable is that the amount of water required for
the system is increased, thus increasing the time required for a reading.
For frequencies in the 500- to 2500-Mc range, RG-8/U cable is good; at
lower frequencies RG-38/U, which has a higher loss dielectric, may be
used in order to reduce the length required. If the power level, as well
as the frequency, is low, the percentage error may be expected to increase
because of losses of heat along the cable and its covering. The flow of
water may be adjusted so as to give a conveniently readable temperature
rise for a given power input. Care should be taken to ensure that the
system is closed so that no air is forced through it, losses in cables external
to it should be held to & minimum and, if thermocouples are used, they
should be shielded from the r-f fields.
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This wattmeter is suitable for powers in the range from 5 to 500 watts
and for frequencies up to 3000 Mc. The lower frequency limit is imposed
by the relatively great length of cable required to produce the necessary
attenuation. Thus, at 100 Mec, 333 ft of RG-8/U would be required for
20-db attenuation. The whole system should be given a stabilization

"period of 30 min before readings are taken. For accurate measurements
after larger power-level changes, 10 min should be allowed ; small changes
in power require less time for equilibrium to be established. Accuracies
within 5 per cent are to be expected. Some of the advantages of the
lossy-coaxial-line calorimeter wattmeter are broad frequency band, with
freedom from tuning, good impedance termination, wide power range,
and low per cent error. On the other hand, it is slow in reading, bulky,
and heavy.
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F1a. 24-11,—S8chematic diagram of wattmeter with coaxial-line water calorimeter.

24-12. Coaxial Line with Resistive Center Conductor.—A coaxial-line
water-calorimeter wattmeter designed for operation in the frequency
range 300 to 3000 Mc at powers in the range 5 to 300 watts is shown
schematically in Fig. 24-11.

The r-f load consists of an 11-in. section of a 50-ohm coaxial line short-
circuited at the terminal end. The conductor is a copper tube covered
with a 1{¢-in. layer of graphite held on by a pyrex-glass tube. The water
flow is down the inside of the copper tube and back through an axial glass
tube within the copper tube.

The rise in temperature of the water is measured by differential
thermopiles. One pile, consisting of three copper-constantan thermo-
couples, is located in the water-inlet pipe; an identical one is located in
the outlet. Copper-screen baffles to mix the water are used to ensure
uniformity of water temperature in the region surrounding the thermo-
piles. The flow system consists of a storage tank, a pump, a standpipe
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open to the atmosphere on the top to ensure constant pressure head, a
control orifice, and a radiator. The rate of flow is changed by changing
orifices.

Because of the wide range in frequency over which the single coaxial
load is used, some form of tuning is necessary. A double-stub tuner in
which the stub nearest the load is fixed and the other movable along a
6-in. slot is used for this purpose. A slotted line, made in the form of a
circle, with a rotating probe and cathode-ray-oscilloscope presentation,
is used to determine when the load is properly matched to the line. This
arrangement is shown in Fig. 24-12.

The accuracy of this calorimeter is estimated to be within 5 per cent,
the inaccuracies being caused by stray heat losses and errors in reading
temperature rise and in variation in rate of flow of water.
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F1a. 24-12.—Slotted-line rotating-probe standing-wave indicator.

24-13. Coaxial Line with Water Dielectric.—The calorimeter watt-
meter shown schematically in Fig. 24~13 is similar to the one described
above. It has, however, certain features that make possible operation
over the frequency band from 1000 to 3000 Mc with an accuracy of 8 to
10 per cent without the necessity for tuning. If tuning, by stubs, for
example, is used so as to reduce the voltage standing-wave ratio, this
error may be reduced to 5 per cent. It has also the advantage, over most
of the calorimeter wattmeters, of being rapid in reading, as only 10 to
25 sec are required. The maximum power that can be measured is 150
watts.

The load consists of a 9-in. section of coaxial line with a 50-mil
Cromax-wire center conductor and water dielectric, short-circuited at
the terminal end. The water flows between the inner and outer conduc-
tors and serves to carry away the heat and to indicate the quantity of
heat in terms of temperature rise. Attenuation in power is produced by
ohmic losses in the center conductor and by dielectric losses in the water.
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Since the dielectric constant of water is very high, the electrical length of
the 9-in. section of line is much greater than its physical length. Thus,
although the loss per wavelength is small in the water, the number of
wavelengths is sufficient to produce the total attenuation required. The
high dielectric constant of water would require a conductor-diameter
ratio of 1800:1 for a 50-ohm line. Since this is impractical, a 6-in.
exponential dielectric taper of titanium dioxide fired to the same dielectric
constant as water is used to effect a transformation from the 50-ohm
impedance of input line to that of the water-dielectric line. The expo-
nential taper is such as to provide a constant change in impedance per
wavelength. In order to correct for the variation in the dielectric con-
stant of water with temperature, another taper, 2 in. long, extends into
the water from the point of maximum diameter of the first taper, 7.e.,
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Fia. 24-13.—Wattmeter, with coaxial-line water-dielectric calorimeter.

the inner diameter of the outer conductor, to the diameter of the Cromax
center conductor (see Fig. 24-13). Connections to the titanium dioxide
that are both watertight and electrically good are made by applying a
gilver burnish to the oxide and soft-soldering to it. Silver burnish
also serves for the center conductor inside the titanium dioxide tapers.

A closed water-circulating system with a pump, radiator, and flow
indicator is used. A differential thermocouple having three hot and three
cold junctions is used with a microammeter to measure the temperature
rise in the water. A calibrating unit operating on 110-volt 60-cycle
power is built into the system. To facilitate tuning the transmitter, a
crystal voltmeter is incorporated in the input r-f section of the wattmeter.
This device gives instantaneous readings of relative power.

Titanium dioxide, after it is fired, has a hardness of the order of 9
on the Brinnell scale, which makes fashioning difficult. The tapers for
the wattmeter should, therefore, be shaped while the substance is in
the chalky prefired state, allowances being made for shrinkage. The
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mixture used for making the tapers for this wattmeter was prepared by
the Laboratory for Insulation Research at the Massachusetts Institute of
Technology, and firing was done there. It was found impractical to
mold the center conductor inside the titanium dioxide, so instead a hole of
the proper size was formed in the extruding operation. This was then
silvered by drawing silver paste through it and baking. Figure 24-14
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F1a. 24-14.—Titanium dioxide taper (dimensioned) for use with wattmeter of Fig. 24-13.

gives the dimensions, before firing, of a taper that, when used in a
cylindrical outer conductor having an inner diameter equal to the maxi-
mum diameter of the tapered section, gives a constant change in imped-
ance per wavelength.

Another calorimeter wattmeter suitable for powers between 25 and
1500 watts in the frequency band 250 to 800 Mc is shown in Fig. 24-15.
The reading time is about 45 sec, accuracy 10 per cent, and weight 25 1b.
Calibration is made on 60-cycle power. A crystal voltmeter (Sec. 24-27)
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F1a. 24-15.—Wattmeter, with coaxial-line water calorimeter.

may be added to give instantaneous readings of relative power output as
a convenience in tuning. The wattmeter is rugged, quick-reading, and
fairly accurate.

The power-dissipating element consists of a 34-in. length of attenuat-
ing coaxial line short-circuited on the terminal end. The outer conductor
is a brass tube 1 in. in diameter, the inner conductor a No. 24 Cromax
wire. Water flowing between the two conductors forms the dielectric
and also serves to measure the power dissipated. The attenuation per
wavelength is about 1 db but, because of the high dielectric constant of
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water and the resulting number of wavelengths in the given physical
length, the total attenuation one way is more than 10 db at 500 Me.
Under these conditions the imaginary component of the characteristic
impedance of the line is negligible and the input impedance essentially
real and constant over the required frequency range. A taper is used to
match the impedance of the water-filled coaxial line, 10 ohms, to the 50-
ohm input cable.

24-14. Salt-water Loads.—The coaxial calorimeter wattmeter shown
in Fig. 24-16 will dissipate 1 or 2 kw of power at frequencies of a few

Polystyrene Washer
Glass Kovar Seal ™~

4 Feet
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Outlet

Hater- ey X
tight Plug -
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Fia. 24-16.—Wattmeter with a 2-kw salt-water calorimeter.

hundred megacycles. The power is absorbed by the salt water that
enters through the hollow center conductor and, in the vicinity of the
glass-Kovar seal, passes out through holes to the outer water jacket and
returns through the space between the center conductor and the glass
tube to the end from which it started. This load gives a low standing-
wave ratio over a very broad frequency band without requiring tuning
adjustment. It is probably capable of handling considerably more power
than 2 kw.

A type of salt-water load that is very convenient for measuring the
power output of parallel-line oscillators is shown in Fig. 24-17. The load
consists of the salt water contained in a short length of glass tubing.
Connection is made to the lines through conducting terminals sealed to
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Cooling
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Parallel Lines @)
Fig. 24-17.—8alt-water load for parallel-line oscillators.

Fia. 24-18.—Wide-band calorimeter load for waveguide.
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the tube by means of metal-to-glass seals. The salt water is circulated
through the load, a flow meter, and a cooling coil by means of a circulat-
ing pump. At a known rate of salt-water flow the power dissipated in
the load is measured by the temperature difference of the water on the two
sides of the load. Calibration is accomplished either by dissipating
known amounts of low-frequency or d-¢c power in the load, or by substitut-
ing for the load another tube containing a resistance coil in which meas-
ured amounts of low-frequency or d-¢c power may be dissipated.

24-16. Calorimeter Load for Waveguide.—The device shown in Fig,.
24-18 was designed at the Radiation Laboratory for use in the 3000-Mc¢
region. It consists of a piece of 114- by 3-in. waveguide about 20 in.
long closed at the end opposite the source of power. A glass tube enters
through the middle of the 3-in. side and passes obliquely through the
guide and out at the end. The power is carried off by the water in this
tube. A metal ramp or ridge is placed between the glass tube and one
wall of the guide. This ridge tapers the impedance of the guide to a
lower value and at the same time concentrates the field in the vicinity
of the water. This effect produces sufficient attenuation so that ordi-
nary city water can be used and the standing-wave ratio will not exceed
about 1.1:1 over the band from 8 to 11 ecm. If the load is used with a
circulating water system, the performance can be improved by adding
a little salt to the water. Since the volume of water in the glass tube is
quite small, it will respond very quickly to changes in power level.

24-16. Quick-response Calorimeter for Large Waveguide.—The load
and calorimeter shown in Fig. 24-19 were designed for use in large wave-
guides at frequencies at which the calorimeter type of water load described
above would have excessive size and thermal capacity. It will measure
kilowatts of power, and the response is very rapid. The guide has a cross
section 6 by 15 in. The glass tube that carries the salt water is about
1 in. in diameter and can be moved back and forth with respect to the
end plate on the waveguide. If the salt-water conductivity is properly
adjusted, the load will approximately match the guide impedance when
the glass tube is a quarter of a guide wavelength from the end plate.
In general, however, if a good match is desired, the load must be tuned by
means of the plunger whenever the frequency or the water temperature is
changed.

A modification of this device, which will handle a more limited amount
of power, consists of a Globar resistor inside the glass tube. These
resistors are made in the form of a tube from a ceramic type of material.
The Globar resistor is slightly smaller than the glass tube, so that the
water cools both the inner and outer surfaces, and should be at least as
long as the portion of the glass tube inside the guide. Since the water
serves merely as a cooling medium, the salt is no longer needed. Elimina-
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tion of the salt solution simplifies the system, since tap water may then
be used and the water pump and heat exchanger eliminated.

It was found that when the resistor was placed in the center of the
guide, as in the case of the salt-water tube in Fig. 24-19, a good match
could not be obtained unless a great deal of compensation was applied by
means of the tuning plunger. This was because the available types of
Globar tubes did not have a resistance high enough to match the imped-
ance of the waveguide. To avoid using compensation from the tuner,
which was very frequency sensitive, means were provided for moving the
resistor from the center toward the edge of the guide where a more broad-
band match could be obtained.

Copacitor
Tuner

Salt-water
Inlet

Glass Tube

Salt-water
Outlet

F16. 24-19.—Tunable water-load assembly for large waveguide.

24-17. Sloping-guide Water-load Calorimeter.—Satisfactory power
measurements may be made by placing thermometers and a flow gauge
in the water-circulating system of the dummy load shown in Fig. 24-1.
The reading time is long, since considerable time is required for the water
to reach thermal equilibrium. In calibrating a wattmeter or bolometer,
this time lag is not objectionable, but the device would not be satisfactory
as an indicator for tuning an oscillator. This calorimeter is best suited
to high power levels because of the relatively large amount of water
used.

24-18, Slotted Coaxial Lines.—A slotted coaxial transmission line,
such as is used for making measurements of standing-wave ratios, may be
used for measuring relative power transmitted along the line. Any
amount of power may be monitored, and very little power is lost in the
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process. It can be shown that the power transmitted through a coaxial

transmission line is

ErusBmin
Zo

in which P is the power in watts, Z, the characteristic impedance of the
line, and E,,. and E.. are the maximum and minimum voltages across
the line, expressed in rms volts. Since the probe in the slotted line
indicates voltages proportional to the actual line voltages, Eq. (24-11)
becomes, for a given line,

P=

(24-11)

R = KEmuEmh (24"12)

where K is a constant.
If a square-law crystal is used with a current meter for indicating the
maximum and minimum voltages along the line, the power is

P = K'(Tuacl uin)¥ ' (24-13)

where K’ is a constant and I... and I.. are crystal currents. In order
to read actual power it is then necessary to determine the values of K
or K’ for the particular apparatus used. This may be done by compari-
son with an r-f power meter, such as one of the calorimeter types reading
power in absolute units.

The errors inherent in slotted-line measurements of power may
amount to about 10 per cent and are caused mainly by aging of rectifier
crystals, inaccuracies of tuning of probe systems, variation of response of
probe and detector with frequency, and setting errors between calibra-
tion and use.

24-19. Notched Coaxial Lines.—A notched coaxial cable is a cheap
and easily made substitute for a slotted line and is satisfactory for meas-
urements not requiring great accuracy. Itis made by notching or cutting
through the outer covering, outer conductor, and diclectric of a solid-
dielectric coaxial cable so as to expose the inner conductor. The pro-
tective covering should also be removed around each notch to expose the
braided outer conductor. There should be about 10 notches per wave-
length in the cable.

Voltage measurements may be conveniently made by means of a
‘“pin stick” or r-f voltmeter, shown in Fig. 24-20, applied to the notches
in succession. The telescopic line of the pin stick should be adjusted for
maximum impedance at the open end of the telescoping line. This may
be most satisfactorily done by holding the probe or open end of the line
near a source of r-f power at the operating frequency and adjusting the
line for maximum meter deflection. This source may be the field near an
antenna or the tank circuit of an oscillator. If the source is too weak,
the probe may be adjusted on the notched line itself. The center pin of
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the probe is pressed against the center conductor of the line, and the outer-
conductor contact ¢lips against the outer braid of the notched line.
When the telescoping coaxial line of the probe is properly adjusted, the
deflection of the meter will be the same when the probe is very close to
the center conductor of the notched coaxial line as when it is actually
in contact. By very close is meant distances of the order of a millimeter
for a cable transmitting about 5 watts of power.

. Short-
Thin straps to contact . circuiting
outer conductor of notched line Strap

Polystyrene Wafer

Telescoping Line
Approx. 6“ Jor
450-720 Mc Range)

Wide straps.Adjust

width experimentally
until it Compensates
for inductance due to length

Fi1a. 24-20.—R-f voltmeter with * pin-stick’’ probe.

24-20. The Thermistor.—A thermistor unit ordinarily consists of a
small hard bead composed of certain oxides and resins, supported between
two small leads or terminals. This unit may be used as an r-f load to
dissipate small amounts of power. The resulting rise in temperature
causes a change in the resistance of the unit, usually in the negative
direction, which may be used as a measure of the power dissipated. The
change in resistance may be measured by a bridge, one leg of which
includes the thermistor bead. A description of the thermistor bridge
and a discussion of its use may be found in Sec. 35-11.

Since the amount of power that may be dissipated in a thermistor bead
is of the order of milliwatts, some sampling device, such as a directional
coupler (Sec. 24-22) or an attenuator of known characteristics, e.g., a
length of lossy cable, must be used when large amounts of power are to
be measured. The thermistor bridge is particularly useful for measure-
ments on microwaves at low power levels because of the very small dimen-
sions possible in the unit. It is stable, rugged, convenient, and accurate.

24-21. The Bolometer Bridges.—A typical r-f bolometer consists of
a resistance element, often a Littelfuse, in which the r-f power to be
measured is dissipated, arranged as one arm of a bridge. The change in
resistance of this element is then a measure of the r-f power.
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Since the resistance element may be small and can be incorporated
as part of an r-f system, the r-f bolometer is a very satisfactory device
for use on microwaves as well as for lower frequencies. The response is
linear in power, and the device itself may be made rugged, stable, accu-
rate, and reasonably sensitive. Like the thermistor bridge (Sec. 24-20) it
must be used with a sampling system or a power attenuator. The bolom-
eter bridge is discussed in Sec. 35-11.

24-22. Directional Couplers.—A directional coupler is a device which,
when attached to a waveguide or a coaxial line, gives indications of the
power flowing in one direction regardless of the presence of power flowing
in the opposite direction. Thus the response is independent of standing
waves caused by reflections from the termination of the guide or line.
This feature, which enables it to distinguish between the power that is
flowing away from a transpnitter and the power that has been reflected
back, has led to a number of important applications.

The most important advantage of a directional coupler in the measure-
ment of power is due to the fact that its response is independent of its
position with respect to the maximums and minimums of the standing-

wave pattern in the guide. In making

w
3

~ / power measurements with an ordinary
©34 type of probe that does not have direc-
2 // tional characteristics, a slotted section is
<30 / usually necessary in order to obtain the
$.6 A maximum and minimum readings. This
‘E / is often very inconvenient and may also
gz.z / lead to errors. The curve of Fig. 24-21
g shows how a low-power reflected wave
5 / in the transmission line can result in a
Si4 large variation in the power picked up
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_Fra. 24-21.—Effect of reflection can set up a standing wave so large that
of incident power on power measure- 1,6 ordinary type of capacitance probe
will pick up 50 per cent more power
when it is near & maximum than when it is near a minimum. When a
directional coupler is used in the same situation, the presence of this 1 per
cent reflected power will produce an error of only 1 per cent.
Spectrum-analyzer measurements usually require some means of
obtaining a small sample of power from a transmission line. The purpose
of spectrum analyses is to determine the relative power distribution over
a band of frequencies, and the sample taken from the transmission line

should have the same distribution as the power being delivered to s Joad
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or antenna. With the ordinary nondirectional pickup, this sample is apt
to be quite mislvading, because the positions of the maximums and
minimums change rapidly with frequency. This is especially important
if the line is long in terms of wavelengths. Thus for some frequencies in
the spectrum the probe may be at a standing-wave maximum, and for
other frquencies it may be at a minimum. When a directional coupler is
used for spectrum measurements, there is no error due to the frequency
sensitivity of the transmission line.

A directional coupler is also useful for matching a load to a trans-
mission line. If it is oriented so as to respond only to the reflected power,
it is easy to ‘‘tune’’ the load or to adjust the impedance until the reflection
is & minimum. This arrangement can also be used to operate a warning
device or an interlock to protect an oscillator tube from damage when the
reflected power is too large.

Unidirectional couplers do not measure power from the guide or
coaxial line directly. They take a portion of the total power which may
be used as a measure of the magnitude of the total power flowing in one
direction in the guide or line. It is therefore necessary to calibrate the
device by means of a calorimeter wattmeter or other absolute power-
measuring system. Furthermore, the power flow in each direction must
be measured in order to determine the net power going into the load.

—- ~Z Reflected M

Power

()] (b)
F16. 24-22.~—Capacitive-loop directional coupler.

Forward
Power

24-23. Capacitive-loop Directional Coupler.—This type of coupler
was designed to operate over a relatively wide frequency band. 1t
consists of a small loop projecting into a waveguide, as shown in Fig.
24-22. Each end of the loop is connected to a length of 50-ohm lossy
cable which has enough attenuation so that its input impedance is
essentially a pure resistance. When the device is in operation, the cur-
rent in cable 4 is caused by the wave that is traveling toward the right in
the transmission line and that in cable B by a wave, such as a reflection
from the load, traveling to the left.

- This type of coupler is directive because the loop is acted upon by
both the electric and the magnetic field of the wave in the guide. The
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current due to the electric field has the same phase in both cables, while
that due to the magnetic field is always in the opposite direction in cable
A from that in cable B. Thus, for a wave traveling to the right in the
guide, the currents add in cable A and subtract in cable B, as shown in
Fig. 24-22b. If the current produced by the electric field is equal to
that produced by the magnetic field, cancellation will result in cable B.
For a wave traveling to the left in the guide, the cancellation will be in
cable A.

For satisfactory directional properties, the following relations must
obtain:

1. The loop must be small compared with 14 wavelength.

2. The reactance of the loop due to its uncoupled self-inductance should be
small compared with the characteristic impedance of the cables.

3. The geometry of the loop must be such that the current caused by the
electric field has the proper magnitude and phase with respect to that caused by

the magnetic field.
4. The ends of the loop must each be terminated in a pure resistance (such

as a length of lossy cable).

A more detailed explanation of the directional effect in the loop may
be gained from the vector diagram and equivalent circuits of Figs. 24-23
and 24-24. This is a linear system and can be analyzed on the basis of
superposition. The two voltage sources and their equivalent circuits can
each be considered separately and then superimposed to find the resulting
effect. When a traveling wave passes the loop, the maximum of the &
and 3¢ fields occur simultaneously, but the voltage due to dic/dt is 90
deg out of phase with the voltage of the & field. This phase difference
would seem to prevent effective cancellation of the currents in one or the
other of the cables. However, this is not necessarily true.

Figure 24-23 is an equivalent circuit and vector diagram for the
currents due to the 3¢ field. This circuit contains a generator giving a
voltage proportional to d3c/dt and having an internal impedance X,
which is caused by the self-inductance of the loop. The resistances R,
and R, represent the characteristic impedances of the two cables which
are in series as far as this circuit is concerned. The principal impedance
in this circuit is resistive, because of the lossy cable, and the current is
nearly in phase with the generator voltage, or nearly 90 deg ahead of the
voltage in the waveguide. The angle « is caused by the self-inductance
of the loop. The dotted vector I, is included to indicate that the cur-
rents induced in the two cables will be in opposite directions.

Figure 24-24 shows the circuit for the electric fiexd. The generator
in this circuit produces a voltage proportional to the electric field in the
guide. The capacitance between the loop and the opposite wall of the
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guide is represented by C,, while C, represents the capacitance between
the loop and the.adjacent wall of the guide. In this circuit, the two
resistances R, and R, are in parallel. Since the impedance of C, is
very much higher than the other impedances in the circuit, the current
I, will be nearly 90 deg ahead of the generator voltage. The angle o
between I’ and 1.’ is caused by the shunting effect of the capacitance Cb.

E

@' (Rg*Re)>» X,

a - == “Nﬁ]b

F1a. 24-23.—Equivalent circuit and vector diagram for currents due to magnetic field.

From these two vector diagrams it can be seen that the currents in
R, caused by the two generators will be approximately either in phase or
180 deg out of phase. The same is true for Rs. Thus, for a wave
traveling a given direction there will be cancellation in one of the cables
if the magnitudes are equal and opposite. These relative magnitudes
can be adjusted by changing the area or shape of the loop or by adjusting

3

Xg, > Xp,»R

F1a. 24-24.—Equivalent circuit and vector diagram for currents due to electric field.

the width of the conductor from which the loop is made. Then the angles
a and o’ can be made equal by adjusting the value of Cb.

Satisfactory operation of this coupler requires that the ratio of the
transverse components of the & and 3¢ fields remain substantially con-
stant. When the coupler is used with ordinary rectangular waveguide,
the band width is limited by the variation in guide impedance. This
guide impedance varies rapidly at frequencies near cutoff, but at fre-
quencies remote from cutoff it approaches a constant value. The cutoff
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frequency can be reduced to less than one-third of the normal value by
placing a tapered ridge inside the waveguide, as in Fig. 24-25. If the
taper of this ridge is properly designed, it will not introduce appreciable
reflections. At the crest of the ridge, where the coupler is located, the
guide wavelength and the impedance are nearly the same as in free space,
and the variation in impedance is insignificant over a considerable fre-

Loop Projects from the Bottom Sige of this Probe Assembly

Tapered Ridge
Fia. 24-25.—Waveguide with tapered ridge.

quency range. The probe does not need to be centered with respect to
the width of the guide and can be moved toward the edge to keep it clear
of the ridge.

The vector relations of Figs. 24-23 and 24-24 are not sensitive to
frequency changes. The requirement that X¢; be large compared with
the parallel resistance of the two
cables is not hard to meet, since
Xeci will be of the order of 3000
ohms while R, and R, in parallel
are 25 ohms. In Fig. 24-23, the
angle a = tan™! wL/(R, + R»),
and in Fig. 24-24 the angle
o = tan—! (R,wC2)/2. Both of
these angles increase with fre-
quency at the same rate so that if
they are equal at one frequency
they will be equal at other fre-
quencies. This is also true in

Fia. 24-26.—Directional coupler suit- regard to, the magnitudes of the
able for operation at 500 Mec in very large vectors, since the voltages caused
waveguide. by both the & and 3 generators
increase with frequency at the same rate and the requirements for cancel-
lation are maintained. Although the directional properties do not
change with frequency, the voltage output does change. This is not
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objectionable for many purposes, but if necessary the change in attenua-
tion of the lossy crbles can be adjusted to compensate for the change in
probe response, so that the voltage at the end of the cables does not
change by more than +0.25 db over a frequency range of 2 to 1.

A coupling loop suitable for operation at 500 Mc is shown in Fig.
24-26. It was used in a waveguide that had a cross section of 6 by 15 in.
The cables are attached to the two type-N chassis connectors that also
support the loop. A loop suitable for operation at 3000 Mc was used as
part of a wattmeter to monitor the power output of a c-w magnetron that
had a tuning range of 8 to 12 em. Type-N fittings could not be used in
this model because they introduced reflections at certain frequencies.

/
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F1G. 24-27.—Two-hole directional coupler.
The cables were therefore not detachable from the coupler assembly, and
the loop was soldered directly to the center conductors so that there were
no electrical discontinuities. The ends of the loop were bent inward so
a8 to increase their capacitance to the surrounding metal surface.

24-24. Two-hole Directional Coupler.—This type of directional
coupler, which was developed at the Bell Laboratories, is shown attached
to a waveguide transmission line in Fig. 24-27a. The principle may,
however, also be applied to a coaxial line. The auxiliary section of guide
is coupled to the main section by two holes that are spaced a quarter of a
guide wavelength apart. The magnetic field in the main guide fringes
out through these two holes and sets up waves in the auxiliary section of
guide. The waves in the auxiliary section of guide will travel in the same
direction as in the main section for the following reason. The waves
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that follow the paths shown by the solid lines in Fig. 24-27b travel the
same distance and are in phase, whereas the waves that travel the paths
shown by the dotted lines are 180 deg out of phase because one of them
has traveled 14 wavelength farther than the other. Since they have the
same magnitude, they will cancel each other.

If there is a reflected wave in the main guide, it will travel toward
the left in the auxiliary section. For most applications, one end or the
other of this auxiliary section will be connected to some measuring appa-
ratus. It is necessary to terminate the opposite end in its characteristic
impedance to prevent reflections that would destroy the directional
properties. .

This type of coupler is ordinarily satisfactory for frequency ranges of
the order of 10 per cent. By using three or more holes instead of two, the
band width can be increased. The power in the auxiliary section of guide
is at least 18 to 20 db down from the power in the main guide.

These waves are These waves are out
in phase and aa’d] [of phase and cancel

- ,__E?__ﬂ

Power 7 70
7n——a--§-——c-———-—-¢-———-r / ’ oad

Waveguide ETronsmission Line
FI1a. 24-28.—Bethe hole directional coupler.

24-26. Bethe Hole Directional Coupler.—This type of directional
coupler shown in Fig. 24-28 is a development of the Radiation Laboratory.
The lower piece of waveguide is the transmission line carrying r-f power.
The upper, or auxiliary, section of guide is electrically coupled to the lower
one by a hole in the middle of the wide face. When power is flowing
through the transmission line, a small amount leaks out through the hole
and sets up waves in the auxiliary section of waveguide. The waves
that are set up in this auxiliary section, however, tend to travel in the
opposite direction from those in the transmission line.

In order to understand this effect, assume a forward wave in the trans-
mission line from the generator on the left to the load on the right. It
may also be assumed that coupling between the guide transmitting the
power and the auxiliary guide is produced by both the electric field and
the magnetic field and that each gives rise to a wave traveling to the right
and another to the left in the auxiliary guide. If the strength of the
electric coupling is properly related in magnitude to that of the magnetic
coupling, the electric components of the two waves will be equal, as will
the magnetic components. The directions of the two fields fringing from
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the lower guide into the upper, or auxiliary, guide are such that the two
waves propagated to the left in the auxiliary guide will add, while those
to the right subtract, or cancel each other if they are of equal strengths.
Thus, for a wave transmitted to the right in the primary guide the com-
bined coupling results in a wave to the left in the auxiliary guide, but none
to the right. For a wave directed to the left in the lower guide, caused
possibly by reflections from the load on the right-hand end, the effect
in the auxiliary guide is reversed. The same conclusion may be reached
by representing by a Poynting vector the direction of propagation of a
wave produced by the combined electric and magnetic fields in the
auxiliary guide near the hole. It will be found that, in the example given,
the relative directions of the two fields are such as to cause a flow of

Coaxral Cable Auxihary Section Resistance Material for
of Wavequide / Terminating Guide
= !
D . o
— ° N
— , 7
Popver /{ Load

Waveguide Transmussion Line
Fi1a. 24-29.—Bothe hole coupler with rotatable auxiliary section of waveguide.

energy only to the left for a wave directed to the right in the lower guide,
provided that the strengths of the two fields are properly related.

The relative magnitudes of magnetic and electric coupling can be
adjusted in several different ways, but these magnitudes change with
frequency and the adjustment is limited in band width. The geometry
shown in Fig. 24-28 produces complete cancellation of the wave in one
direction only when the free-space wavelength is 4/2 times the width of
the guide, but it is easy to alter this geometry to obtain cancellation at
other wavelengths. One method is to rotate the auxiliary section of
guide with respect to the main section, as in Fig. 24-29. This changes
the coupling due to the transverse component of the magnetic field with-
out changing the coupling due to the electric field. Other possible
methods are to change the shape of the hole or to change the dimensions
of either section of waveguide.

Figure 24-29 also shows the arrangement that is ordinarily used for
connecting a coaxial cable to the output of this coupler. It is necessary
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that the end of the auxiliary section of guide opposite the end to which the
cable is connected be terminated in its characteristic impedance, other-
wise there will be reflections that will destroy the directional properties
of the coupler. This reflectionless termination is obtained by means of a
piece of carbon-impregnated resistance material that resembles card-
board. The size of this terminating strip is rather critical and depends
on the frequency at which it is to operate. The coupling between the
waveguide and the coaxial cable is by means of a capacitance probe.
This probe should be designed so as to match the impedance of the cable
to that of the waveguide. This matching is desirable because the measur-
ing apparatus will seldom match the impedance of the cable, so that in
general there will be standing waves present on the cable. These stand-
ing waves will not disturb the measurements, provided the cable is
matched at the waveguide end. If the cable is not matched at either end,
there are reflections from both ends and the cable becomes a resonant
system. A slight change in frequency may then produce a large dif-
ference in the voltage at the output end of the cable. An alternative
to matching the cable to the waveguide is to use a length of lossy cable
that has enough attenuation to prevent multiple reflections. However,
the lossy line introduces about a 15-db attenuation into the system, and
inasmuch as the output of the coupler is already down about 25 db from
the power in the transmission line, the resultant output is too low for
many purposes. .

24-26. A Broad-band Monitoring-type Wattmeter for Waveguides.
The directional coupler described in Sec. 24-23 may be used as the basis
of a direct-reading wattmeter. This wattmeter is of the monitoring type,
which measures the power being delivered to the antenna, and is to be dis-
tinguished from the dummy-load type, which measures the power that is
absorbed. The unit shown in Fig. 24-30 was used with a 1-kw magnetron
transmitter that had a tuning range of 8 to 12 cm. Over this range the
calibration of the wattmeter was substantially flat.

The advantages of a directional coupler for power-measuring applica-
tions were discussed in Sec. 24-22. It was pointed out that difficulties
due to maximums and minimums of the standing-wave pattern are greatly
reduced if only the power in the forward direction is measured. As long
as the standing-wave ratio is reasonably low, the power flowing in the
forward direction is approximately the same as the power delivered to
the load, and the power in the reflected wave can be neglected. For
instance, if the voltage standing-wave ratio is 1.2:1, the error caused by
neglecting the reflected power is less than 1 per cent. If the standing-
wave ratio is 1.5:1, the error is 4 per cent. Probably this amount of
error can be tolerated in most applications, but if the error becomes too
large it is possible to arrange an automatic compensation.
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The wattmeter shown in Fig. 24-30 was designed to make this com-
pensation by subtvacting the reflected power from the power flowing
toward the load. This is accomplished by means of two thermocouples.
The heating of one of these thermocouples is caused by the power in the
forward wave in the transmission line, while the heating of the other is
due to the power in the reflected wave. The d-c output voltages of these
thermocouples are made to subtract. The resulting voltage is then
proportional to the net power delivered to the antenna. Figure 24-30
shows also how the thermocouple junctions are soldered across the ends of
the cables. The d-c blocking capacitor is built into the outer conductor
of the cable in such a manner as not to disturb the r-f circuit. It is, of

Thermocouple
D-c Blocking Condensera'

/& 3 z
A1} [
22 .
> o
Thermocouple ‘%

Microammeter:

La L Ll CLLLll

Forward Power Reflected Power

2777777277777 7277277777727 7727777 27227 777777777772 22
Fia. 24-30.—Broad-band monitor-type wattmeter for waveguides.

course, desirable that the two thermocouples have the same sensitivity.
Otherwise one of them must be shunted with a choke-and-resistance
combination.

In many applications for which this wattmeter was used, the standing-
wave ratio was low enough so that the use of the thermocouple on cable B
resulted in no significant increase in accuracy, and it was omitted in the
interest of simplicity. Since the d-¢ blocking capacitor was then no
longer needed, the microammeter was connected across the end of cable B.
Although the u-h-f attenuation of the cables used was approximately
15 db, the d-c resistance was only a few ohms and did not interfere with
the d-c currents. There was never enough u-h-f current at the end of the
cable to disturb the microammeter.

It is desirable that the meter be calibrated in terms of watts per
division and that this calibration be independent of frequency over the
required range. To make the calibration independent of frequency,
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there must be compensation for the effect of frequency upon (1) voltage
picked up by a probe or loop, (2) attenuation of the solid dielectric cable,
(3) guide impedance, (4) inductive reactance of the wires forming the
thermocouple, and (5) skin depth and r-f resistance of the thermocouples.
The first two effects oppose each other

:: LITITTTTTT I andby proper choice of length of cable
LY Vb Ay ey —ad good compensation can be secured over
+3 a fairly wide frequency range. Figure
*2 > 24-31 shows the effectiveness of 15 ft
* ; < of RG-21/U cable in providing this
a4 . Resulting Variatian of compensation over the wavelength
a2 | [oltooe ot Thermocouse | range from 7 to 13 cm. The lower
3 ~ - curve shows the variation with fre-
-4 7 quency of the voltage picked up by the
:: Variation of Voltage loop of the directional coupler when the
7 | Ficked up by Loop(Constant Guide Woltagel]  field strength in the waveguide is held
8 constant. The top curve shows the
-9 frequency variation of the voltage at
W= % w7 thethermocouple end of the cable if the
A, Cm voltage at the input end of the cable is

F1a. 24-31.—Frequency compensation  held constant. The center curve shows
produced by proper length of cable. . .\ .
the effective way in which these two
variables compensate one another. The slope of the upper curve is
determined by the length of the cable. In this particular application a
15t length of RG-21/U cable produced the right slope for the best
compensation.
Changes in guide impedance tend to affect not only the field strength
but also the directional properties of the coupler. These effects may be

F1a. 24-32.—Equivalent circuit of cable and thermocouple.

minimized by means of the tapered section of ridge waveguide, as dis-
cussed in Sec. 24-23.

The thermocouple consists of a spot-welded junction between a piece
of nichrome wire 0.001 in. in diameter and a piece of constantan wire of
the same size. One end of this junction is soldered to the center con-
ductor of the coaxial conductor and the other end to & brass ring that
is attached to the outer conductor. These two supports for the thermo-
couple are about 1{¢ in. apart so that the inductive reactance is of the
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order of 25 ohms. The frequency sensitivity of this arrangement can be
analyzed from the equivalent circuit of Fig. 24-32, based on Thevenin’s
theorem. Inasmuch as the resistance of the thermocouple is less than
10 per cent of the reactance, it can be neglected. When the reactance is
small enough compared with 50 ohms, it too can be neglected, but at
frequencies over 3000 Mec it begins to produce a noticeable effect and
should be compensated. The dotted capacitor in Fig. 24-32 represents
the capacitance of the two supports of the thermocouple. If this capaci-
tance is adjusted to the proper value, it will greatly reduce any frequency
sensitivity caused by inductive effects.

Skin effect does not cause trouble if the distance of penetration of the
current into the wires forming the thermocouple junction is large com-
pared with the radius of the wire. In the thermojunction described
above, which has a wire diameter of 0.001 in., a certain amount of skin
effect is present at 3000 Mc, as shown by a tendency toward a slightly
greater sensitivity at the high-frequency end of the range. However,
the inductance tends to reduce the high-frequency response, and a good
compensation is not hard to obtain.

The wattmeter described above can be expected to be accurate within
2 per cent, when carefully calibrated against a calorimeter wattmeter.

The type of thermocouple described in connection with Fig. 24-30
may develop a larger emf than is required to produce full-scale deflection
of 100 ua on a microammeter with a resistance of 100 ohms, but the emf
may be adjusted to a suitable value by changing the location of the
directional probe with respect to the center of the waveguide. Moving
it away from the center toward the edge decreases the pickup without
affecting the directional properties. However, the plane of the loop must
be kept parallel to the longitudinal axis of the guide.

There are several ways in which the sensitivity of the thermocouples
may be increased for measuring power levels lower than those described,
without resorting to bridge circuits or vacuum tubes. One possibility is
the use of vacuum thermocouples. Although this would increase the
thermal emf for a given level of r-f power, the objection is that the meter
calibration would no longer be linear. The heat dissipation from
a vacuum thermocouple is principally by radiation, and the relation
between r-f power and d-c current is not so linear as it is for air-cooled
couples. For this reason, vacuum thermocouples would not be suitable in
the arrangement of Fig. 24-30, in which the reflected power is subtracted
from the incident power.

Another way to increase the meter current is to place the thermocouple
near the coupler end of the cable instead of at the opposite end. This
can be done by placing the thermocouple in series with the center con-
ductor, as shown in Fig. 24-33. The shunt capacitances are used to
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compensate for the inductance of the thermocouple. If the proper
adjustments are made, the series inductance and two shunt capacitances
form a low-pass w-section filter which will have the same characteristic
impedance as the cable over a limited frequency range. Of course, plac-
ing the thermocouple near the probe
Thermocouple Junction -~ destroys the frequency-compensat-
g A T 4 ing effect produced by the cable
'/////////)/*‘7///////4 attenuation. This filter-section
. . arrangement for a thermocouple was
e 23??53:’2“.2?.‘23‘2‘3’.%E‘ZL‘,‘T“"’ ™ used at a frequency of 500 Mc and
.. was very satisfactory. The cutoff
frequency of the filter section was about 3000 Mc, so that the variation
of characteristic impedance . with frequency was not too rapid at the
operating frequency. The arrangement could presumably be scaled down
for use at much shorter wavelengths.

24-27. Output Indicators.—Devices designed to indicate r-f or video
voltage at some convenient point in the output are a desirable feature
of any transmitter system. The purpose of an output indicator is to
give a nearly instantaneous indication of relative power output so that
the transmitter can be tuned for optimum performance. It is also
useful as a monitor on the operation of the transmitter. The device
can be useful even if the indication varies with frequency, since the
important consideration is relative power output.

The mere presence of r-f voltage in an outgoing transmission line near
the transmitter does not necessarily mean that any appreciable power is
being delivered to a load. Hence devices that indicate voltage at the
load or in the field of an antenna are obviously to be preferred whenever
they can be used; at least they eliminate all doubt as to the condition of
the transmission line.

Output indicators located in a transmission line are frequency
sensitive, not only because the degree of coupling to the line varies with
frequency, but because of the usual presence of some standing wave,
which shifts past the indicating point in the line as the frequency changes.
Indicators located in the field of an antenna may also be frequency
sensitive because there is inevitably some change in voltage at a given
point in the near-zone of an antenna as the frequency changes. More-
over, the presence of any reflecting bodies (of dimensions comparable to
A\/4) near the antenna and pickup probe will cause a further and unpre-
dictable variation in the indication of r-f output.

One simple output-indicating device consists of a small rectifying
crystal, shunted by a milliammeter, capacitively coupled into the line.
Another uses, in a similar manner, a small incandescent lamp in series
with -a variable capacitor. These are indicated schematically in Figs.
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24-34a and b. The crystal system requires less power for operation than
does the lamp and has the further advantage that, if a square-law crystal
is used, readings are proportional to power.

In some cases, such as for lossy-line loads, errors caused by standing
waves on the line may be avoided by installing the crystal monitoring
system of Fig. 24-34a at the load end of the transmission line.

7~ Output Oviéout
| \7 Jack I =S4 ./af/(
J C’apacgggse L Variable Caopacitor
Crystal 9| R-f Choke Lamp
=0-/ma
(a) (b)

Fig. 24-34.—Schematic diagrams of output-indicating devices: (a) with rectifying crystal;
(b) with incandescent lamp.

A method of indicating flow of power through waveguides is to mount

a long neon tube on the guide, as indicated in Fig. 24-35. The starting

voltage can be controlled by the length of the striking wire extending

down into the guide. The length of the discharge column is proportional

to peak power and can be read to +14 mm. Thus by the addition of a
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F1a. 24-36.—Neon-tube power-indicator in waveguide.

scale along the neon tube the device may be calibrated to monitor power
flow or, if movable in a slot along the guide, as a standing-wave indicator.

Several of the power-measuring systems, such as unidirectional
couplers, slotted lines, and photometric devices, discussed in Secs. 24-18
to 24-25 are suitable for use as power monitors. In order to be useful
for tuning or adjusting transmitters, an output monitor should be instan-
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taneous in reading and should not in itself require adjustments. Linear-
ity of reading is desirable but not necessary.

In general, the most desirable type of output indicator is one that
operates from the radiated field. Thus the transmitter, coupling system,
antenna cables and fittings, and the antenna are simultaneously moni-
tored. Probably the simplest of these devices consists of a small antenna,
or probe, placed near the transmitting antenna, a crystal rectifier, and a
meter, as shown in Fig. 24-36. The probe antenna should be placed near
the transmitting antenna in a region free from reflecting objects that
might set up standing waves in the space near the probe and thus make
the indicating system frequency sensitive. If the probe is made small and
placed near the antenna, the measuring system will respond to the moni-
tored antenna only, yet the crystal rectifier will not be overloaded.

A diode may be used in place of the crystal rectifier, as shown in Fig.
24-37. However, this necessitates the use of additional conductors in
the cable between the probe antenna and rectifier, which must be located
near the transmitting antenna, and the indicating meter, which would be

Antenna Antenna
955
Crystal R-f Choke 2k W—:II:
- - M

F16. 24-36.—Output indicator with probe Iiu. 24-37.—Output indicator with probe
antenna and crystal rectifier. antenna and diode rectifier.

located near the transmitter. The crystal has the further advantage
that it is operable at higher frequencies than the diode.

The Littelfuse bolometer, described in Sec. 35-11, used with a pickup,
or probe, antenna is a good output indicator in that its response is directly
proportional to power. It is also more stable than either the crystal or
diode indicator because the fuses used in the bolometer arms do not
change their characteristics with age. It is more complicated, however,
than the devices previously discussed.

A very simple and useful power-output indicator consists of a 2-volt
60-ma flashlight bulb in the middle of a dipole antenna made by soldering
wires, each approximately 14 wavelength long, directly to the lamp
terminals.

24-28. Spectrum Analyzers.—In the construction and testing of
transmitters, it is desirable to have some method for studying the final
spectrum of the transmitter under modulation. Such devices for study-
ing spectra are called spectrum analyzers. Two devices commonly used
for this purpose are absorption wavemeters and receivers.

Absorption Wavemeters as Spectrum Analyzers.—Coaxial-line and
cavity-type wavemeters can be readily employed as spectrum analyzers.
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The band widths of such devices are very small because of their inherently
high Q, so that power in a very narrow portion of the spectrum may be
measured. If the crystal detector is not overloaded, .e., if it is operating
in the square-law portion of its curve, the crystal-detector meter reading
will be directly proportional to the power in the frequency band of the
coaxial line or cavity. When the transmitter is modulated with ‘“noise”’
or some other type of signal that has a uniform distribution of energy
over a frequency spectrum, a graph of the spectrum in power as a func-
tion of frequency can be constructed by tuning the wavemeter through
the spectrum of the transmitter and recording at frequent intervals the
crystal-detector meter reading.

Receivers as Spectrum Analyzers.—Narrow-band heterodyne receivers
can also be used as spectrum analyzers. A voltmeter is placed across the
second detector to measure the i-f output voltage, the ave is removed, and
a voltmeter is connected across the i-f gain-control potentiometer.
A calibrated signal generator is then connected to the receiver for purposes
of calibration. With the output voltage kept at a constant level, the
voltage developed across the gain control is calibrated against the input
voltage. It is then possible to measure the relative voltages of the por-
tions of the spectrum being studied and to construct a db-vs.-frequency
curve of the spectrum.

Special heterodyne receivers have been constructed for use as spec-
trum analyzers. A very convenient and useful type is the panoramic
spectrum analyzer which is designed to show on the screen of an oscil-
loscope the Fourier analysis of the output of a transmitter. It is essenti-
ally a narrow-band superheterodyne receiver, the local oscillator of which
is frequency-modulated with a low-frequency sweep. The output volt-
age of the receiver is applied to the vertical plates of a cathode-ray
oscilloscope, the horizontal plates of which are supplied with the same
low-frequency sweep used to frequency modulate the local oscillator.

The operation of a panoramic spectrum analyzer can be seen more
clearly by referring to the block diagram of Fig. 24-38. This particular
analyzer will cover a frequency range from 70 to 1000 Mc and has a resolv-
ing power of 100 ke. One added feature is that the spectrum can be
accurately measured in decibels by means of a bolometer circuit and a
vacuum-tube voltmeter. The tuning capacitor of the sweeping oscillator
may be either motor- or hand-driven throughout a range of either 20 Mc
or 5 Mc. The motor drive provides panoramic presentation, whereas the
hand drive is used to obtain bolometer measurements in decibels, as
indicated by a vacuum-tube voltmeter.

Any desired 20-Mc band of incoming signals may be selected by com-
bining the incoming signals with the output of the local oscillator in the
crystal mixer and impressing the difference-frequency band upon the
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input of the 20-to 40-Mc if amplifier. The i-f output is then hetero-
dyned with that of the sweeping oscillator. The latter sweeps either
from 20 to 40 Mec or from 27.5 to 32.5 Mc, the range being selected by a
panel switch. The resulting output, after rectification, is passed through
a 5- to 50-kc video amplifier and applied either to the plates of an osecil-
loscope, or to & bolometer circuit, the output of which furnishes a-v-c
voltage for the i-f amplifier. The a-v-c voltage is proportional to the
logarithm of the input signal voltage and therefore reads the input level
in decibels. The scope is calibrated to read frequency in megacycles.
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F1a. 24-38.—Block dia-gram of panoramic spectrum analyzer.

24-29. Cold Analysis of Resonant Systems.—In microwave work
there are many applications where a cavity resonator is coupled to a
coaxial line or waveguide, and where it is desirable to measure and
express in a few figures some properties of the combination such as, for
instance, band width or impedance of the cavity as termination of the
line. Wavemeters, echo boxes, and TR boxes are common examples,
but the most frequent and important application is the tank circuit of a
vacuum-tube amplifier or oscillator. Magnetrons, klystrons, resnatrons,
ete., may all have tank circuits consisting of cavity resonators built into
the evacuated shell. In Chaps. 18 to 22, where some of these tubes have
been described and their operation analyzed, it has been shown how the
operation of the resonators can be illustrated by means of equivalent cir-
cuits and discussed quantitatively by means of concepts and terms bor-
rowed from the theory of circuits with lumped constants, even though the
resonators actually are distributed-constant systems.

The purpose of the following sections is to outline some methods of
measuring and calculating the constants and parameters of the equivalent
circuits. Other subjects to be discussed are the approximations involved
and the conditions that should be satisfied in order that the equivalent
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circuit and the calculated values of its constants and parameters accu-
rately represent the resonant system within the band of frequencies of
interest to the problem.

24-30, Constants and Parameters of Resonant Systems.—The follow-
ing discussion has been written chiefly with vacuum-tube tank circuits in
mind, as ‘“cold tests’ of tubes with internal resonators is at present the
most important application of the methods of measurement and calcula-
tion outlined. The treatment of these problems is general enough to
cover other arrangements of similar nature.

In order to start from as general a point of view as possible, a four-
terminal resonant system is considered as a combination of an input
coupling, a resonator proper, and an output coupling. A resonator
generally has a number of different resonance modes. The discussion
will be limited to a narrow frequency band at each resonance, and a set
of at least five parameters will be associated with each mode. These are

1. The resonance frequency f, of the resonator proper
2. The loaded Q, Q.

3. The unloaded Q, Q,

4. An input-network parameter

5. An output-network parameter

These parameters are all independent in the sense that none of them
can be determined from known values of the other four.

The loaded Q is the parameter that expresses the band width of the
system when a load is applied. More specifically, Q.. is defined conven-
tionally for matched load on the output line. The loaded Q derives its
significance chiefly from the information it gives about the transmission
losses in the resonator and, in combination with Q,, about the circuit
efficiency.

The choice of input and output parameters allows a certain freedom.
In the general case both these parameters are complex and each of them
would be given by two constants, an impedance constant and a trans-
mission constant. The output-network parameter will be specified by
the characteristic impedance Z, of the output line and a certain equivalent
length of line, as shown below in connection with the equivalent circuit.
The input-network parameter will be specified as an impedance Zo/ks?
where k, is the turns ratio of a certain ideal transformer in the equivalent
network of the four-terminal resonator. In the type of network involved
here, the equivalent length of line on the input side is always zero,
because the input-coupling network, which has been assumed in the gen-
eral case, actually is nonexistent in the vacuum tubes we have in mind.
The resonator proper is a parallel-resonant circuit connected directly
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between the input terminals represented by the interaction space in the
tube.

All these parameters have a definite meaning, regardless of whether
the system has lumped or distributed constants. A certain ambiguity
arises, however, when input and output terminals are of different kinds,
one a waveguide connection, for instance, because of the fact that the
characteristic impedance of a waveguide can be expressed in ohms
according to several different’conventions: as the wave impedance, as
E?*/W, as E/I, or as W/I% 'This difficulty is purely formal, of course,
and is in every case removed by stating which definition of Z, is used.

Note that in this section ‘‘input’’ and ‘“‘output”’ will consistently refer
to the normal operation of the system, even when, for the purpose of
measurement, the flow of energy is reversed and power is fed to the system
through the output terminals. In the circuit diagrams, however, the
direction of transmission of power during the measurements will be from
the left to the right. The normal output terminals in the diagrams will
thus appear to the left of the normal input terminals.

24-31. Equivalent Circuits.—Suppose that it is desired to determine
as many as possible of the parameters of a resonant system when it is
excited in a particular mode and that the output terminals constitute the
only channel through which the properties of the system can be observed.
This is the problem of ‘‘ cold tests” of vacuum tubes, in which the normal
input circuit is the stream of .electrons and the tank circuit is inside the
vacuum envelope. The object is to express the relations between the
impedance at the output terminals and the parameters by equations that
are at least approximately accurate for the largest possible number of
cases likely to be encountered in practice. The first step is to make some
general assumptions regarding the relative order of magnitude of some of
the quantities involved. This will make it possible to simplify the
equivalent circuit of the system and to discuss the approximations
involved.

The system is considered to be made up of the resonator proper and a
coupling network (Fig. 24-39a). The output terminals are at A; the
generator, line, and standing-wave indicator shown to the left constitute
the impedance-measuring equipment. Since the resonator proper is a
two-terminal network, the input circuit, if shown, would also be con-
nected to the terminals at B.

The methods for calculating the parameters of resonant systems that
are presented in this section are based on the following assumptions:

1. The loaded Q of the resonator is relatively high, so that the total band
width does not exceed a few per cent of the resonance frequency.

2. No elements or combinations of elements in the coupling network resonate
in the vieinity of the resonance frequency of the resonator. If the coupling
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network has filter properties, all cutoff frequencies must also be far removed from
the resonance frequency.

3. The coupling network has negligible losses, so that its circuit constants
can be considered as pure reactances, which, as a consequence of the two previous
assumptions, are approximately constant within the frequency band of the
system.

4. The resonance frequencies of different modes are far enough apart so that
the resonator behaves as a simple resonant circuit within the frequency band of
each mode.

The equivalent circuits are shown in Fig. 24-39. In all of them the
resonator is represented by a simple resonant circuit. Generally, the
solution of Maxwell’s equations for

any resonator will include an infinite H a“ g
number of resonance modes, each @ k }

represented by its own parallel-reson- VUine  Standing-wove  putpgt ' Resomant
ant circuit in the equivalent circuit, indicator - Couphng  System

and all of them connected in series
(see Chap. 20, Fig. 20-10c¢). The
assumptions made above, however,
make it possible to consider each
mode separately while neglecting all
the others. The coupling network is
represented by a w-network in Fig.

24-39b, by a series reactance and 1 Zsc ||é ': +i g : z
an ideal transformer in Fig. 24-39c, P REI T
or by a section of transmission line ' ' (c)'

and an ideal transformer -in Fig. 8 8

24-39¢. The constants of the reson- [ i St T Tt N |
ator proper (Z,, Z,/, and Z,"’) are not ! ! | | | | ! + j iz :z;
exactly the same in the three cases. - e _
The difference can be shown as a 1+ 7 )
comparatively small susceptance. ]

Let us now consider our param- 4 a8 BJ: ro o= 1
eters in the light of the equivalent o 0L —> 3"&{ +‘E g 1z
circuit of Fig. 24-39¢, which is the kytl | bmmmemad
most useful one for this purpose. If (e)

Z, is the output impedance constant Fia. 24-39.—Equivalent network of a
and Zo /ka’ the input imp edance con- resonator coupled to a transmission line.
stant, both real numbers, it is evident that one more parameter is needed
to determine the system completely, i.e., the equivalent length Al of
the coupling network. A more general equivalent circuit would be
obtained by attributing to input and output each a length of line AL,
AL, respectively, as shown in Fig. 24-40, but for the vacuum-tube applica-
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tion considered here Al; is always zero. The loaded and unloaded Q
have been defined in previous chapters; the unloaded Q, Q,, is the Q of
the resonator without any load applied, ?.e., determined by the losses in
the resonator itself, while the loaded @, Q:, is the @ of the system includ-
ing load, which by convention is assumed to be matched to the output
line.

Other constants and parameters that can be derived from the funda-
mental parameters are the following:

External @, given by — Q =0 o (24-14)
(]
Circuit efﬁclency N = % =1- %5‘ (24-15)
E 0
Input admittance for matched load (Z., = Z,) at resonance
_ks? 1 C _ ki
(L AT A TR ST

When Al is known, this formula can easily be modified to give the input
conductance and susceptance for any load.
Perhaps we should here recognize the fact that the identity

) =2 = _Jo (24-17)

where f, and f, are the half-power

1 frequencies, is an identity for lump-

i L ed constant systems only. For

—al, 4l —n §||§ | systems with distributed constants
]
i

! 'kl the two expressions for @ will differ
i + by a factor determined by the
m geometry. In this section we use
zy Q defined by variation of impedance

F1a. 24-40.—Equivalent network of a four-  wijth frequency. In either case

terminal resonant system. Eq. (24-1 6) above can be made
quantitatively correct by assigning the proper value to the turns ratio ks
of the ideal transformer.

24-32. Measurements.—The method of measuring impedances at
ultrahigh frequencies by observing the standing waves on a transmission
line terminated by the impedance to be measured is well known. Here
this technique will be used to find the parameters of a resonant system by
measuring the ‘“cold” impedance, looking into the output terminals, as a
function of the frequency. For this purpose an oscillator is connected
to these terminals by means of a transmission line provided with a stand-
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ing-wave indicator. The frequency of the oscillator is varied within a
small range on both sides of resonance, and the standing-wave ratio o
and the position of the minimum are plotted vs. frequency-meter dial
reading, as shown in Fig. 24-41, The position of the minimum should
be measured from the output terminals and expressed as a fraction of a
wavelength I/\. This plot, which will be called the standing-wave
diagram, provides the basis for most of the methods for calculating the
circuit parameters, as outlined below.

It may seem a waste of time and work to take data for a complete
standing-wave diagram when, theoretically, two or three judiciously
chosen observations are sufficient to determine the parameters of the
system. Actually, several of the
methods of computation given below A, 10
can be—and have been—made the \ /
basis of such simplified procedures. Lo
In most cases, however, the relia- N )4
bility of such spot measurements is %9
subject to some doubt. The equiva- AN
lent circuit on which the calculations /A3 N
are based is only approximately equiv- —
alent, and even very loosely coupled A
spurious resonant systems may cause Frequency
large errors. The standing-wave dia- Fre. 24-41.—Standing-wave data of

. . resonant system.
gram reveals any anomalies, which
can then be accounted for. Furthermore, the curves are, of course, more
accurate than the individual observations.

Figure 2441 shows a typical standing-wave diagram, i.e., a plot of
the standing-wave ratio and the position of the minimum vs. frequency,
for a resonant system free from spurious resonances and with Al = 0.
The lowest standing-wave ratio oo occurs at the resonance frequency fo.
At this frequency, the first minimum occurs 4 wavelength from the
terminals and, as the frequency increases or decreases, the minimum
approaches asymptotically zero and a distance of 14 wavelength from the
terminals, respectively. This is the appearance of the standing-wave
diagram for high-efficiency systems, where the circuit efficiency n. > 50
per cent or Qo > 2Q:.

Figure 24-42 gives the curves of I/, for @ = 1.5 Q1, 2 Q1, and 3 @y,
respectively. Since only high-efficiency systems (Qo > 2Q.) are of any
practical importance, mainly systems of this kind will be discussed in
this section. The formulas in Sec. 24-35 apply to low-efficiency as well
as high-efficiency systems, however. ’

When Al is not zero, the ordinate axis should be readjusted so that the
center of antisymmetry falls at I/\, = 0.25; this operation is equivalent

g

o N 0 O

P SR T )
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to using the point C”’ of Fig. 24-39¢, instead of A, as the point of refer-
ence in determining the position of the minimum.

If a wavemeter is used, instead of a frequency meter, and wavelengths
or corresponding dial readings are plotted along the horizontal axis, the
diagram will be reversed from left to right, otherwise the shape of the
curves will remain the same.

|
NG ! (A (QQ‘ZQL)
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= } (Q,<2Q)
— o, =
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Fia. 24-42.—Position of standing-wave minimum I/)\; for resonant system with three
different load impedances.
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Some of the sources of errors that should be watched during these
measurements are as follows:

1. Reflections from the line joints between the output terminals of the system
and the standing-wave section

2. Reflections from the probe

3. Insufficient shielding

4. Drift or instability of the oscillator or the receiver

5. Oscillator harmonics

6. Insufficient accuracy in measuring frequency increments

7. Unwanted modes in the transmission line

Since the standing-wave indicator necessarily absorbs some power
from the line, it is impossible entirely to avoid reflections from the probe,
especially where the standing-wave ratio is high. If a minute probe is
used with a very sensitive receiver or a powerful oscillator, in order to
minimize these errors, then the shielding becomes particularly critical.
To decrease the effect of inaccuracy in measuring frequency increments,
the abscissas of the standing-wave-ratio curve should be the actual
vernier-dial readings, and backlash should be eliminated by moving the
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dial continuously in the same direction. The seventh source of error,
unwanted modes in the transmission, occurs particularly in waveguides
where asymmetric excitation or loading may produce interfering trans-
mission modes with different phase velocity.

It is evident that measurements from the output terminals only
cannot give any parameters that contain the factor kj, as for instance,
the input impedance and +/L/C for the resonator. These constants are,
however, of interest only in connection with tube design; the engineer
using the tube for power generation has no need to measure them.
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F1a. 24-43.—Graph for determination of Qr.

24-33. Methods for Calculation of the Parameters. Method I.
In this section and Sec. 24-34 methods for calculating the parameters of
the equivalent circuits will be discussed. The mathematical justifica-
tion of these methods will be given in Sec. 24-35.

The conventional method for determining the Q of a circuit formed by
lumped elements is to measure the frequencies at the half-power points.
For the loaded @ these points can be found from the curve of Fig. 24-43.
The minimum standing-wave ratio o, is taken from the standing-wave
diagram, and the corresponding value of I;/\, is read from the curvein
Fig. 24-43. By antisymmetry, the other value is lo/N, = 1§ — l;/\,.
Finally the half-power frequencies f, and f, are obtained by locating the
points l;/\, and ls/\, on the curve in the standing-wave diagram. Figure
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24-44 and the curve of the standing-wave ratio can also be used in the
same fashion to find f; and f,, but the accuracy is in general lower. Some-
times oy, f1, and f are measured directly and no standing-wave diagram is
plotted. The accuracy and dependability of the result is then consider-
ably reduced. The results are

fo = abscissa for center of antisymmetry (24-18)
P [N 24-19
Qb—fl—fz_kz—h ( )
Qo = (1 +00)Qr (24-20)
200
'/
100
it
S50 ,,/
5 40 ,/
30 —
20
//
A
10} L
///
L
> 2 4 8 10 20 30 40 50 60 'ﬁL‘oo
Go

Fi1a. 24-44.—Graph for determination of Q.

Of the remaining parameters, Z, is known, Al/\, is equal to the vertical
displacement required to place the center of antisymmetry at I/A, = 0.25,
and k; cannot be determined from the standing-wave data alone.

. Method I1.—The unloaded half-power points fi’ and f»’ can be deter-
mined in the same way by use of the Figs. 24-45 and 24-46 in combination
with the standing-wave diagram. The results are

fo = abscissa for center of antisymmetry (24-21)
1

Q. = T+a Qo (24-22)

Qo = L 2o (24-23)

= fll — le = 7‘!/ — )‘;'



F1q, 24-46.—Graph for determination of Q.
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Method II1.—The maximum slope of the I/\, curve occurs at the
resonance point and is a function of Q. and @,. We define S, as the actual
slope of the I/\, curve at this point, expressed in the coordinates of the
diagram, divided by the relative frequency (or wavelength) change per
degree of the frequency meter. The results are

fo = abscissa for center of antisymmetry (24-24)
@ =nSo %L (24-25)
0
Q= (1 +0)Qu (24-26)
Method IV.—If we calculate the quantity y defined by the relation
= (o — 0go) tan 2 (24-27)
0
z/ Ag v VAl o'lo I/ Agq “'o
7 |¢ 8 \ Vil 8
H N /. B \\
A = o' 4 = Nuig 4
3 +i Ay 2 3 ln 2
2 -} - 2/5\, 0 2 N+ 0
-4 4 = ° .2 ‘. 'I—’~
10 2 fo ﬂ
Frequency Frequency
Fia. 24-47.—Graphs used in Method IV. F1a. 24-48.—Graphs used in Method V.

for a number of points and plot it as a function of frequency, we obtain a
straight line, as shown in Fig. 24-47. The unloaded Q is half the slope of
this line. Before y is calculated, the zero point on the ordinate axis for
I/\; must be adjusted so that the center of antisymmetry falls at 0.25.
The results are

fo = abscissa for center of antisymmetry (24-28)
1 1d 2l
Qo = § Sy = E (—l_—f [(U - 0'0) tan —i‘-‘—] for f = fo (24—29)
1
Q. = P | Qo (24-30)

Method V.—As both curves in the standing-wave diagram depend on
Q. as well as Qo, these parameters can be determined even if only one of
these curves is known. The following method offers a way of finding the
answer from the I/\; curve.

The procedure is illustrated in Fig. 24-48. Draw a tangent to the
curve through the center of antxsymmetry (l/)‘ = 0 25). Find the points
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of the curve with the ordinates 0.125 and 0.375. Draw vertical lines
through these points. Determine the difference 2a between the ordinates
of the intersections of these lines with the tangent. The corresponding

frequencies are fi”’ and f."”. From these quantities, Qs and ¢, can be
calculated as follows:

Q= ol o (24-31)
ogg = 7(——%—17 (24-32)

According to the author’s experience, ¢ is not obtained very accurately
by this method, as the denominator contains a difference between two
quantities that in general are approximately equal. On the other hand,
this method of determining @z has the advantage of requiring no graph
and still being easy to remember and apply.

From the point of view of design, @z is more significant than Q.,
since it depends on the geometry only and not on conductivity, surface
conditions, etc. The latter factors, on the other hand, determine Q.
Q. and @, are related to Qx as follows:

fo = abscissa for center of antisymmetry (24-33)
— 70 .

Q=g T Q« (24-34)

Qo = 0oQx (24-35)

24-34. Other Methods for Calculation of Parameters.—A number of
other methods, graphical as well as algebraical, have been devised.
When it is important to make the most of incomplete data or data that
are distorted by minor parasitic resonances, it is often helpful to plot
the impedance circle of the resonant system. The work involved can
be reduced to a minimum by using one of the graph papers mentioned in
Chap. 21 (Figs. 21-6 and 21-7), with coordinate systems of stand-
ing-wave ratio vs. position of minimum I/\,. The process of fitting a
circle to the points plotted allows the best possible use to be made of the
information contained in the experimental data.

Figure 24-49 shows an impedance circle drawn in a circular diagram,
the Smith chart. Instead of the standing-wave ratios ¢ and oo, the
corresponding values of the reflection coefficient p and p, are shown in
the figure. The point D represents resonance, and A and B represent
the half-power points of the loaded system. When a graph paper with
coordinates of o and I/, is used oy, o, and I1/)\, can be read directly from
the graph. The corresponding frequencies will still have to be found from
the standing-wave diagram of Fig. 24-41, i.e., ¢ and /), vs. frequency.
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oo /g

0.250
F16. 24-49.—Smith chart showing impedance circle of resonant system.

24-36. Analytical Foundations of Methods I to V.—If a transmission
line with negligible losses is terminated by an impedance Z, the imped-
ance at a distance ! from the termination, looking in the direction of the
termination, is

Z cos— +JZo sm%?l
2xl

Ao

Introducing small letters for normahzed impedance (z = Z/Z,) and

Zl = Zo (24—36)

Zo cos ~ + JZ sin —

defining a = tan l, we get

N
z2 4+ ja
1 4+ j2a

Now letting I represent the distance from the termination to a voltage
minimum on the line makes 2; real and equal to the reciprocal of the
standing-wave ratio ¢. This leads to the following relations between
the normalized resistance r and reactance x of the termination impedance
and the standing-wave data ¢ and «.

=

(24-37)
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r’+x’+l
[ \/l (r=+xz+1)*+1] (24-38)
4t — 1 Iz
a=——2—,—[¢\ﬁ+(,,+z—,_l),+1] ¢4
or
*41
T=d’-‘h (24—40)
g=aZ L (24-41)
a? + o?

The equivalent circuit of Fig. 24-39¢ is used, and for simplicity C"’
instead of A is considered to be the terminating point of the line. The
factor k; cannot be determined, and for convenience we write ks =
In other words, all impedances are referred to the left-hand side of the
ideal transformer. For application of the equations derived above,
the line is terminated as shown in Fig.

24-50, and the following expressions are c.,
obtained: L :l.
’ | G,
r e __r__ (24-42) r
Q + 482 @)
0
!
26wl (24-43)
T ot
Qs —
Ll
where 1
§ =L W (24-44) H
wol! (b)
Q = - (24—45) Fi1a. 24-50.—Equivalent circuit

of resonator proper.

Let us first assume that the resonance impedance is greater than
Z,, as is usually the case. The first minimum then occurs 14 wave-
length from the end at resonance.

Thus at resonance

a= (24“46)
r =00 = Qo = Qual = % (24-47)
z2=0 (24-48)

Introducing
y = 28Q, (24-49)
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we can write

ago
= 0¥y 24
1 + ya ( 51)

Substituting these expressions for r and z in Eqgs. (24-38) and (24-39),
we obtain

1 2 4
e R e

2l 14y —al[ 3
amtan = - L s T el | o)

These equations represent the two curves in our standing-wave
diagram. Considering the frequency as the independent variable, we
see that the curves have two independent parameters. The factor
2Qo/fo according to the definition of y determines the scale along the
frequency axis, and o or Q,/Qr determines the shape of the curves.

To calculate the loaded @ at unity standing-wave ratio, a load resist-
ance equal to Z, is added in parallel with the resonant system. Then

1 woll! 1 1
Q. Qo T T Q + Q= (24-54)
woll! = 6 (24-55)
o
Qo = (1 + 00)Qc (24-56)

To find the points on the curves for ¢ and I/\, that determine the
loaded @, we set

y=+ éﬁ’ = +(1 + 00 (24-57)
. L
and to find the unloaded Q
y==*1 (24-58)

This leads to the final expressions from which Figs. 24-43 to 2446 have
been plotted:

=)
QL = fl. — f’ (24—59)
___1+40 +o0f _ oo’
NEBE T [\/1 (1 4+ 00 + a0*)? + 1] (24-60)
L_1 tan—1 g, (24-61)

N 4r
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le 1 A

a=z—r (24-62)

QO = jl’ — fg' (24-63)
, oo+ 2 40,

0’1' = gg = .._0260 - [\/1 - ——-———(a_oa 4‘: 2)2 + 1] (24—'64)

ll’ 1 20’0

— = — tan™! 5

N 4r g2 — 2

w1y (24-65)

N 2 N

It can easily be verified that the two pairs of roots of Eqs. (24-38)
and (24-39) are related as follows:

o =5 (24-66)

Q

i ’
o = — 57 (or %; = i + )l‘—a) (24-67)

The second pair of roots (¢/’ and «’’) would apply if the position of the
maximum instead of the minimum voltage on the line were to be plotted.
If we have a case where @, < 2Q:. (curve oo = 14 in Fig. 24-42), ¢/’ and
o will give the correct answer if oy is replaced by 1/¢9 (< 1). In the
impedance diagram the circle is too small to reach the point 1.0 on the
horizontal axis. In other words, the terminating impedance is for all
frequencies smaller than the characteristic impedance of the line. This is
often the case, for instance, with loosely coupled spurious resonant
systems.

In order to find the slope of the I/\, curve at resonance, which is
utilized in Methods III and V, it is necessary to derive the limiting value
of d(I/\,)/ds as the frequency approaches fo, « approaches infinity, and y
approaches zero.

=g, 5t + a9 (24-68)

By differentiating Eqs. (24-53) and approaching the limit we obtain

So=Bx (24-69)

gt — 1
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or
Q = I§-° so? — 1) (24-70)
Q= ’;—So" (00 — 1) 24-71)

To verify the results obtained by Method V, we transform Eq.
(24-53) into

o’ + oy(}s —a) =1 + 4 (24-72)
By introducing S, from Eq. (24-69) we obtain

RS O T P\

=Qz X 25 (a - —) + Q; X (;:)2 (24-73)

1 2xl 2l
Q: = (28S ~ + tan — ™ — cot T;)

If we apply this equation when a = 1, we get I/\, = 14 and (see Fig.
24-48) 268, = 2a

(24-74)

1 1
Qs = s, X % (24-75)
2ra
oo = @ra)? =1 (24-76)

The relation used to get Eq. (24-27) in Method IV is obtained from
Eqgs. (24-52) and (24-53) by eliminating y2, 2, and ¢2.

y = aloc — a9) (24-77)
which should be compared with the definition
y = 28Qo (24-49)

The properties of the impedance circle in the Smith chart mentioned in
Sec. 24-34 are easily verified. In Fig. 24-49 we see that OC = 14(1 — py),

AC = Y(1 + po), and consequently p; = A0 = V151 + po?). The

angle AOC = 2 X 2r 2 ;ﬂ Al

If we introduce the relation
o= 1
P=s +1
and shift the zero of the angular coordinates Al/)\,; to the right, we obtain
the same expression for ¢, and I,/ as in the Eqs. (24-60) to (24-62).

(24-78)



CHAPTER 25

RECEIVERS—GENERAL CONSIDERATIONS
By J. M. PerriT

26-1. Design Objectives.—Since the receiving equipment for which
design principles will be discussed was developed under wartime condi-
tions, and for a somewhat specialized type of service, it is necessary at
the outset to define the requirements for the equipment. Although most
of the techniques described will be useful in fields outside the specific
military applications for which they were originally intended, the
reader may not find design or performance data for the application of
most interest to him, such as, e.g., television or frequency-modulation
reception. The presentation will, however, be as general as possible.

Type of Signal.—The receiving equipment to be described was
intended principally for monitoring a frequency range of approximately
50 to 11,000 Mc. The receivers were to provide continuous coverage of
the frequency spectrum, emphasis being placed upon achieving as wide a
tuning range as possible for a given unit, such as a 2:1 or 3:1 ratio of
high- to low-frequency limits. The requirement of such a wide tuning
range has generally not been encountered in radar or special communica-
tions equipment in this frequency range, and hence many of the new
techniques treated in this chapter have to do with the wide-range prob-
lem. Its solution is achieved usually at some expense in performance or
simplicity of design. Although similar problems have been dealt with
in the past for conventional broadcast and ““all-wave’ receivers, tech-
niques suitable there, such as bending of condenser plates to assist in
tracking, are not adaptable to the higher frequencies.

The primary use of the receivers has been the reception of radar
transmissions, characterized generally by pulse modulation, in which
high peak powers are present for relatively short intervals. The low-
duty cycle and consequent low average power in the signal call for special
consideration. One factor that must be considered is that an a-v-c
circuit designed for normal operation on sine-wave amplitude-modulated
signals, in which considerable carrier power is present, will not function on
radar signals of even large amplitude. Furthermore, if the receiver is
to reproduce the modulation envelope with reasonable fidelity, with pulses
having a duration of 1 usec or less, it must be able to handle side bands
and video-modulation components extending into the megacycles. Per-

627
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haps the most important consideration is that comparative sensitivity
measurements on receivers for pulse service cannot reliably be made
with conventional sine-wave amplitude-modulation techniques.

The nature of the radar transmission has implications concerning
the sensitivity requirements of the receiver. A receiver of relatively
low sensitivity is entirely adequate, for instance, to be carried in an air-
plane to detect the signal from a radar that is observing the airplane.
The reason for this is, of course, the fact that high beam power, directed
at the airplane, is necessary in order that the proportionately low-power
echo from the airplane shall be detectable at the radar receiver. For
general-purpose work, on the other hand, in order to provide for detection
of the radar when its highly directive transmission is not beamed exactly
in the direction of the receiver, or when the receiver is at a great distance
from the radar, it is desirable to have as high sensitivity as possible.
Hence, the more important techniques described in this chapter are
concerned with high-performance superheterodynes having sensitivities
approaching more nearly the limits imposed by thermal noise.

Types of Information to Be Obtained.—In contrast to radar service
itself, where accurate measurement of range requires precise timing and
presentation circuits, or to television service, where the video modula-
tion is presented as a picture, the type of information to be obtained from
the receivers under consideration here is of a simpler sort. Basically,
the objective has been measurement of the characteristics of pulse signals,
viz., the carrier frequency, the pulse-recurrence frequency, the pulse
length, and the general pulse shape. Measurement of carrier frequency
to an accuracy of 14 to 1 per cent has generally been satisfactory, while
5 per cent has been adequate for pulse length and recurrence frequency.
Observation of pulse shape has been entirely qualitative, an oscilloscope
display with a pulse-triggered time base being employed. These meas-
urements have not required a high degree of r-f precision or stability, nor
a high-fidelity video presentation.

One special type of measurement for which a receiver has been adapted
is the determination of the relative energy distribution in the spectrum
produced by a wide-band modulated signal, but here, too, high precision
was not required.

It is the object of the following sections to present several examples of
receivers that provide the type of service described in this section,
and, in so doing, to show the need for the various receiver elements that
will be discussed in the chapters to follow.

26-2. Direct-detection Receivers.—The simplest type of receiver is
one in which a detector is connected to the antenna and the output of the
detector is amplified to a suitable level for earphone use. Selectivity
is provided by means of either a tunable or a fixed-frequency r-f filter
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inserted between the antenna and the detector. Such a receiver has
relatively low selectivity and sensitivity compared, for instance, with a
superheterodyne. The low sensitivity results in part from the poor
rectification efficiency of vacuum-tube or crystal detectors at low signal
levels. Nevertheless, as was pointed out in the preceding section, there
are applications where even a low-sensitivity receiver can provide useful
service. Two examples may be cited. One is a receiver intended for
providing crude monitoring of a particular frequency band, an indication
being given when a signal appears anywhere within the band. The
indication does not tell the exact frequency of the signal within the band,
nor the number of signals present if there are more than one. A block
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F1a. 26-1.—Direct-detection receiver for untuned monitoring of throe separate r-f channels.

diagram of such a receiver is shown in Fig. 25-1. It will be seen that
three bands are provided, each with separate antenna, r-f filter, and
indicator. One of the channels happens to be provided with a delay
network in order that an indication on this channel shall not occur until
some desired interval after the signal appears.

A problem arises in direct-detection receivers because of the high
gain, of the order of 100 db, that is often required in the audio or video
amplifier. If the antenna is located at some distance from the receiver,
the r-f filter and detector may be placed at the antenna, with an audio
transmission line to the receiver amplifier. This is a low-level line,
followed by the high-gain amplifier, and hence is extremely susceptible
to noise pickup, particularly in airplanes having 400-cycle a-c power
systems. Another possibility is to transmit the r-f energy to the receiver
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by means of coaxial line or waveguide. There are two objections to this.
One arises from the fact that it is virtually impossible for such a line to be
perfectly matched over a wide frequency range, by either the antenna at
one end or the filter and detector at the other end. Hence resonance
ﬁ Antenna phenomena occur on the line, and these

— will vary for different installations if

the line lenigths are not identical. It
is therefore impossible to guarantee the
behavior of the receiver over a wide
frequency range, the resonances some-
times permitting transmission at some
point in the normal rejection band.
The second objection to the r-f line is
that the attenuation for a given line
length is higher than when audio fre-
quencies are used. Since this loss is
introduced ahead of the detector, the
signal-to-noise ratio is correspondingly
impaired, and hence r-f loss cannot be
compensated by additional amplifica-
tion after detection. The solution to
this problem, as exemplified by the
receiver under discussion, is to place
the r-f filter, and the detector, together

o]

‘f Detector

Preamplifier
10-200 ke.

o]

0.1-10ke.

Audio Am Iifb1

334 ke

g B Phones Woveforms  With a preamplifier, at the antenna,
Fie. 25-2.—Tunable direct-dotection followed then by an audio transmission
receiver for pulsed signals. line in which the signal level is relatively

high with respect to induced hum or noise. An alternate method,
applicable only to the reception of pulse signals, has been employed in a
receiver to be described in the following paragraph.

It is sometimes feasible to use a low-sensitivity tunable receiver for
monitoring a wide frequency band when (1) the signals are few and well-
separated, (2) the signals are relatively strong, (3) only crude information,
such as approximate carrier frequency, is desired, and (4) signals are
pulse-modulated, or at least have many high-frequency modulation
components. If these conditions are acceptable, it is possible to provide a
direct-detection receiver that has much to offer in simplicity, small size,
and low weight. In Fig. 25-2 are shown the essential elements of such a
receiver. The r-f tuner and detector are of a type to be described in
detail in Chaps. 28 and 29. The principal feature to be noted is the
combination of a preamplifier and a second diode rectifier. For pulse
signals the modulation envelope comprises a spectrum of harmonics of
the recurrence frequency, and in order to reproduce the pulse shape
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accurately, a receiver would have to transmit these components up to
several megacycles. For the simple objective of producing an audible
signal, however, considerable liberty can be taken with these components.
In the receiver of Fig. 256-2 the preamplifier passes only the components
between 10 and 200 ke. The audible components are restored by cross
modulation in the second diode. The net result is a wave form of pulse
type, but very rounded and with a large overshoot. The advantage lies
in the fact that the total effective gain can be made very large, and yet
the low-level circuits in the preamplifier will not pass the unwanted
noise and hum pickup. Furthermore, by splitting the total gain between
audio amplifiers and preamplifiers, problems of oscillation are reduced,
an important factor when compact construction necessitates close spacing
of components. The complete receiver including a-c power supply, is
illustrated in Fig. 25-3. :

" Diode  Preamplifier

Audlio Powe/"suigza
amplifier  [ecrifier ;i

o e e’ L

vC’rysi‘a/
| detector

T Vo

Fi1a. 25-3.—Photograph of the direct-detection receiver of Fig. 25-2.

26-3. Superheterodyne Receivers.—For general-purpose reception,
the superheterodyne has proved to be the best type. Its advantages in
the frequency range under consideration are similar to those at lower
frequencies. First is its sensitivity. A detector can generally function
at higher efficiency as a {requency converter than as a low-level detector.
Second is its selectivity, determined by a series of fixed band-pass cir-
cuits in the i-f amplifier, which can be made to provide a satisfactorily
uniform response over a desired band width, with sharp rejection outside
this band. Furthermore, this selectivity will not vary over the receiver
tuning range (under the assumption that the i-f band is narrower than
that of the r-f circuits), as is true with tunable r-f amplifiers and detectors.
Finally, distortion of the signal modulation is less in a superheterodyne
because the second detector receives a relatively large voltage from the
i-f amplifier, and hence a linear diode detector can be used to full advan-
tage. The principal disadvantage of the superheterodyne, especially
at higher frequencies, is its susceptibility to spurious responses, i.e.,
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signals appearing in the tuning range at dial settings that do not corre-
spond to their actual frequencies. These spurious responses are normally
eliminated by the use of r-f preselection ahead of the mizer in the form of
tuned antenna circuits and r-f amplifiers. Limitations on available high-
frequency tubes, together with the problems of tracking and certain
arbitrary restrictions on physical space, have thus far precluded the use
of tuned r-f amplifiers. Among the available tubes for r-f amplifiers at
the higher frequencies, the most promising was the GL446 lighthouse
tube, but when this tube is used as an amplifier above 1500 Mec, it actu-
ally decreases the signal-to-noise ratio of the receiver, even though it
provides r-f gain. Hence it has been the practice to provide r-f pre-
selection only by means of tunable filters and antenna or mixer circuits,
designed to have as low insertion loss in the pass band as possible. In

Video Output
Circuit
Preselecting Wi [-f Second
Circuits IXer [T Amplifier [T | Detector
N Z Audio Output |
N L Circuit
N ocal
N, |Oscillator
\\/
I-f Output |
Circuit

F16. 25-4.—Block diagram of major components in a wide-range tunable superheterodyne
1eceiver.

some receivers, r-f preselection has been omitted entirely; the operator is
left to determine the signal frequency from the oscillator dial readings at
the points where the two images are received. The operator must also
decide from the frequency separation of the images whether he is working
with the fundamental of the oscillator and the signal frequency, or with
multiples of either or both.

The essential components of the superheterodyne receiver are shown
in Fig. 25-4. It will be noted that it is possible to obtain three sorts
of output from a superheterodyne: (1) video output, in which the pulse
modulation is reproduced with adequate fidelity for purposes of analysis;
(2) audio output, in which the audible components are emphasized,
sometimes by deliberately distorting the pulse shape; and (3) i-f output,
for analysis and panoramic presentation of the pass band of the i-f
amplifier,
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It should also be noted that the local oscillator is shown ganged to the
preselecting circuits. This is essential if spurious responses are to be
eliminated, but at least one early receiver did not incorporate this
feature, and, as stated before, one other receiver did not even include
the preselecting circuits.

F1a. 25-5.—External view of typical wide-tuning-range wide-band superheterodyne
receiver for aircraft service.

ey ¢ e o e o r——

F1e. 25-6.—View of the receiver of Fig. 25-5 with dust cover removed.

A typical example of superheterodyne receiver intended for airborne
use is illustrated in Figs. 25-5, 25-6, and 25-7. The first figure shows the
external appearance, together with the layout of the controls. The
over-all size is about 8 by 10 by 21 in., and, in spite of very rugged con-
struction, the weight is only 40 lb.
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In order to obtain maximum use of the basic i-f amplifier and the cir-
cuits that follow it, the r-f circuits are provided in the form of a series of
plug-in tuning units. An interior view of the basic i-f and video unit is
shown in Fig. 25-6, while an interior view of one of the tuners is presented
in Fig. 25-7. Four tuners provide coverage from 38 to 3400 Mc, each
covering at least a 2 to 1 frequency range.

Although detailed discussion of each of the elements in this and other
superheterodynes will be presented in later chapters, several salient and
unique features should be pointed out at this time. Single-dial control is
provided, and tuning is accomplished either by manual operation of the
knob, or by automatic traversing of the frequency range (or any desired

preemees R —— . o — 4 g

b e e - e
F1a. 25-7.—Interior view of 300 to 1000-Mc tuning unit for receiver of Fig. 25~5.

sector thereof) by means of a small motor coupled to the tuning mechan-
ism through a magnetic clutch that operates when a panel switch is
thrown to the AuTosweEP position. A mechanical tracking system
couples the oscillator and antenna butterfly circuits. The five-stage i-f
amplifier has a band width of 4 Me, centered at 30 Mg, although a front-
panel switch enables reduction of the band width to 4 Mc whenever a
narrower band is desirable for separating adjacent signals or for more
accurate carrier-frequency measurement. Gain control is provided both
in the i-f amplifier and in the audio-video amplifier following the second
detector. The i-f gain control is a tap switch, designed for 6-db voltage
steps, and thus can be used for determinations of relative signal strength.
Output jacks are provided for audio, video, and i-f voltages, the last being
labeled PAN because of its use with a panoramic display unit known
as a panoramoscope. A ‘‘heterotone’’ oscillator, serving the same purpose
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as the better-known heterodyne oscillator, provides an audible tone in
the presence of unmodulated carriers. A d-c panel meter connected in
the diode, second-detector circuit, functions as a volume-level indicator.

The power supply is a separate subassembly and is a dual unit,
supplying separate d-c sources for the tuner and for the rest of the
receiver. It is designed for a-c operation from a 60- to 2600-cycle source,
at either 80 or 115 volts.

The receiver can be used with a variety of antennas and output
indicators such as pulse analyzers, panoramic-presentation units, and
recorders, all of which will be discussed in Chap. 34.

26—4. Definition and Measurements of Receiver Performance.—
Chapters to follow, describing the elements that comprise complete
receivers, will include discussions of appropriate testing methods for
these individual components. These methods stem from the more
general problem of defining and testing the performance of the complete
receiver itself.

Certain factors for describing receiver performance have been gener-
ally adopted. For receivers of the type under consideration in this
book, these factors must be reexamined and their significance reevaluated.
The most important performance factors may be listed as follows:

1. Sensitivity, which involves
a. Noise limitations imposed by the r-f and i-f sections of the receiver
b. Adequacy of over-all receiver gain to amplify weak signals, as weak as
the noise threshold itself, to a useful level at the output
¢. Amount of signal required to produce some arbitrary output level
2. Selectivity, which involves
a. Adjacent-channel rejection
b. Spurious responses due to image frequencies, i-f break-through, and
high-order intermodulation in the mixer
3. Fidelity, or ability of the receiver to detect and present, without distor-
tion, the information transmitted in the signal
4. Power-delivering capability, which involves
a. Dynamic range of input level which depends upon a-v-c effectiveness
b. Maximum attainable output without overload

There are, of course, additional performance details of more specialized
nature which it will not be possible to discuss here.

Another type of performance test determines, in terms of arbitrary
performance standards, the general suitability of a receiver for a given
type of service. An example of such a test procedure is seen in broad-
cast practice, where the I.R.E. standards® specify completely the type of

1 “8tandard on Radio Receivers,” pp. 14-15, Institute of Radio Engineers, Inc.,
New York, 1938,
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modulated signal to be supplied by the signal generator, the dummy
antenna through which the generator is connected to the receiver, the
gain and tone-control settings, and an arbitrary ‘“normal test output.”
No such standardization exists for the type of receivers described in this
book. In fact, there is even lack of agreement upon the methods for
comparing two similar receivers with respect to a single performance
characteristic such as sensitivity. Therefore the discussion to follow
will be directed primarily toward outlining and attempting to evaluate
the relative merits of the factors involved in specifying and measuring
receiver performance.

26-6. Receiver Sensitivity.—The subject of the sensitivity of receivers
for the u-h-f and higher ranges has received considerable attention in the
current literature,! mostly with respect to the influence of thermal-
agitation noise in the receiver input circuits. This has resulted from the
greater importance that must be assigned to such noise in these frequency
ranges, particularly in high-gain wide-range receivers, as compared with
the broadcast range. In the latter range, sensitivity is defined? solely
in terms of signal input required to produce an arbitrary output power.
This corresponds to rating the sensitivity of a d-c ammeter only in terms
of the current to produce full-scale deflection, the assumption being that
the meter will be useful for low currents producing only very small deflec-
tions, e.g., one-tenth full scale. Carrying the analogy to the u-h-f case,
we may find that one meter reads half of full scale without any current
applied, while another meter of equal full-scale sensitivity has only
one-tenth full-scale residual deflection. The second meter is obviously
superior, since it is the only one of the two that can detect relatively weak
currents. Therefore when the sensitivity of a receiver, which in a broad
sense is a measuring instrument, is described, both “full-scale’’ sensitivity
and noise threshold must be specified. The first is dependent only upon
over-all receiver gain, while the second depends basically upon
the noise sources and signal-handling efficiency of the receiver input
circuits. Nevertheless, it must be emphatically pointed out that it is
valueless to build a receiver with a low noise threshold if the over-all
gain is inadequate to amplify this noise to a level where it appears at the
receiver presentation. This rather obvious requirement has at times
actually been overlooked. One example was a receiver for aircraft use,
which, merely because of inadequate audio gain, was incapable of amplify-
ing the noise threshold to a level where it could be heard above the

1 Norts, D. O., The Absolute Sensitivity of Radio Receivers, RCA Rev., 6, 332
(1942); HEroLp, E. W., Some Aspects of Radio Reception at Ultra-high-frequency,
Part III, The Signal-to-noise Ratio of Radio Receivers, Proc. [.R.E., 81, 501 (1943).

* “8tandards on Radio Receivers,”’” Definition 1R36, p. 3, Institute of Radio
Engineers, Inc., New York, 1938.
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acoustic noise present in the aircraft. Yet in the laboratory this receiver
was perfectly capable of detecting exceedingly weak signals.

Thus, although the noise limitation of receivers has come to be defined
in terms of a noise figure, which relates only to the theoretical input
noise of an ideal receiver, without regard to total gain, the total gain must
also be evaluated in over-all testing of the complete receiver. The gain
to be specified, in turn, depends upon the exact service for which the
receiver is intended, and hence the need for arbitrary standards seems
unavoidable. ‘

Actually, two values of gain must be considered, one the minimum
gain required to amplify the receiver noise to the point where the noise
output is perceptible above the room noise, and the other an arbitrary
gain to provide adequate signal output. To whatever extent the receiver
transmits differently the noise and the signal, both gains have to be
specified and tested independently. Receiver sensitivity can be tested
and described in at least two ways. One is to determine independently
the quantities described above; the other is to obtain a single figure that
combines all of them.

26-6. Noise Figure.—The term notse figure refers to a figure of merit
that compares the actual noise threshold of a receiver with that of a
hypothetical noise-free receiver having ‘
the same band width. Much has been
written on this subject, and only the & ) ]
basic relationships will be introduced Input o Receiver
here. For purposes of the over-all &n
receiver test, it is most convenient to
refer all fxoise to .the input terminals of 81; ‘3;1%2; S'EE’;‘I‘};’;I&'S' i‘;f‘:‘;i:sii‘:
the receiver. Since the theoretically ance R connected across the input
perfect raceiver is defined as ono that, erhinsleof s recter, The esimnce
does not introduce additional noise, the signal source normally used with the
only noise to be considered is that which  recetver.
comes to it from the signal source, <.e., the antenna and transmission
circuits. These circuits are treated together, since these tests regard
the receiver as an entity in itself, designed to operate from a specified
source impedance. Thus, considerations of antenna and transmission
efficiency are excluded from this discussion. Consider, therefore, a
receiver designed to operate from a voltage source of internal resistance R.
The thermal noise voltage developed in the resistance R, which is the
theoretical minimum noise of the receiver, can be regarded as an equiva-
lent constant-voltage generator in series with R, as shown in Fig. 25-8.
The rms voltage E, of this generator is given by the relation

E.? = 4kTR Af - (25-1)
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where k& = Boltzman’s constant, 1.37 X 10~2? joule per deg K
T = temperature of the resistance, degrees Kelvin (usually taken
to be room temperature, 300°K)
Af = receiver-noise band width (precise definition to be given
later)

Let E,’ be the actual noise of the receiver, including the theoretical noise,
referred back to the voltage source at the input. This is again an
equivalent noise voltage in series with the resistance R, replacing E, in
Fig. 25-8. Then the noise figure may be defined as

- (E\?
-(3)

This is essentially a power ratio, although, of course, the measurement of
E,’ can be made from either voltage or power. The ratio is usually
expressed in decibels, typical figures for microwave receivers ranging
from 8 to 30 db.

There are two methods of measuring E,’. In either case the test
generator must present the specified source impedance for which the
receiver is intended. In one case the test generator provides noise of
adjustable power and known amount having a uniform frequency
spectrum over the receiver pass band. Up to moderately high frequencies
such a generator can use as the noise source a temperature-limited diode
for which the noise component of the plate current is proportional to
the direct current through the diode. This relation has been shown to be!?

1,2 = 2el4, Af (25-3)

where e = charge on the electron, 1.59 X 10~!° coulomb
I4. = direct current in the diode, amperes
Af = band width for which 7, is the rms noise current

To measure E,’, the noise generator, an example? of which is shown in
Fig. 25-9, is connected to the receiver through the proper source imped-
ance. Noise from the generator is increased from zero until the output
noise of the receiver is doubled. The added noise is then equal to the

1 This is rigorously true only for pure metal filaments. Oxide-coated cathodes
have additional noise known as flicker effect.

2 The necessary requirements for use of this circuit are that the diode have a high
impedance compared with the desired source resistance R and that the connections
to the receiver be very short. If these conditions are met, Eqs. (25—4) and (25-5)
can be used for the measurements. The coupling capacitor C. must have essentially
zero impedance at the desired noise frequencies. The r-f filter is basically a low-pass
filter. It must have no shunt paths for the direct current I4 and must present to
the diode a high impedance at the noise frequencies.
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actual receiver noise, referred to the input, plus the thermal noise from
the source resistance R. In measuring the output noise, the principal
requirement is that all the significant noise sources be included. Usually
noise generated in the receiver beyond the first i-f amplifier stages is
ineffective, inasmuch as the signal has assumed such large proportions
compared with this noise. Hence the output noise can be measured at
any point following these first stages. The indicator must correctly add
the rms noise of the receiver and that from the noise generator.

If a 3-db attenuator can be inserted just ahead of the detector at the
time the noise from the test generator is added, the requirpments for the
output indicator can be simplified. The noise generator is connected
to the input terminals, and the

output from the generator is set 1 G,

at zero. The actual receiver out-- g%

put noise, without the attenuator PD-c R-f

in the circuit, is then observed sﬂ;’:fy Filter R
on the indicator. The attenuator | 4ae

is mext inserted and the output Fig. 25-9.—A simple form of noise
of the noise generator increased generator.

until the indicator gives the same
reading as before. The added noise is then equal to the original
noise, provided that insertion of the attenuator in no way influences the
band-pass or gain characteristic of the receiver. It is not necessary for
the indicating meter to read linearly in rms values, since the meter
receives the same current in both readings. Furthermore, if the receiver
has a gain control calibrated with sufficient accuracy, and if changes in
the gain do not change the input noise of the receiver (a reasonable
approximation if the gain control does not act on a high-gain first i-f
stage), then the need for the 3-db attenuator is obviated, and the second
detector of the receiver can be used directly as the indicator.

The most useful feature of the noise-generator method arises from the
fact that the noise (power, or current squared) produced by the generator
is directly proportional to Af, as indicated by the equation

(E.)? = (I.R)? = 2el;.R* Af (25-4)
Since the receiver noise figure F = (E,'/E,)?and E,.2 = 4kTR Af

_ elsR
F= 2T (25-5)
It will be noted that Af has dropped out of the determination. This is a
decided help, for it is not easy to measure Af. Hence receivers of differing
band-pass characteristics can be compared more readily by means of
the noise-generator method.
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The alternative method of measuring the actual receiver noise,
referred to the input terminals, is to use a c-w signal generator to supply
sufficient energy to double the receiver output indication due to the noise
voltage E,'. The basic requirement is that the output indicator respond
identically to the summation of c-w plus noise energy as it does to noise
alone. This requirement necessitates the use of an rms or power type of
indicator, including thermocouples, bolometers, etc. The expression for
the noise figure is then
— E.z
" 4kTR Af

where E, is the c-w signal voltage applied in series with R to double the
output indication due to the actual receiver noise E,’. The quantity
Af is obtained from the selectivity characteristic of the receiver. It is
defined by the relation

F (25-6)

®Ardf

Af =
/= [, A

(25-7)
where A is the voltage amplification at the frequency f and A, the ampli-
fication at the reference frequency fo. The reference frequency f, may
be either the center frequency of the pass band or the frequency of
maximum gain. In any event .4, must be the amplification for the fre-
quency at which the c-w signal generator is set during the noise-figure
test. It is usually more convenient to use the frequency of maximum
gain, which is more easily located in a test.

One difficulty in using the c-w signal generator lies in the measurement
of the low input power required. For instance, a typical microwave
receiver may have F = 15 db, or a voltage ratio of 4.65 above the theo-
retical limit of thermal noise from the signal source. For this receiver,
if supplied from a 50-ohm antenna, the theoretical noise voltage given
by Eq. (25-1) for a typical band width of 4 Mc is

E. = \/4kTR Af = v/4 X 1.37 X 10~23 X 300 X 50 X 4 X 10¢ =
1.81 X 10—¢ volt

Hence the actual noise voltage is 4.65 X 1.81 X 10—% volt, or only 8.4 uv.

25-7. Minimum Gain Requirement: Standard Noise Output.—As
stated earlier, a receiver that is able to detect weak signals to the limit
imposed only by noise must be able to amplify this input noise to a readily
observable level at the presentation. Where the conditions of service
are accurately known, it is possible to require that a specified minimum
noise voltage or power shall be delivered to the receiver output with the
receiver gain control set at maximum. For every type of service and
for each method of presenting the output, there can be specified a stand-
ard noise oulput that defines this minimum noise at the presentation.




Sec. 25-8] RECEIVERS—GENERAL CONSIDERATIONS 641

For instance, a useful figure for a receiver intended for aural presentation
in aircraft installations is 0.5 mw in a 600-ohm noninductive resistor,
the power to be measured with an rms meter accurate at frequencies up
to 10 ke. The 600-ohm load is an arbitrary one, based upon standard
military headphones. For cathode-ray presentation, standard noise
level may be defined in terms of a “grass’’ height equal to, say, one-half
of full deflection. Such a standard is, unfortunately, not completely
objective, since, if the noise is not clipped, the grass height is purely
nominal and can only be estimated. The measurement for intensity-
modulated cathode-ray presentations is even more obscure and will not
be considered here.

26-8. Signal Amplification : Standard Output.—The amount of signal
required to produce an arbitrary output at the presentation is usually
designated as standard output. This is usually a mean value somewhere
between the noise threshold and the maximum output that the receiver is
capable of delivering without overloading. The important consideration
is that the gain thus measured be strictly a signal gain, frec of noise con-
siderations and within the linear range of the receiver. As an example,
consider again the airborne receiver, for which 0.5 mw can be proposed as
a suitable standard noise output. Tests by the Psycho-Acoustic
Laboratory at Harvard have shown that, for voice communication, an
average speech power of 100 mw at the headphones is required in an air-
plane at an altitude of 35,000 ft; hence a good receiver must be able to
deliver a maximum power of at least this value. A suitable standard
output for purposes of sensitivity measurement could then be 10 mw.
For military-headphone use this power would be measured with an rms
or average meter using a 600-ohm load. If cathode-ray presentation
only is to be used, the standard output would be defined as some suitable
mean deflection.

The setting of the gain control is a problem. At broadcast frequencies
the thermal noise is negligible, and the gain is usually set at maximum.
For a high-gain noisy receiver it is not possible to do this and still have
standard output represent mostly signal with negligible noise. It there-
fore becomes impossible to dissociate sensitivity related to signal gain and
sensitivity related to noise. A proposal for correlating these sensitivities
into a combined figure of merit is presented in the next section.

A basic requirement for measuring the sensitivity for standard output
is that the signal be typical of the service intended. In broadcast
practice this has been standardized at 30 per cent amplitude modulation
with a 400-cycle sine wave. For radar reception, whether with aural or
visual presentation, pulse modulation. must be used. One standard
pulse, based on present radar characteristics, that has been found useful
is 2 us in length with a repetition frequency of 1000 cps. Beocause of



642 VERY HIGH-FREQUENCY TECHNIQUES [Crap. 25

convenience in using conventional signal generators the temptation has
been to use sine-wave modulation in testing receivers with aural presenta-
tion, even though they were intended for pulse reception. The results
thus obtained are quite misleading, since the average audio power in
pulse modulation is very low compared with that for sine-wave modula-
tion of the same r-f carrier. Furthermore, if the receiver contains special
pulse-stretching circuits to increase this audio power, the only possible
way of properly evaluating their effectiveness is through the use of a
pulsed signal.

25-9. Combined Sensitivity Figure.—In order to provide a single
figure whereby receivers intended for the same type of service may be
directly compared, the concept of standard gain setting is introduced.
This is the setting of the gain control that provides delivery of standard
noige output. The test procedure consists first of connecting a signal gen-
erator of proper source impedance and of specified modulation suitable
for the intended service. Then, with zero signal delivered by the gen-
erator, the receiver is adjusted for standard gain setting, .e., for stand-
ard noise output. If standard noise output is not achieved, even at
maximum gain, then maximum gain is used in lieu of standard gain.
The output of the signal generator is then advanced until standard out-
put is obtained at the presentation. The amount of this signal from the
generator is then defined as the sensitivity of the receiver.

It is interesting to note how the various design variables show up in
such a figure for sensitivity. Consider, for instance, two receivers that
have the same maximum gain, but one of which has greater noise, due
either to unnecessarily large band width or to poor design of the input
circuits. Standard gain for this second receiver will be lower, and thus
a larger signal will be required to produce standard output. Of course,
if greater band width achieves a certain advantage from some other
operating standpoint, this must be weighed separately against the poorer
sensitivity, If these two receivers do have comparable input design,
the difference being only in band width, they will then be found to have
equal noise figures, as defined in Sec. 25-6. That is, when compared with
hypothetical notse-free receivers of the same band width, they are equally
good. Yet, from a practical standpoint, they are not equally good when
compared for the same type of service. Thus noise figure alone is not an
adequate sensitivity specification.

If one of two receivers having the same input noise has insufficient
gain to deliver standard noise output, this receiver will require a larger
signal to produce standard output and will thus be rated as a poorer
receiver for the intended service. .

26-10. Voltage Sensitivity vs. Power Sensitivity.—Traditionally, in
radio-engineering circles at least, the sensitivity of a receiver has been
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specified in volts, or microvolts, rather than in watts. Furthermore, for
an established service like standard broadcasting, voltage levels of
“distant,” “local,” etc., signals induced in a typical antenna are well-
known and appear in the published standards of the Institute of Radio
Engineers. On the other hand, in the microwave radar art which has
grown up during the war, power measurements are used almost exclu-
sively. For the benefit of those whose work encompasses receivers in
the entire range of frequencies extending from the traditional com-
munication bands up through the microwave regions, it is useful to cor-
relate voltage sensitivity and power sensitivity and to point out their
relative merits. Each has its field of utility, and the radio engineer
should be conversant with both. It is probable that no essential value
would be gained by attempting to standardize on either voltage or power
for the entire frequency range.

At the lower frequencies, where propagation is primarily ground-wave
transmission, the voltage induced in a receiving antenna is calculated as
the product of the electric field strength ‘
of the wave and the “effective height” y,
of the antenna. It is perfectly conveni-
ent to treat the problem thus simply, ,
inasmuch as noise figure, antenna gain, s
transmission-line loss, etc., usually do not
have to be considered. As one moves to
bigher f.requ.encies, however, particularly Fro, 25-10—Equivalent cirouit
in passing into the u-h-f range, these of a signal source connected to re-
other factors do enter, and in such a ceiver input terminals.
way as to make it more convenient to handle all the calculations on a
power basis.

Before discussing the use of power in receiver measurements it is
necessary to introduce the concept of maximum available power. First it
should be pointed out that in all standard receiver measurements the
signal generator is connected, not to the receiver terminals directly, but
in series with an impedance so chosen as to typify the normal source
impedance presented by the antenna or transmission line. How much
of the energy thus provided by the signal generator is actually absorbed
by the receiver is not known unless the exact receiver input impedance is
known. Since it is the problem of the receiver designer to utilize this
available energy most efficiently, his degree of success will show up in
the sensitivity attained. Thus the input voltage or power in any receiver
test is actually only a measure of the energy available to the receiver.
The energy may be expressed in terms of either the voltage that is applied
in series with the source impedance, or the mazimum power available, i.e.,
that power which would be delivered to the receiver if it were carefully

—-
Input --’o Receiver

Es
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matched to the source impedance. The relation between applied voltage
and maximum available power is as follows (see Fig. 25-10):

E}2

Po: = ik, (25-8)
where P, = maximum available power
E, = rms voltage from signal generator
R, = resistive component of source impedance (including both

dummy antenna and signal generator)*

In order to illustrate the relative magnitudes of corresponding power
and voltage figures, Table 25-1 is presented for the familiar broadcast
situation.

TaBLE 25-1
Signal Rms voltage in series | Maximum available
g with antenna®* E,, volts| power} Puax, watts
Distant............. 50 X 10-° (50 uv) 25 X 10712 (25 ppw)
Mean............... 5 X 1073 (5 mv) 0.25 X 107% (0.25 uw)
Local............... 100 X 10~2 (100 mv) | 100 X 10~¢ (100 uw)
Strong.............. 2 40 X 1072 (40 mw)

* Listed in * Standards on Radio Receivers,” p. 14, Institute of Radio Engineers, 1938.
t For a frequency of 1 Me, where R, for the standard dummy antenna is 25 ohms. The impedance
of the signal generator is assumed to be included.

The first reason for defining sensitivity in terms of power rather than
voltage as the higher frequencies are reached is the types of measuring
instrument available. Signal generators up to 50 Mc¢ may use vacuum-
tube voltmeters to measure the r-f voltage, but such voltmeters are not
generally used at higher frequencies. The next step is a crystal-type
voltmeter, which is used in signal generators up to 1000 Mc. Beyond
1000 Mc, however, it has proved more expedient to use devices such as
thermistors and bolometers, which are basically power devices since
their operation depends upon a heating phenomenon. Use of such
devices to measure directly the maximum available power will be dis-
cussed in Chap. 35.

Another reason for defining sensitivity in terms of power is that
power is the natural measure of noise. If the equation for thermal noise
[Eq. (25-1)] is converted to express maximum available power, it becomes

Po=E g 25-9
n =g = kT Af (26-9)
It is thus seen that the available noise power is independent of the imped-
ance level, Af being the prime consideration.

1 The reactance X, of the signal source does not enter into the equation,
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Finally, high-frequency propagation and transmission are calculated
more easily on a power basis. With high-gain antennas, particularly
those using reflectors, it is more convenient to talk of intercept areas,
rather than effective heights, and thus to talk of fields in terms of watts
per square meter rather than volts per meter.

26-11. Receiver Selectivity.—Selectivity for receivers of the type
discussed in this book has no significant difference from that for con-
ventional receivers, particularly superheterodyne receivers, at the lower
frequencies. Such differences as there are reside principally in the dif-
ficulty of defining adjacent-channel selectivity when there is no formal
assignment of channels as such (see Sec. 33-3). The other difference lies
in the realm of spurious responses, where the fundamental principles are
no different from superheterodynes in general, but where design limita-
tions make spurious responses a more serious problem than at lower
frequencies. '

Adjacent-channel selectivity is determined in the usual manner by
obtaining curves of relative signal input for a constant receiver output as
the frequency of the generator is varied. Here it is acceptable to use a
c-w signal, or low-frequency sine-wave modulation, although in broad-
cast practice it is customary to use the same standard modulation as in
the sensitivity test. As the carrier frequency becomes high with respect
to the i-f band width, oscillator instability or inadequate precision of
resettability—both in the signal generator and in the local oscillator—
may preclude measurement of the selectivity curve at the receiver input
terminals. Since the r-f circuits usually have much greater band width
than the i-f amplifier, it is acceptable and, in fact, preferable to measure
the frequency response of the i-f amplifier alone, by using an i-f signal
generator connected to the input of the first stage.

The measurement of spurious responses consists in determining the
sensitivity of the receiver at one or more arbitrary frequencies within
the normal tuning range and for each of these determining the sensitivity
for spurious signals by then tuning the signal generator to the appropriate
spurious frequencies. The ratio of sensitivity for undesired to that of
desired signals, expressed in decibels, is defined as the rejection for each
particular type of spurious response. The most serious of these spurious
signals is usually the image, viz., the signal whose frequency differs from
that of the local oscillator by an amount equal to the intermediate fre-
quency, but whose frequency appears in the spectrum on the opposite side
of the local oscillator frequency from the desired signal. The difficulty
of obtaining good image rejection makes its determination an important
test for receivers intended to indicate a given signal at only onespot on
the dial.

The same difficulty of building good r-f preselection to remove the
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image makes it necessary to test u-h-f and microwave receivers for
spurious responses of other sorts, principally those involving multiples
of the local oscillator frequency and of the signal frequency. These are
commonly referred to as harmonic responses. Even though the receiver
oscillator voltage and the signal voltage may initially be devoid of har-
monics, both of these r-f voltages are applied to the mixer, which is a
nonlinear circuit element. In the output of such a nonlinear circuit
there appear frequencies comprising differences (and also sums) of
multiples of the original frequencies. When the difference frequency of
any pair of multiples is equal to the intermediate frequency of the
receiver, the following formulas tell where the signal generator should be
set in order to measure each of these harmonic responses.

For receivers in which the local oscillator is tracked at a frequency
higher than the signal frequency,

f= %fm + {2 (m + 1) (25-10)

where f = signal-generator setting where spurious response will be found
n = integer (2, 3, etc.) indicating the order of the multiple of signal-
generator frequency
m = integer representing the order of the multiple of local-oscil-
lator frequency
fau = indicated frequency on the receiver dial
fi = intermediate frequency of receiver
For receivers whose local-oscillator frequency is lower than the signal
frequency,

—ms _ ki
J=fam = (m 1) (25-11)

The only other spurious response to be tested is 4-f break-through,
viz., the response due to a strong signal at intermediate frequency reach-
ing the i-f amplifier in spite of the selectivity and shielding in the r-f
circuits. The test consists simply in applying a signal of intermediate
frequency to the receiver input and comparing the sensitivity thus
measured with that for a signal to which the receiver is tuned.

26-12. Receiver Fidelity.—Tests for the ability of a receiver to handle
properly the type of modulation for which it is intended are as diverse as
the varieties of modulation themselves. The choice as to whether one
tests with actual modulation of the intended type, and then examines the
result on the intended presentation, or whether one synthesizes that
modulation by means of sine waves or square waves, depends upon the
degree to which objective measurements are desired and realizable and
upon the capabilities of available equipment.
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26-13. Receiver Power-output Capability.—Two power considera-
tions can be specified, one depending primarily on the effectiveness of the
a-v-¢ action in preventing i-f overloading and the other on the power
capabilities of the output circuits.

The a-v-c effectiveness should be measured under conditions of stand-
ard gain. If the receiver has both i-f and audio (or video) gain controls,
the total gain should be apportioned between them, one possible specifica-
tion being that the audio gain be set at half maximum setting.  The sig-
nal-generator power is varied from the minimum detectable level to such
a level that the output no longer increases. From a curve of output
vs. input, the input variation is found that results in an output variation
of +5 db from the point on the curve corresponding to standard output.
As an example, the superheterodyne receiver described in the introductory
section will handle a 60-db input variation for 10-db output variation.

Mazimum output is a measure of the saturation limits of the high-level
circuits of the receiver and is measured with the audio or video gain set
at maximum and the i-f gain control retarded to, say, one-half maximum
setting. A curve of output power vs. input is then prepared, and from
this the maximum is determined. Note that this is not the maximum
undistorted power output. Although specification and measurement of
allowable distortion is a well-established procedure for broadcast service,
it is more difficult to specify for pulse or other nonsinusoidal modulation.
For aural presentation, the objective being merely the detection of the
signal, there is virtually no limit to the tolerable distortion. For video
presentation, the purpose being, for instance, measurement of the pulse
length, more attention must be paid to overloading. Since the transient
response is never perfect, the pulse length at the base line is greater than
at the top. Hence, if the output is advanced beyond the overload point,
this longer portion of the pulse appears as the complete pulse, and length
measurements become erroneous. Distortion of the pulse from the radar
standpoint, where precise ranging is the objective, must be held to even
closer and more carefully defined limits. Similarly, allowable distortion.
for television service is another specialized problem and is outside the
scope of this book.



CHAPTER 26

PRINCIPLES OF TRANSMISSION-LINE FILTER DESIGN
By S. B. Corn

General filter theory has already been highly developed. Applica-
tions of this theory have been made in great detail in the design of a large
variety of filters having lumped-impedance elements. Above about
200 Mec it becomes difficult to construct practical high-Q lumped induct-
ances, while above about 2000 Mc it becomes difficult to construct
practical lumped capacitances. Cavity resonators and sections of trans-
mission line can, however, be used with success in place of lumped induct-~
ances and capacitances.! This chapter and the next will present
considerable new material on transmission-line filter design based on clas-
sical filter theory. Chapter 28 will present design data for narrow-band
receiver tuners, which are based on coupled-resonant-circuit theory.

Transmission-line elements have much higher values of @ than the
usual low-frequency inductance. The dissipation can therefore be
neglected in all types of transmission-line filters except those having
band widths less than about 5 per cent. Hence, the emphasis in this
chapter and the next will be on dissipationless structures. Chapter 28
will take account of dissipation in narrow-band tuners.

26-1. Fundamental Filter Relations.—In the following discussion
it is assumed that the reader has an elementary knowledge of transmis-
sion-line, network, and filter theory.? All elements are assumed to be
linear, and the networks to be passive.

Any linear passive two-terminal-pair network,? no matter how com-
plex, obeys the following simple voltage-current relations:

1 Mason, W. P, and R. A, Sykes The Use of Coaxial and Balanced Transmission
Lines in Filters and Wide-band Transformers for High Radio Frequencies, Bell
System Tech. J., 18, 275 (1937). Mason, W. P., ‘“Electromechanical Transducers
and Wave Filters,” pp. 58-79, D. Van Nostrand Company, Ine., New York, 1942,

2 The following references may be consulted for an introduction to basic filter
theory: GumLeMIN, E. A., ‘“Communication Networks,” Vol. II, Chap. 4, John Wiley
& Bons, Inc., New York, 1935; STARR, A. T., “Electrical Circuits and Wave Filters,”
Chap. 6, Sir Isaac Pitman & Sons, Ltd., London, 1934.

3 This is often called a four-terminal network, but since of the four, two are always
designated as input and two as output terminals, the term two-terminal-pair is more
accurate,

648
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E, = AE: + BI,}
11 = CEz'l' DIz

As shown in Fig. 26-1, E, and I, are the input voltage and current, while

E, and I, are the output voltage and current. The parameters 4, B, C,

and D are functions both of the network structure and of the frequency.

They are independent of the voltage and the current and the external

impedances presented to the network terminals. Any three of these
] ]

Z £ 2 ~27, 5,32
Eg ) ot ]

(26-1)

Fia. 26-1.—Two-terminal-pair network.

four parameters are sufficient to describe the network fully, since A4,
B, C, and D are related by the identity?!

AD-BC =1 (26-2)

The performance of the network may also be determined from the
image transfer constant ®, the input image impedance Z;,, and the output
image tmpedance Z;;. Intermsof 4, B, C, and D, these are

cosh® = \/AD » (26-3)
Zn = o /g—% (26-4)
Zi = \og (26-5)

In these equations, and in similar ones to follow, a plus sign is used before
the radical if Z;,, Zis, or © is real. For imaginary values of these quan-
tities, the sign is chosen so that the rate of change of Z,;, Z;s, or © with
frequency is positive.

If the network is symmetrical, A = D and therefore

Zn === \[5 (26-6)
cosh® =4 =D (26-7)

© is in general a complex number a + jB8, where the attenuation constant
a and the phase constant 8 are both real numbers. If the network is
nondissipative, ® = jg in pass bands, and ® = a in stop bands. Another
way of stating this is that pass bands exist only in ranges of frequencies in

1 This identity is valid for any network for which the reciprocity theorem is valid.

This includes all linear passive networks that have no unidirectional elements such as
vacuum tubes.
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which cosh © lies between —1 and +1. Also, for nondissipative net-
works Z; is a real number in pass bands and purely imaginary in stop
bands.

Solution of Eqs. (26-2) to (26-5) for 4, B, C, and D gives the follow-
ing relations

A= '\/Z cosh © B = /ZnZ;sinh ©

Z
he p= [Pz
\/anlz Sln D Z

Therefore, with the aid of Eq..(26-1), the voltage-current equations
for any linear passive two-terminal-pair network may be written

E] = ( g” cosh @) Ez + (‘\/ anlz sinh @) Iv_»

. ,Z
I, = (——=—— sinh ® 12
1 (\/ZuZn sl )E2 + ( 7 cosh @)

The input tmpedance of the network is Z, = E;/I,. The load imped-
ance of the network is Zr = E;/I,. In terms of these quantities, Eq.
(26-9) may be written

(26-8)

C= +—cosh ©

(26-9)

Za + Zzz tanh @
Zis + Zy tanh ©

If the network is symmetrical, Z;; = Z;; = Z;, and Eq. (26-10) becomes
Z R + Zl tanh @

Z,=Zn (26-10)

Z, =17, 7, + Zx tanh © (26-11)
And for a nondissipative symmetrical network in a pass band
_ p Zr+ jZ,tan B
Z, = Zi 7: + jZx tan B (26-12)

For the important special case of a symmetrical nondissipative two-
terminal-pair network consisting simply of a length of uniform nondis-
sipative transmission line, a different image impedance and image phase
constant will be defined to avoid confusion. The characteristic impedance
symbol Z, will be used in place of Z;, and the phase-length symbol ¢
will be used in place of 8. Equations (26-8), (26-9), and (26-12) are
written below for a nondissipative transmission line of length 6.

A =cos 6 B=jZosin0}

C = %o sin @ D = cos 8 (26-13)
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E, = E; cos 0 + jE.Z,sin 6
6—14
Ilzjg-'”sin0+lgcosﬂ @ )
0
7, = 7, %2+ %0 tan 0 (26-15)

Zo+ jZr tan 0
0 is related to the physical length of the line and to frequency by the

formula

2l _ ol
N

~

6= (26-16)

where I = line length, cm

A = wavelength on the line, cm
» = angular frequency = 2xf, 2r X cps
v = velocity of propagation along the line, cm per sec

For air dielectric in a simple transmission line, ¥ = 3 X 10!° ¢cm per sec.
For dielectric constant ¢, » = 3 X 10%+/¢ cm per sec.

It should be pointed out that, since a symmetrical filter network of
image impedance Z; and image phase constant 8 is mathematically equiva-
lent to a uniform transmission line of characteristic impedance Z, = Z,
and phase length 6 = g, all equations, line charts, and concepts derived for
transmission lines apply equally to symmetrical filters, and vice versa.

26-2. Calculation of the Image Impedance and Transfer Constant
from the Short- and Open-circuit Impedances.—In the design of trans-
mission-line filters it is often easy to obtain design equations giving the
desired cutoff frequencies, but the image-impedance and transfer-constant:
equations may be so complex as to discourage their use. In such cases
these parameters may be calculated from the impedances Z,.; and Z,,
measured at the number-one pair of terminals when the number-two pair
are short-circuited and open-circuited, respectively. These short-circuit
and open-circuit impedances are usually quite easy to calculate for a
given filter section by means of a transmission-line circle-diagram chart.
The Smith chart (see Sec. 2-2) is particularly useful for this purpose.
Since the filter section undergoing calculation is assumed to be nondis-
sipative, all impedances will be pure reactances, and therefore all points
will fall on the outer rim of the Smith chart.

Equation (26-1) shows that Z,.; = B/D and Z,; = A/C. With the
aid of Eqgs. (26-2), (26-3), and (26—4), it is easily shown that

Zin = N TuZor (26-17)

_ chl :
tanh © = 7 o _ .(25—18)
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26-3. Symmetrical-section Parameters in Terms of the Half-section
Parameters.—Any symmetrical filter section may be split (at least on
paper) into two equal half sections, as shown in Fig. 26-2. All the
properties of the full sect on may be calculated from one of the half sec-
tions. The labor involved in such a procedure is usually less than that
for analysis of the full section by the relations of Sec. 26~1. The half
section itself is in general an unsymmetrical network, and it must be
treated as such. Consider the half section at the left in Fig. 26-2. The
image impedance at the No. 1 terminals is easily shown to be the same for
a half section as for a full section. The image transfer constant is one-

1 23 4
Ol —0 O —o
- ‘ <-z;-— -7
e 2 3 K

F1a. 26-2.—A symmetrical filter section divided into two equal half sections.

half that for a full section. In terms of the coefficient parameters A4’,
B, C’, D’ for the half-section, and @ for the symmetrical section,

B’ A’

Z) = , /W (26-19)
cosh (%) = \A'D (26-20)

and therefore
cosh® = A'D' + B'C' = 24'D' — 1 = 1+ 2B'C"  (26-21)
Since the edges of the pass band are given by cosh® = +1, they are also

given by

A'D’=0 or B'C' =0 (26-22)
The image impedance and transfer constant may also be calculated
from the short-circuit and open-circuit impedances of the half section.
Let these impedances be Z,.,’ and Z,.,’ as measured at terminals No. 1

when terminals No. 2 are short-circuited and open-circuited, respectively.

Then

Zi=NZuA 2ot (26-23)
tanh & = 2.t (26-24)
2 Zocl’

If, in Fig. 26-2, terminal pairs 1 and 4 are joined together, a new,
though similar, type of symmetrical section will result which has pairs 2
and 3 as input and output terminals. The image transfer constant
is still given by Eq. (26-21) or Eq. (26-24), and therefore the cutoff
frequencies, the image phase constant, and the image attenuation con-
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stant are the same as for the original section. The image impedance at
the new outer terminals is different, however, and is given by the relation

)Y
Z) = é% (26-25)
where A, B’, C’, and D’ for the half section are the same as before.
26-4. The Equivalent-circuit Method of Filter Analysis.—Filter
structures having distributed-constant elements may be analyzed in a
variety of ways ranging from very simple and approximate methods to
complicated and exact ones. Analysis methods that have been found
useful are described in this section and in Secs. 26-5 and 26-6.
The easiest method of designing a transmission-line filter is to use
short lengths of line as lumped inductances and capacitances in standard
lumped-constant filter circuits.! A length of line may be replaced at

. , . Lo Lp? Lot
Z,tan & JjZ,sin8 £ 4 0
Qoo 2y TG00
2 2, 2 ."" 802 I IC! IC’(
3Jshe 2jbeotz 2 'l'co" 'I"g“ ]-‘3'
Fig. 26-3.—Exact equivalent circuits FIG.-26—-4.—-Approxima'te equivale;xt cir-

for a nondissipative transmission line of cuits for a nondissipative transmission line
phase length 0 and characteristic impedance of physical length !, inductance per unit
2. length Lo, and capacitance per unit length

Co, where ! is less than 1§ wavelength.

one frequency by a T-network or by a »-network, as shown in Fig. 26-3.
If the line length [ is less than 1§ wavelength, the series and shunt arms
may be approximated by constant inductances and capacitances, as
shown in Fig. 26—4. L, is the series inductance, and C, is the shunt
capacitance per unit length of line. For a coaxial line,

60 . b
Zo=—=InZ hms
VAL (26-26)
Lo = 2(10)-° m% = % henrys per cm_ (26-27)
Co=25%¢ 112 = L faradsperem  (26-28)
lnl)- Zo
a

where Z, = characteristic impedance of the transmission line
b = inner radius of the outer conductor of the line ,
a = outer radius of the inner conductor of the line

1 Mason, loc. cit.



654 VERY HIGH-FREQUENCY TECHNIQUES [CraP. 26

e = dielectric constant of the insulating material filling the space
between the inner and outer conductors (e = 1 for empty
space)

v = velocity of propagation of energy in the line, centimeters per
second

For very short lengths of line, a still simpler approximation may
be made. For example, a short length of line terminated by an imped-
ance several times smaller than its characteristic impedance acts very
nearly like a series inductance. Equation (26-15) may be written

_ Zo[ZRZo(]. + tan? 0) + ] tan 0(202 - an)]
- Zy*+ Zz? tan? 6

If Zr K Z, (say Zr < Zo/4) and § L /2 (say 8 < 14 radian), then
tan 0 = 0 = wl/v = 2rl/\, and Z, has the approximate value given by the
relation

Z,

(26—29)

Z.ng(1+tan’0)+j£f—°szn+j%—ow (26-30)

where [ is the line length in centimeters. Therefore Z, is given approxi-
mately by the series circuit of the load impedance Z and an equivalent
inductance {Zo/v. The latter is shown by Eq. (26-27) to be merely the
total series inductance Lol of the line.

In a similar fashion, it may be shown that if Zx>> Z, (say Zr = 4Z,)
and 0 is restricted as before, the input impedance is given approximately
by the parallel circuit of the load impedance Zr shunted by the capaci-
tance Cor = I/ Zw.

In particular, a short-circuited line shorter than about 112 wavelength
acts almost like a pure lumped inductance, i.e., its input reactance is
proportional to frequency, while an open line shorter than about 14,
wavelength acts almost like a pure lumped capacitance, z.e., its input
reactance is inversely proportional to frequency. Use can be made of
these properties in determining the approximate equivalent circuit of a
transmission-line filter composed of short lines. For examples, see
Tables 27-1 and 27-2.

A more exact equivalent circuit is obtained by using the T- or =-section
of Fig. 26—4.1 In this case, the shunt capacitances in the T- or r-section
are lumped where possible with actual capacitances already present in
the filter. For still greater accuracy, the exact T- or m-network of Fig.
26-3 may be used instead of Fig. 26—4.

Ezample: The approximate design equations for the filter of Fig. 26~5a will
be derived by the use of Fig. 26-4. In Fig. 26-5b is shown the exact circuit
representation of the physical structure of Fig. 26-5a. Any number of these

1 MasoN, loc. cit.
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sections may be connected in cascade, in the usual manner. The circuit repre-
sentation for a transmission line as used here and in later sections is a rectangular
box with a pair of input terminals and a pair of output terminals. The length
and characteristic impedance of the line are noted in the rectangle as Zos, s, etc.

H
22, - ¢,
%hennes é 2.2 > 57— forads
o 'henr/es F: 0272

LN /T il

farads

ZZV

[ 1111}
03"
W 36 a1, 30, 21,

258, 2526,
L,z %" » Lp= ;2

_&
Ca=Cz+ vt 7Z,,v;

F1a. 26-5.—Example showing the development of the approximate circuit for a trans-
mission-line filter: (a) the filter; (b) the exact circuit representation of (a); (¢) and (d) the
approximate equivalent circuit.
Connections between boxes are assumed to have zero length. Figure 26-5¢
shows the approximate equivalent circuit arrived at by the use of the trans-
mission-line approximation of Fig. 26—4. In Fig. 26-5d, the shunt capacitances
are grouped together. The last circuit is seen to be that of a standard lumped-
element band-pass filter section, having the following design equations:!

1 TerMaN, F. E., “Radio Engineers’ Handbook,” p. 231, McGraw-Hill Book
Company, Inc., 1943. .



656 VERY HIGH-FREQUENCY TECHNIQUES [Crar. 26

L, = Jr=JOR

1
L, = W, C: = m (26-31)

R
=i + 1)
where R is the load resistance that may be used with the filter, f, is the lower
cutoff frequency, and f, is the upper cutoff frequency.

Upon introduction of the values for Ly, L, and C; from Fig. 26-5d, the approxi-
mate design equations for the short-length transmission-line filter of Fig. 26-5a
are found to be

vR
Zoxll = W(fl +f2)
Zods = WA LR (26-32)
Cy = _.____l____ _h b

T(fz - JOR Zow m

These approximate design equations will hold quite well as long as I, and I,
are not longer than about 1§ wavelength at the upper cutoff frequency, f2.

26-6. Exact Equivalent-circuit Method of
Filter Analysis.—There are several types of
transmission-line filters that have lumped series
capacitances and a shunt transmission-line struc-
ture, e.g., types 1-2, 1-4, and 4-3 in Tables 27-1
and 27-4. Such a structure has an exact T orw
counterpart; hence the standard filter analysis
in terms of lumped shunt-arm and series-arm
impedances may be used.

A number of other types that have shunt
structures at the end and a length of line in the
middle, e.g., the type of Fig. 26-5, can be analyzed
exactly in this manner, since when this line is
replaced by its exact equivalent =-section, a
circuit having the form of a m-section filter will
result.

Ezample: The transmission-line filter of Fig. 26—6a

% will be analyzed by the method of this section.

30 Figure 26-6b shows the exact circuit representation of

° o [Fig. 26-6a. This is seen to have the form of the

© ordinary T-section shown in 26-6c. For the filter

Fie. 26-6.—(a) A gection under consideration, the series-impedance and

g‘mﬁ'&ﬂz&“”;;z shunt-impedance arms have the values

tandard T-seotion form to 1 ;

which it corresponds. hi=jg Ir=ihtand (2633

where Z; is calculated from Eq. (26~15), with Zz = 0. The image impedance

and the image transfer constant for any T-section are given by the equations?

1 TRRMAN, op. cit., p. 226.
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Zr =22, + Y4Z,* (26-34)
cosh® =14 2—Z—le (26-35)

Substituting the values for Z, and Z, in Eqs. (26-34) and (26-35), we obtain

2 (tom 0 — git) (26-36)

1
%2, tn 0 (26-37)

Z;

cosh® =1~

Boundaries between stop bands and pass bands occur at frequencies for
which Z; changes from an imaginary quantity to a real quantity. Inspection of
Eq. (26-36) shows that for low frequencies Z; is imaginary, and hence a stop
band exists. Z; changes from imaginary to real at all values of @ for which
tan 6 = 1/(4wCZ,), and back to imaginary for 6 an odd multiple of x/2 radians.
Therefore, pass bands exist between corresponding valuesof 6 = tan=1[1/(4wCZ,)]

23 1 : Rea! : ;
! ~==~/maginary

\ ] | !

4 ! !

1 §I 1 §:

F— ! ' m: >/

Stop j Pass, Stop -1 Pass |

,l' | ’_,' ' 1

| [} - |

7 Vol : I

Fia. 26-7.—The image impedance function for the filter of Fig. 26-6 with the location of
stop bands and pass bands noted.
and @ = nr/2, where n is odd. The image impedance is sketched in Fig. 26-7
for the first few stop and pass bands. The filter is seen to be of a multiple-band-
pass type.
If the lower cutoff frequency of the first pass band is f; and the upper is fs,
the following equations are valid:

0, = _21‘3-21 = g (26-38)
2mfil 1
2xf, tan (—v—) = 107, (26-39)
The design equations are, therefore,
) X:
=" 1 (26—40)
1
CZy = —F53% (26-41)
27fyl

The image-impedance function of Eq. (26-36) may now be written as follows:

.\/Zo ’f tan a f. tan o,) (26-42)




658 [CraP. 26

where 0 = 2xfl/v and 6, = 2xfil/v. A change in the value of the ratio Z,/C does
not change the cutoff frequencies, as long as the product CZ, satisfies Eq. (26-41).
This ratio should be chosen so that in the pass band the image-impedance func-
tion of Eq. (26-42) will approximate the constant load resistance R of the filter
as closely as possible. This kind of choice is always possible with filter networks
and will be considered in Sec. 26-8.

The multiplicity of pass bands found for the filter section of Fig.

26-6 is characteristic of transmission-line filters. Pass bands will usually

. oceur at or near the frequencies for which

2\ ¢ /% the various line elements in the filter are

either odd or even multiples of 14 wave-
length, or both.

26-6. The Fundamental Analysis
Method.—In the general case it is often
not possible to use the methods given
above. A method that is always applica-
ble is to solve the filter circuit for the
voltage-current equations of the form of
Eq. (26-1).! The image-transfer con-
1, stant © and the image impedance Z; are
then determined from the coefficients of
the voltage-current equations by means
of Eqs. (26-3) and (26-6). The location
of stop bands and pass bands and the
optimum terminating resistance may
7~ —2’ then be determined from ® and Z;. For

i © real and Z, imaginary, a stop band
é/2 2
l'——e/z—q
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4—

—2
(@ !

&2—
/e

42
%4

(W74
2p— —_2
w7 !

é/2
a2

3
Zo » 0/2 tfa % ffs

exists. For Z; real and © imaginary, a
F1a. 26-8.—(a) A transmission-

line filter section; (b) its half section;
(¢) the circuit representation of the
half section; (d) a second filter type
that may be analyzed by means of
the same half section.

from the coefficients A’, B’,

for the whole symmetrical filter section.
lated by means of Egs. (26-19) and (26-21).
obtained from the relations of Eq. (26-22).

pass band exists. The optimum termi-
nating resistance may be chosen as indi-
cated in Sec. 26-8.

It is usually simpler to calculate the
image impedance and transfer constant
C’, and D’ for the half section than
Z; and O are then calcu-

Cutoff frequencies may be
These relations show that a

cutoff frequency occurs whenever any one of the coefficients A’, B’, C’,
or D’ is zero, as long as the corresponding quantity D', C’, B’, or 4’,

respectively, is not infinite.?

1 MasoN and SYKES, op. cit.

Examples are worked out in this paper.

t RicHARDs, P. 1., The Application of Matrix Algebra to Filter Theory, Proc.

LR.E., 84, 145 (1946).
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Ezample: The filter section of Fig. 26-8a will be analyzed by the last method.
The half section for this filter is shown in Fig. 26-8b, and its circuit representation
in Fig. 26-8c. It is necessary to calculate the coefficients A’, B’, ¢, and D’
from the following relations that connect the input voltage and current with the
output voltage and current of the half section:

E, = A'E; + B'I, ]

I, = C'Es + D', (26-43)

In order to set up these relations, the voltage-current relations for each
element of the filter must first be written. For the capacitance

Iz=J’%gEa+Ia (26-44)

and for the length of transmission line °

E1 = Ez cosg+jIzZosing
(26-45)
E, . 0 0

Il=,17;sm§+lgcos§

Equations (26-44) and (26-45) are then combined so as to eliminate the
intermediate voltage and current, E; and I,. The resulting relations have the
form of Eq. (26—43), and the coefficients are found to be

A’ = cos g - w(';‘z" sin g, B’ = jZ, sin g
in & [(26-46)
C"=j<—Z;g+o-§cosg)» D'=cosg

The image impedance and transfer constant can now be written with the aid
of Egs. (26-19) and (26-21) and are

(Zo sin g) (cos g _9C4 sin 2)

z 2 2
1= 9 (2647)
sin 5
2 wC 6 [}
(”ZT + g oo é) (cos 3
cosh @ = 2 (cos -g) (cos% - ‘-‘-’%’ sin g) -1 (26—48)

Examination of Eq. (26—47) shows that the image impedance is real between
zero frequency and the frequency at which C’ = 0. Therefore, the filter of Fig.
26-8a is a low-pass type. Further examination shows that higher pass bands
exist above the first attenuation band. These have a relatively narrow band
width.
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The image impedance of the filter of Fig. 26-8d may be written at once with
the aid of Eq. (26-25) and is

(e d) (=)

Z) = (26-49)

[]
sin
(552 wn) (o220 )
The image-transfer constant for Fig. 26-8d is the same as for Fig. 26-8a,

and is given by Eq. (26-48). Therefore, the filter section of Fig. 26-8d is a low-
pass type having the same cutoff frequency as the one of Fig. 26-8a.

Equation (26-1) for a given filter can be calculated as in the preceding
example or by means of matrix algebra. The work is considerably
shortened and chances for errors are greatly reduced, if elementary matrix
algebra is used.! With matrix algebra, only the coefficients of the various
voltage-current equations are handled, and these are handled in a sys-
tematic way that reduces the analysis to a bare minimum.

26-7. Filter Insertion Loss.2—Insertion loss of a network is defined
as the decibel loss in power delivered to the load when the network is
inserted between the generator and load as compared with the power
delivered when the generator and load are ¢onnected directly. In
terms of the fundamental voltage-current-equation coefficients, the
general insertion-loss equation may be written as follows:

AZi + DZ, + B+ CZ,2
Za + Zl ‘

where Z, and Z, are the generator and load impedances. IfZ, = Z, = R
(real) and the network is symmetrical and nondissipative,

2
L=10 logm[ +1 (JI; g R) ] (26-51)

These formulas can be rewritten in numerous ways for special cases.
For example, if Z, = Z; = R (real) and the network is a symmetrical
n-gection nondissipative filter, then in the pass band Z; will be real and

2
L = 10 logo [1 + = ( ' %}) sin? nﬁ] db (26-52)

In the stop band, Z; = 0 + jX,, and

L = 10logs (26-50)

2
L=10 1031.,[1 + = ( R’ + Xﬁi) sinh? na] db  (26-53)

1 PreEs, L. A., Matrix Theory of Four-terminal Networks, Phil. Mag., 80, 370
(1940); GuiLLeMiN, E. A, ‘Communication Networks,” Vol. II, p. 140, John Wiley
& Sons, Inc., New York, 1935; RICHARDS, 0p. cit.

% See RICHARDS, op. cit.
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These equations are extremely useful in predicting the response of
a filter of given design and in choosing the optimum load resistance for
particular image-impedance and phase-shift functions. Figures 26-9 and
26-10 express Eqs. (26-52) and (26-53) in nomogram form, thus making
their use very simple. A straightedge intersecting any two variables on
these nomograms will also intersect the third variable. In Fig. 26-9,
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Fia. 26-9.—Pass-band insertion loss and standing-wave ratio for a symmetrical nondissipa-
tive filter.

a voltage standing-wave-ratio scale is plotted on the insertion-loss scalé.
This scale gives the filter-input voltage standing-wave ratio that would be
measured on a line of characteristic impedance R if the filter-output
terminals were loaded by a resistance equal to R.

Equations (26-52) and (26-53) apply also to a filter composed of
dissimilar sections as long as the image impedances of the sections are
matched throughout (as is true in M-derived terminated filters) and as
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long as the image impedances at the extreme terminals are equal. In
such a filter, the sum of the phase constants for each section or half
section is used in place of n8, and the sum of the attenuation constants in
place of na. The image impedance to be used in Eqgs. (26-52) and
(26-53) is the image impedance at the terminals of the first and last
section or half section.
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F1a. 26-10.—Stop-band insertion loss for a nondissipative symmetrical filter.

26-8. Filter Pass-band Response.—Equation (26-52) shows that
the insertion loss of a filter will be zero everywhere in a pass band only
if Z; = R in the pass band. It is necessary, however, for Z; to approach
infinity or zero at the cutoff frequency of a filter, and hence there must
always be some mismatch between Z; and R near cutoff. For Z; not
equal to R, a loss peak will occur very near every frequency for which the
total image phase constant ng is an odd multiple of 90 deg, while zero loss
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will occur at every frequency for which nB is any multiple of 180 deg.
This phenomenon is illustrated by Figs. 26-11 and 26-12 for a low-pass

filter having five sections.

In a particular filter, the size of
the loss peaks will, of course, depend
on the degree of mismatch between
Z,and R. With careful design, this
mismatch may be made small over
the pass band except very near
cutoff. A brief inspection of Fig.
26-9 shows the permissible mis-
match before an assumed ipsertion
lossis exceeded. For example, with
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Fi1e. 26~11.—Calculated pass-band re-
sponse of a five-section low-pass filter (for
Z1o = R).

the worst possible value for n, .e., an odd multiple of 90 deg, 14-db loss
results for Z,;/R or R/Z; equal to 1.4, 1 db for a ratio of 1.62, 2 db for a
ratio of 2.0, and 3 db for a ratio of 2.4.
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F1a. 26-12.—Measured response of a five-section low-pass filter having Z;o = R.
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Fi16. 26-13.—Image impedance and phase tant for a tant-k low-pass filter T-section

having a cutoff frequency equal to fi.

Ezample: The pass-band loss peaks will be determined for a five-section low-

pass filter (type 1-1 of Table 27-1).

As will be pointed out in Chap. 27, the

image-impedance and phase-constant functions for this transmission-line filter
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section are very nearly the same as that for the lumped-element constant-k
low-pass section. These functions for the latter are plotted in Fig. 26-13. Note
that the ordinate in Fig. 26-13a is Z;/Z o, where Z,o is the value of image imped-
ance at zero frequency.

Loss peaks will occur near n8 = 90, 270, 450, 630, and 810 deg. For n equal
to five, these values of n8 correspond to 8 = 18, 54, 90, 126, and 162 deg. Figure
26-13b gives the value of f/f; corresponding to these values of 8, and Fig. 26-13a
gives the values of Z;/Z,, for these values of f/fi. Finally, from the Z;/Z;,
values, the insertion loss at these loss peaks may be obtained from Fig. 26-9.
The calculation is given in Table 26-1 for Zj, set equal to R.

TABLE 26-1
ng° g° 11 Zi/R R/Z; Lav
90 18 0.155 0.99 1.01 <0.01
270 54 0.45 0.89 1.12 0.05
450 90 0.707 0.707 1.41 0.50
630 126 0.88 0.47 2.13 2.2
810 162 0.985 0.17 5.88 9.5

The approximate pass-band response for this filter is sketched from these
data in Fig. 26-11. The last peak and dip are so sharp that they will often not be
found when an actual filter is being tested. Also, slight irregularities and slight
filter dissipation will tend to round them off. The measured response for a five-
section transmission-line low-pass filter, the image impedance and phase constant
of which are very nearly those of the example, is given in Fig. 26-12. Except
very near cutoff, the measured response checks the calculated response fairly
well.

It is apparent that for a filter consisting of n identical sections, where
n may be any integer, loss peaks may occur at virtually any frequency.
The envelope of all possible loss peaks for a given type of filter is of
interest since it places an upper bound

€. . ol > ' Rl on the pass-band loss of the filter.
g, L z’° I4IR ]I This envelope may be quickly ob-
- il /| tained from the image-impedance
£ 4 Y| curve of the filter and the nomogram
gL 7}77| of Fig. 26-9. The total phase con-
o 0s 10 stant should be assumed equal to an

/4 odd multiple of 90 deg at all frequen-

Fic. 26-14.—Loss envelopes for an nsec-  cies. In order to perform this calcu-

tion low-pass filter. lation, a relation between the image-
impedance curve and the constant load resistance R must be assumed.
Figure 26-14 shows two maximum-pass-band-loss envelopes for the low-
pass filter of the last example. For one envelope, Zj, is assumed equal
to R. For the other envelope, Z;, is assumed equal to 1.41R.



8kc. 26-9] PRINCIPLES OF TRANSMISSION-LINE FILTERS 665

26-9. Methods of Reducing Pass-band Insertion Loss.—Several
methods of reducing pass-band insertion loss now suggest themselves:

1. If the band (or bands) of frequencies to be passed is not close to the band
(or bands) of frequencies to be rejected, the cutoff frequencies of the filter should
be located sufficiently far from the frequencies to be passed so that any excessive
pass-band peaks are outside the useful frequency band. In this case, with refer-
ence to the design data in Tables 27-1 and 27-2, the extreme values Z;o should
be set equal to B. If, at the frequency where the mismatch first becomes exces-
sive, one chooses a number of sections n such that n8 is a multiple of 180 deg,
the filter may be made to have low loss still closer to the cutoff frequency.

2. If optimum response is desired over the entire pass band right up to the
cutoff frequency, m-derived half-section terminations (see Tables 27-1 and 27-2)
should be used, where possible. The constancy of image impedance with these
terminations, except very near cutoff, will provide an extremely flat response
curve, while, in addition, the very sharp rejection characteristic associated with
m~derived terminations will be attained. The more complicated construction
and adjustment of this type of filter make it difficult to build for use over 1000
or 2000 Mc, and even below this the use of simpler constructions is recommended
if they can be made to satisfy the specifications.

3. With filters having a more rounded image-impedance curve than that
obtained with m-derived half-section terminations, improved response over the
pass band will result from a judicious choice of the load-resistance for a given
image-impedance curve. As an example, consider the constant-k T-section
low-pass filter. The envelopes of Fig. 26-14 for R = Z;pand B = Z,0/1.41 show
that a considerable improvement near cutoff is obtained for the lower value of
R at the expense of a very slight increase of maximum possible loss at low
frequencies.

In general, filters the image impedance of which approaches zero at
their cutoff points will have their over-all response improved by making
Z,y approximately equal to 1.414R. Filters the image impedance of
which approaches infinity at their cutoff points will have their over-all
response improved by making Z;, approximately equal to B/1.41 (Z,, is
the maximum image impedance in the pass band in the first case, and the
minimum in the second). If a particular filter has an image impedance
that is zero at one cutoff and infinite at another, the designer must use a
little more judgment in choosing the load resistance.

In the general case, the most foolproof way of ensuring a good match
is to calculate and plot the image-impedance function, and then choose
the load resistance so that it will approximate the Z; curve as well as
possible. .

A good match will usually result if the value of Z; at the frequency for
which cosh © = 0 (i.e.,, 8 = +90 deg) is made equal to R. It is often
easier to derive design equations based on this criterion than on any
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other. The design equations in Tables 27-3, 27—4, and 27-5 use this
criterion. )

If 8 = +90 deg for a full section, the phase constant is 145 deg for a
half section. Equation (26-12) shows therefore, that for a half section
Z; = |Zoor| = |Zsc1| when cosh ® = 0. It is often simpler to use this
relation to calculate Z; for cosh ® = 0, than to evaluate Z; from the image-
impedance equation.

26-10. Transforming End Sections.—Of the methods thus far
described for obtaining low pass-band loss, the use of m-derived terminat-
ing half sections gives the best results. As pointed out, however, the
construction and adjustment of m-derived sections becomes difficult at
the higher frequencies. A method of obtaining a greatly improved
pass-band response without the use of m-derived half-sections will be
described in the following paragraphs.

In this method, the same type of filter section is used throughout.
The end sections, however, have a different cutoff frequency from the
internal sections. These transforming end sections are designed so that
they improve the impedance match between the constant load resistance
R and the variable image impedance Z; of the internal sections. The
principle underlying this method will now be described for a low-pass
filter of the type shown in Figs. 26-8 and 27-3.

The image impedance and phase constant for the low-pass filter

section under consideration are

VERY HIGH-FREQUENCY TECHNIQUES [Crar. 26

:: 2 1 ' shown in Fig. 26-13. The image
z,"s(zﬁ’- -/ phase constant is seen to be equal
:: d v to 90 deg and the image impedance
'\TII*? . NE Zoffnd | | 1O 0.707 Z,0 at 0.707 t?mes the (}ut-
: | Sections off frequency fi. A single section,
6 7 o Micde therefore, is equivalent at 0.707f,

A ,ofM(dd o
Sectionst\| |\ to a l4-wavelength transmission
2 \ line of characteristic impedance
o 4 6 8 10 12 14 16 1820 0.707Z;0 (see Sec. 26-1). At this
.I, frequency, then, the image imped-

1

F1a. 26-15.—The various image imped-
ances involved in a low-pass filter having
transforming end sections. The signifi-
cance of Z;'' is explained in the text.

ance of a section is the geometric
mean of the load impedance termi-
nating the section and the input

impedance. In the vicinity of this

frequency, this relation will hold approximately, the error becoming

greater as the departure from 90 deg is increased and as the ratio between
the image impedance and the load impedance is increased.

Figure 26-15 shows the image impedance Z; of the internal sections,

and Z, of the end sections. The 90-deg point for the end section should

be located at or slightly below the cutoff frequency fi of the middle
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gections. For the case of Fig. 26-15 this point corresponds to 0.93f.
It will be noted that the Z/ curve falls between the Z; curve and the
constant-resistance line Zy. The end sections will therefore transform
points on the Z; curve up toward the Zi line. The curve Z// is the
transformed-impedance curve under the assumption that the phase
constant of the end sections is 90 deg at all frequencies. This curve is
seen to be very nearly equal to the constant value Zjo over a large part
of the pass band. The end sections act as transformers only in the
vicinity of 0.93f,. Below thisfrequency, the transforming action becomes
less perfect, but at the same time the mismatch between the various
impedances involved also becomes

(10

lfass. (?n the whole, .therefore, very S ) o o Laes B

little mismatch occurs in the passband g Without Tomstomi

36 ithout, Transforming

except very close to cutoff. 2 oS, ZgR
Figure 26-16 gives the maximum- 3 4 With Tronsf’ormilhp\/

pass-band-loss envelope for a low-pass 2 z f”{/ sf‘ﬁﬁ(ﬁ

filter having transforming end sections ™~ 000102 03 04 05 06 07 08 03 10

and having the image-impedance func- o4

tions and cutoff frequencies shown in Fig. 26-16.—The maximum-pass-

. . band loss envelopes for a low-pass filter
Flg' 26-15. Zno i assumed equa'l to having transforming end sections as

the load resistance R. The actual compared with the envelope for a low-
filter insertion loss will fall between it filter without transforming end
zero and this curve, depending upon

the total phase constant of the internal sections. This envelope is seen to
give a response greatly improved over the envelopes in Fig. 26-14.

The envelope curve of Fig. 26-16 was calculated exactly by a rather
laborious process. An approximate curve may be calculated in a rela-
tively simple manner, however, by assuming the image impedance of
the over-all filter to be equal to Z;”, and using the nomogram of Fig-
26-9 with the phase constant set equal to 90 deg. For the case considered
above, the approximate envelope checked the exact envelope within
+0.2 db up to at least 0.98f,. It must be pointed out, however, that
although Z/’ may be considered to be approximately equal to the
filter image impedance in calculating the maximum-insertion-loss enve-
lope, the actual image impedarice is really radically different from zZ".
In fact, the image impedance will have imaginary values at a number of
places in the pass band, depending upon the number of internal sections.
The apparent paradox is explained by the fact that at frequencies at
which the image impedance is imaginary the attenuation constant of the
filter is negligible, and at frequencies at which the image impedance is
real but greatly different from Z,"” the phase constant is very nearly a
multiple of 180 deg. The insertion-loss nomograms of Figs. 26-9 and
26-10 show that under these conditions the filter insertion loss can be
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very low. Since the insertion loss rather than the image impedance is
usually of primary concern in the use of a filter, this interesting phenome-
non is usually of no importance and may be neglected. Figures 26-17
and 27-2b show the measured response of two low-pass filters having
transforming end sections.

If a termination of the =-type is used (Figs. 26-8d and 27-3b), the
same design procedure applies. In this case, the image-impedance
curves will be the reciprocal of the corresponding curves in Fig. 26-15,
while the envelope curve in Fig. 26-16 will apply exactly.

f
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F1a. 26-17.—The measured response and construction of a low-pass filter having trans-
forming end sections.

This type of termination is just as easily applied to high-pass filters.
The constant-k lumped-element high-pass filter section, which the
transmission-line filter of Fig. 266 resembles, has the same image-
impedance and phase-shift function as the low-pass section except that
f1/f is substituted everywhere for f/fi, where f, is the cutoff frequency.
Consequently, a high-pass section has a 90-deg phase constant at 1.41
times the cutoff frequency. The end sections should therefore have their
cutoff frequency at or slightly higher than 0.707 times the cutoff fre-
quency of the internal sections. The envelopes of Fig. 26-16 apply if
the reciprocals of the f/f, scale are used for the abscissas.

The transforming end-section design may also be used with band-pass
filters that have rounded image-impedance curves. Figure 26-18 shows
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how it may be applied to a filter having zero image impedance at the cutoff
frequencies. For the end sections, a type having the same sort of image-
impedance function as the inside sections and having a phase-constant
variation from —180 deg to +180 deg is required. The cutoff points of
this section are located so that the plus and minus 90-deg phase-constant
points are at or just inside the edges of the filter pass band. The maxi-
mum pass-band image impedances Z;, of the inner and outer sections are
made equal to the terminating resistance R. Figure 26-18 shows that
the approzimate over-all filter impedance Z,” is far more nearly constant
over the pass band with the matching sections than without. As for
the low-pass filter, Z,”” is not the true over-all filter image impedance,
but it may be used in calculating a good approximation of the maximum-
loss envelope.

Z of end
sections

r

F1a. 26-18.—The image impedances involved in a band-pass filter having transforming
end sections.

All the filter sections in Table 27-2 are suitable for use as internal
sections, but only type 2-3 has a suitable phase-constant function for
end-section use. The construction of type 2-3 is more complicated,
however, than that of the others, and it is therefore not usable at the
higher frequencies. The simpler constructions have a phase-constant
variation of only 180 deg, and hence a single such section provides only
one transforming frequency, while two are required. If, however, two
such sections are used at each end of the filter, the phase-constant varia-
tion will be 360 deg, and the two necessary transforming points (at 90
and 270 deg) will be obtained.

26-11. Filter Stop-band Response.—Examination of Eq. (26-53)
and Fig. 26-10 reveals a number of useful facts concerning insertion loss
in the stop band of a filter terminated by a constant resistance R:

1. If X;/R is infinite or zero within a stop band, the insertion loss at that
frequency is infinite, even though na may be finite. (jX,is the image impedance,
a pure reactance in the stop band, and na is the attenuation constant of the filter.)
Such points occur in many kinds of filter sections, e.g., in types 3-2, 3-3, and 3—4
of Table 27-3. This fact shows that the stop-band response of a filter cannot
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be judged merely from its attenuation-constant curve and that a filter which may
appear inadequate from the attenuation-constant standpoint may actually
provide an excellent insertion-loss response.

2. The insertion loss of a filter cannot be less than the total attenuation-
constant na by more than 6 db. It will be 6 db less only for X;/R equal to 1,
and only when na is greater than about 12 db.

3. For X;/R in the neighborhood of 1, and for na small, the insertion loss will
be very small. For X;/R equal to 1 and for na equal to 4 db, the insertion loss
is less than 1 db. This property makes some types of filters transmit freely in
astop band. An example is the high-pass filter 2-1 of Table 27-2. This subject
will be treated in detail in Sec. 27-6.

26-12. Pass-band Loss of a Filter with Improper Termination.—In
practical use, especially with wide-range receivers, the load and generator
impedances presented to a filter may be considerably different from the
load resistance R for which the filter is designed. In such cases, the loss
of the filter in the pass band may be considerably greater than that
measured for the filter when properly loaded. The maximum limits of
these variations will now be considered.

The material in this section is particularly applicable to the case of a
receiver r-f transmission line with filters inserted, but may be used for
any kind of transmission system. For the sake of simplicity it will be
assumed, as in other sections of this chapter, that (1) the filters are non-
dissipative, (2) operation in the pass band only is considered, and (3)
transmission lines are not long enough to introduce appreciable dissipa-
tion. In Sec. 26-14, however, a correction equation will be given for
line loss. The filter may consist of two or more different types of filter
sections in series, as long as they are all operating in their pass bands.

Mismatch loss M in a transmission system is the decibel gain obtained
when a perfect matching section is introduced anywhere in the transmis-
gion line. The insertion loss L of a filter is defined, as before, to be the
decibel reduction in transmitted power when the filter is inserted at a
particular point in a particular transmission line. Standing-wave ratio
o of a device is defined as the ratio of maximum voltage to minimum
voltage on a transmission line (generally of 50-ohm characteristic imped-
ance) feeding the device in question as a load. A transmission line is
said to be matched when the impedance in either direction at any point on
the line is equal to the characteristic impedance of the line.

Even when terminated at both ends by the optimum fixed resistance,
(generally chosen to be 50 ohms), any filter must have insertion loss
somewhere in the pass band. With carefully designed filters, the loss is
small everywhere in the pass band except near the theoretical cutoff.
If, however, the transmission lines are not matched (¢.e., if the termina-
tions on these lines are not 50 ohms), the insertion loss of a filter will not
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be negligible and will vary considerably with line length, even if the
filter insertion loss is zero in a matched line. Also, if several types of
filters have identical insertion loss in matched lines, they may differ
greatly among themselves when inserted in the same mismatched line.
In both cases, insertion gains will often result.

Without extensive complicated calculations [see Eq. (26-50)], the
insertion loss for a given filter under a given condition of mismatch cannot
be determined. If, however, the standing-wave ratios of the antenna
and the receiver in the absence of a filter and the matched-line insertion
loss of the filter are known, the maximum possible and minimum possible
insertion loss may be easily determined.

Mismatched Line without Filter.—1.-If one end of the line is matched
while the other is connected to a device having a standing-wave ratio
a9, the mismatch loss in decibels will always.be

M = 10 log,, ot 1* (26-54)
a0

This is the basic loss equation, which will be used repeatedly in the
more complicated cases to follow. Equation (26-54) is plotted on the
center scale of the nomogram of Fig. 26-9.

2. If both ends of the line are mismatched with respective standing-
wave ratios ¢; and os, the maximum possible mismatch loss is given by
Eq. (26-54) with

00 = 0102 (26-55)
The least possible loss is given by Eq. (26-54) with
Go=2 or g =2 (26-56)
o2 o1

In these cases and in all that follow, the appropriate value of oo may
be used with Fig. 26-9. For example, if ¢, = 2, and o2 = 3, the maxi-
mum possible mismatch loss occurs for oo = 2 X 3 = 6 and, by Fig.
269, is equal to 3.1 db.

Mismatched Line with Filter—1. If the filter has zero insertion loss
in a matched line, the maximum possible total mismatch loss in an
unmatched line is given by the combination of Egs. (26-54) and (26-55)
and the minimum possible by Egs. (26—-54) and (26-56). Note that the
effect of inserting such a filter is the same as though it were a length of
50-ohm line.

2. If the filter has an insertion loss Lo in a matched line, the maximum
possible mismatch loss is given by Eq. (26-54) with

0o = 010903 (26-57)

where o, and o2 are the termination standing-wave ratios, and ¢; is the
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value of the equivalent standing-wave ratio given by Eq. (26-54) with
M = L,. This value is easily obtained from Fig. 26-9.

For example, if Ly, = 3 db, then according to Fig. 26-9, o5 = 5.8.
Now if ¢ = 2 and o2 = 3, then oo = 34.8. Figure 26-9 indicates that
the maximum possible mismatch loss is 9.7 db.

26-13. Maximum Possible Insertion Loss of a Mismatched Filter.
The maximum possible insertion loss L. for a given coordination of
filter, line, and terminations is equal to the loss in Eqs. 26-54 and 26-57
minus the loss in Egs. (26-54) and (26-56). For the example considered
above (61 = 2,02 = 3, Ly, = 3 db), the maximum possible insertion loss is
therefore .

Loax = 9.7 — 0.2 = 9.5 db

Note that this maximum possible insertion loss is considerably greater
than the sum of L, and the maximum possible mismatch loss without the
filter (3.0 4+ 3.1 = 6.1 db).

10 LY -
N MNote: Maximum \]|4M=75
8 WA AN \\ 8 N\ possib/eAM/s\‘
6 \\ \ \ \ 7db - \ 7645 forlo=3dh N
\ N N o[~ \
/5db|
LTUMADNDN LN
g \/3< || b
Idb -
» \.\ \\
2 8db N 2 bdb S
N ~]
6db \\: 5db \
\ ~—~—— ;441: N
4db ~ |
N ~_ |
1 2 4 6 8 10 2 4 6 8 10
g %
Fia. 26-19.—Maximum insertion loss Fia. 26-20.—Difference between maxi-

Lmax, of a filter operating in its pass band mum mismatch loss in pass band with and
when placed between loads of standing-wave  without the filter. Loads having standing-
ratio o1 and 2. Lo is assumed to be 3 db. wave ratios o1 and os; filter Lo = 3 db.

Combining Eqs. (26-54), (26-56), and (26-57) gives

- (010205 + 1)2
Lmll 10 10810 U'(Ul + 63)2 (26—58)
Lo i plotted in Fig. 26-19 as a function of &, and o3 for the case of
Lo = 3 db.

Increase in Maximum Possible Mismatch Loss upon Insertion of a
Filter—Equation (26-58) gives the worst insertion loss possible. In
order to attain this high loss, the line without the filter must by chance
have exactly the right length at that frequency to result in the minimum
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possible loss given by Eqs. (26-54) and (26-56). Also, the filter must
have just the right properties at that frequency to be capable of trans-
forming the system into the worst possible case given by Eqs. (26-54)
and (26-57). The line without the filter might just as well have been in
the worst possible condition, and, therefore, in sensitivity measurements
on a receiver the least possible sensitivity as found by means of a line
stretcher ought to be considered the standard sensitivity of the receiver.
If the minimum sensitivity is taken as the standard, the maximum pos-
sible decrease in standard sensitivity upon insertion of a filter will be a
more useful criterion of filter performance than the maximum possible
insertion loss. This loss quantity AM is given by Eqs. (26-57) and
(26-54) minus Eqs. (26-55) and (26-54). It may be expressed as

_ (0’10’203 + 1)2
AM =10 logu! m (26‘-59)
Equation (26-59) is plotted in Fig. 26-20 as a function of ¢, and o: for
the case of Lo = 3 db. It should be remembered, however, that Eq.
(26-59) assumes the extreme case of the filter parameters causing the
worst possible loss. In general, insertion gains as well as losses can result.

For the case of 6y = 2, 6o =3, Lo =3 db, AM = 9.7 — 3.1 = 6.6
db, a value that is much less than L., but still considerably exceeds Lq.

As the mismatch is increased, AM rapidly approaches the limiting
value given by

lim AM = 10 logioos (26-60)
(o102— ®)
For L, = 3 db, this limiting value is 7.64 db. Figure 26-20 and the
foregoing example indicate that this value is approached for relatively
small values of ¢, and 3.

Effects in the Filter Stop Band.—In the stop band, similar changes in
attenuation will be noted when the filters are mismatched. The problem
is more complex than pass-band attenuation and will not be considered
here. Severe decreases of ‘attenuation, however, are not likely unless
the mismatch is extremely large.

26-14. Line-loss Correction for Standing-wave Ratio.—The effect of
line loss is to make the standing-wave ratio at the point of measurement
on a line less than the standing-wave ratio of the termination. The
input voltage standing-wave ratio a:, of a line as a function of the stand-
ing-wave ratio ¢z of the load impedance, the line length [ in meters, and
the attenuation a in decibels per meter is given by the relation

al
o + tanh (8——. 686)

al
1+¢Lt&nh(m

(26-61)

OTin =
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Insertion-loss and mismatch values for a filter inserted in a given trans-
mission line can be calculated accurately by using antenna and receiver
standing-wave-ratio values corrected by Eq. (26-61).

26-156. Waveguide as a Circuit Element in Filters.—Above 1000 or
2000 Mec, the construction of coaxial high-pass and band-pass filters
becomes difficult because of the small dimensions and tolerances involved.
Because of the simple shape and construction of waveguide and its
relatively large cross section, waveguide can provide practical structures
at a much higher frequency than can coaxial line. In addition, the
increased cross section gives a higher Q, an important consideration in
narrow-band filters. A waveguide filter may be used in a waveguide
transmission-line system, or it may be combined with two waveguide-to-
coax junctions and used in a coaxial-line system.

It is well known that waveguide behaves much like an ordinary trans-
mission line.! It has been shown that reflection at an abrupt change
in cross-sectional shape in a waveguide may be calculated by means of
ordinary transmission-line formulas by using a properly defined wave-
guide characteristic impedance on each side of the discontinuity and includ-
ing a lumped shunt reactance at the point of discontinuity.

An impedance function for waveguide may be defined in several ways.
In the following treatment 7K, propagation is assumed, and impedance
at a point along the waveguide line is defined as the electric field strength
at the center of the cross section times the height b divided by the total
component of current in the longitudinal direction on the top side (length
a) of the waveguide. If there is no reflected wave, i.e., if the waveguide
is terminated perfectly, this impedance is constant along the waveguide
and is defined to be the characteristic impedance of the waveguide.
The characteristic impedance for rectangular waveguide in the TE,,
mode is?

_eth 1 _ 7
RO RO

where b and a are the cross-sectional dimensions (see Fig. 26-21), f is
the frequency of calculation, f. the cutoff frequency of the guide, ¢ the
dielectric constant (e = 1 for free space), and Z,, = (60x%/4/¢) (b/a) is
the characteristic impedance at infinite frequency. The ratio Zo/Z,, is
plotted in Fig. 26-22. Another important relation is

(26-62)

1 ScHELKUNOFF, 8. A., ‘‘Electromagnetic Waves,” pp. 319-320, 4900-494, D. Van
Nostrand Company, Inc., New York, 1943.
* SCHELKUNO¥FF, op. cit., p. 819.
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1 1

ﬁ = =
A ] N\ 2
1— (% \/ 1- (2
V=0 v -6)
where M is the wavelength in unbounded medium of dielectric constant e
and is equal to 1/+/¢ times the space wavelength, A, the guide wavelength
(¢.e., the longitudinal distance at a given instant between points of equal

phase), and \, the cutoff wavelength of the guide (A = \. at f = fo).
For rectangular waveguide

(26-63)

= 2a Ve (26-64)
Equation (26-63) is also plotted in Fig. 26-22.

Equations (26-62) and (26-63) are used extensively in the design
of waveguide filters, along with the usual transmission-line equations

3o
1 Z, _A /
1 T WAY Ry
<<\ 2 \ 2, A /-(Fe /F
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< AY
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N .
b E 10
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F1a. 26-21,—Cross-sectional dimensions for Fia. 26-22.—Waveguide characteristic
rectangular waveguide. impedance and wavelength as a function of
frequency.

e.g., Eqs. (26-14) and (26-15), and circle diagrams. It is important to
remember in applying these transmission-line relations that Z, is a
function of frequency and that the electrical phase length 0 is equal to
2xl/), and not to 2xl/\. Equation (26-15) may be written as follows for

waveguide:
Zn+ iZos ) tan [2’"’ 1—(f°)]

: [\/1 ff)] \/_I__Z____._oe(_ff)_ﬁjz,tan[%r‘l\/l_(?)z]

(26-65)

At abrupt changes in cross section such as those shown in Fig. 26-23,
or at thin irises such as those shown in Fig. 26-24, the effect of the local
field disturbances may be accurately accounted for by assuming a lumped




676 . VERY HIGH-FREQUENCY TECHNIQUES [Crar. 26

shunt reactance at the point of discontinuity. Figure 26-25 shows the
exact circuit representation for two lengths of waveguide joined with a
discontinuity. Once a circuit representation such as this has been found
for a waveguide configuration, the configuration may be treated as an
ordinary circuit problem.

Zoy Zo2 Zo/ Zo2
‘E—Jm Zo/ %X zoa
.
(a) ' (b) (c)

F1a. 26-23.—Two important types of junctions between rectangular waveguides having
unequal cross sections; (¢) the equivalent circuit. X is inductive for (a), capacitive for (b).

S, VB
B N N
=3 .

x/

LS H
T .

2,

(c) (d)

Fi1a. 26-24.—A few types of waveguide irises; (d) the equivalent circuit for an exttemely
thin iris. X is capacitive for (a), inductive for (b) and (c).

Zg
Z 6, 4 92
f ol, 02, | Z
4 (ZOI= l/”ol’ﬂZo?" //)62' % %

X=3

Fia. 26-25.—Complete circuit representation for a discontinuity of the type shown in
Figs. 26-23 and 26-24. Zo; and 6: are the characteristic impedance and phase length of the
waveguide to the left of the discontinuity, and Zo: and 82 to the right. X is the equivalent
discontinuity reactance, Z, the equivalent generator impedance, Zp the equivalent load
impedance.

The shunt susceptance has been calculated and plotted for several
types of discontinuities.! The equivalent shunt susceptance at a change
in height of a waveguide is particularly useful. It is given by the curves

in Fig. 26-26:! This lumped susceptance becomes small and may often

t MaRcuvTZ, N., “Waveguide Handbook,”’ Radiation Laboratory Series, Vol. 10,
McGraw-Hill Book Company Inc., New York (in press).
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be neglected when the maximum height b is much less than the width
a, i.e.,if A\,/bislarge. It should be noted that if successive discontinuities
are very close to each other, their interaction effect must be considered.
Attenuation below Cutoff in Waveguide—For frequencies less than
f. in waveguide, the characteristic impedance is purely imaginary, as
shown by Eq. (26-62). The guide wavelength is also imaginary, as

6.0

\
5.0 \
\

-’ .4 | Reference Plane
06 ’
Y I——'_'B'

20 N &
\\

>
o

(8/Yn)(1g/5)
{

RIS AR
Y2 _ b
ol 1% 16" )
0 02 0.4 06
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For b/Ag%.3 and 6<%, B/~ 82 {loge 1} ,
(within43)

Fi1a6. 26-26.—Equivalent shunt susceptance at a change of height of a rectangular waveguide.

shown by Eq. (26-63), and the image transfer constant per centimeter
(® = 0 + j2xl/),) is a positive real quantity. Below cutoff, therefore, a
length of waveguide is analogous to a filter in a stop band, and the
attenuation constant per centimeter is given by the relation

a = (8.686) % \/ 1 - (%)2 db per cm (26—66)

Equation (26-66) is plotted in Fig. 26-27.
The analogy between a length of waveguide and a high-pass filter is
now apparent. A waveguide high-pass filter may be simply a short
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length of waveguide having a cutoff frequency equal to the desired cutoff
frequency for the filter. This length of waveguide may be inserted
directly into a freely transmitting waveguide transmission line, or it may
have broad-band waveguide-to-coaxial junctions at each end. In either

case, the insertion-loss curve below and

60 above cutoff differs somewhat from the
— attenuation-constant curve, and the re-

50 marks of Secs. 26-7 to 26-11 apply. In
a0 N particular, the insertion loss is infinite at
o \ zero frequency, although the attenuation
‘30 \ constant is finite. In Chap. 27, the

\ design of high-pass and band-pass wave-
guide filters that make use of the wave-
guide cutoff will be described.
10 26-16. Properties of Ridge Wave-
o guide.!—In this section equations and
0 02 04 06 08 10 curves are presented giving cutoff fre-
fe i quency and characteristic impedance for
Fra. 26-27.—Waveguide attenu-  o0ponoular waveguide having a rectan-

ation below the cutoff frequency. « € N > A
is the db attenuation per cmof length;  gular ridge projecting inward from one or

,:‘{lgthfafi‘;t"gfwmﬂfl';ﬁg inemi J/f«  both sides, as shown in Fig. 26-28. The
frequency. lowered cutoff frequency, lowered imped-

ance, and wide band width free from
higher mode interference obtainable with ridge waveguide make it a
particularly useful element in waveguide filters, or in waveguide-to-coax
junctions for use with these filters. A number of other uses are listed at

the end of this section.

S, e, Gyt
0’ _-+ GZ_T_ 2 9, _-1 & ‘—e, -—T——G[-‘—-O,-—T-—— e/ —
{ 6! | 7 ¥
: * b/ H 2 52 2b)
i Y T oy oy N
a
(@) (b)

Fig. 26-28.—Cross-sectional shape of (a) single-ridge, and (b) double-ridge waveguide.

Design Curves (TE1o Mode).—Figures 26-29 and 26-30 give cutoff
and impedance values for single-ridge waveguide as a function of the
cross-sectional dimensions. Figure 26-29 is specifically for b,/a, = 0.136
(“toll-ticket”’ waveguide, 234 X 34 in.), while Fig. 26-30is for b,/a: = 0.5.

1 ConN, 8. B., Properties of Ridge Waveguide, accepted for publication in Proc.
LR.E.
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The ordinate \.//2a: = \.//\. = f./f.’ is the ratio of cutoff wavelength
with the ridge to that without the ridge, or cutoff frequency without the
ridge to that with the ridge. The abscissa az/a, is the ratio of ridge width
to guide width. Each solid curve corresponds to a constant value of
b2/by. For example, if a particular ridge waveguide has b:/a; = 0.5,
as/ay = 0.4, and by/b, = 0.1, then from Fig. 26-30,\.//\, = f./f.’ = 2.85.
If the cutoff frequency without the ridge is 2850 Mc, the cutoff frequency
with the ridge will be 1000 Mc.
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Fia. 26-29.—Characteristic impedance F1a. 26-30.—Characteristic impedance
and cutoff wavelength of ridge waveguide. and cutoff wavelength of ridge waveguide.
(b1/ay = 0.136.) (b1/a1 = 0.5.)

On comparing Fig. 26-29 with Fig. 26-30, it will be seen that there is
not a great deal of difference between the corresponding constant-bs/b;
curves. If bi/a: has a value different from 0.136, or 0.5, Figs. 26-29
and 26-30 may still be used with little error. Figure 26-29 should be
used for values of bi/a; between zero and about one-third, and Fig.
26-30 should be used for values of b1/a; in the vicinity of 0.5.

Each dashed curve corresponds to a value of characteristic impedance
at infinite frequency (Z,,). With Z,, and the cutoff frequency f.’
known, the characteristic impedance at any frequency f is obtained by
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multiplying Z,, by the right-hand side of

Zo N _ 1 (26-67)

Zoo B ry v
")
f
The guide wavelength at frequency f is obtained by multiplying the space
wavelength by the same factor. Equation (26-67) is plotted in Fig.
26-22.

In the example cited above, the impedance of a waveguide having
bi/a, = 0.5, as/ar = 0.4, be/by =.0.1, and \//\. = 2.85 would be 47
ohms at infinite frequency. At one and one-half times the cutoff fre-
quency, the impedance is greater than that at infinite frequency by the
factor 1.34 found from Fig. 26-22, i.e., Z, = 47 X 1.34 = 63 ohms.

If bi/a, is not equal to 0.136 or 0.5, Z,,, may still be determined very
closely from Figs. 2629 and 26-30. For values of b;/a; between about
zero and one-third, values of Z,, on Fig. 26-29 should be multiplied by
the scale factor (bi1/a;1)/0.136. For values of bi/a, between about one-
third and two-thirds, values in Fig. 26-30 should be multiplied by
(b1/a1)/0.5. For example, if b;/a; = 0.2, by/by = 0.3, and as/a, = 0.5,
Fig. 26-29 gives Z,, = 28 ohms for bi/a; = 0.136. Therefore, for
bi/ay = 0.2, Z,, = 28 X 0.2/0.136 = 41.1 ohms. The characteristic
impedance was checked experimentally for a cross section having
bi/a: = 14 and was found to be very close to the value calculated by the
foregoing method.

Because of approximations made in the derivation of the formulas, the
values in Figs. 26-29 and 2630 are truly accurate only if b,/a, is small.
Errors in cutoff frequency values are fairly small in both figures. How-
ever, while errors in impedance are small in Fig. 26-29, they are quite
appreciable in Fig. 26-30. For instance, Fig. 26-30 shows that for
ag/a; = 0.36 a ratio of 0.095 for bs/b, is called for to give an impedance
Zo, = 50 ohms. Experimentally, however, bs/b, had to be increased
to about 0.13 in order to give this impedance. But even for b;/a; = 0.5,
the impedance curves give a useful approximation and a good starting
point in design work.

The formulas and curves for a single ridge in a waveguide are directly
applicable to the double-ridge cross section shown in Fig. 26-28b. In this
case, the total height of the guide is 2b, and the total spacing is 2bs.
Thus, if the width is 234 in. and the height is 34 in., then b;/a; = 0.136
and the cutoff curves in Fig. 26-29 apply exactly. The characteristic-
impedance curves apply also, but their values must be doubled. Hence
for a double-ridge guide in which b,/a, = 0.136, a:/a: = 0.35, and
bs/b1 = 0.2, the cutoff wavelength ratio is A\,//A. = 1.9, and the infinite-
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frequency characteristic impedance is Zo, = 2 X 26 = 52 ohms, accord-
ing to Fig. 26-30.

Design Equations.—The design equations used to plot the curves of
Figs. 26-29 and 26-30 use the notation of Fig. 26-28. a,, as, by, and b,
are inside dimensions in centimeters. 6; and 8; are the electrical phase
lengths of portions of the cross sections (see Fig. 26-28) in terms of the
culoff wavelength in free space, e.g., 6, = 360(az/2)/\; deg where A/ is
the wavelength in free space at the ridge-guide cutoff frequency.

The cutoff of the TE,,, mode occurs at the frequency for which the
following equation is satisfied by the first pair of 6, and 6; values:

B
bl cot 01 -_ 7;

b~ tan G (26-68)

(B/Y,) may be obtained from Fig. 26-26. In evaluating (B/Y,) from
that graph, \; is made equal to A/, b to 2b, and b’/b to be/b;. Equation
(26-68) is very accurate so long as (a1 — as)/2 > b,

In terms of 6, and 6, N/ is given by

r o [ 90°
A = (m) Ae (26—69)

where \, = 2q; is the cutoff wavelength of the guide without the ridge,
and where 6, and 0 are values satisfying Eq. (26-68).

The characteristic impedance at infinite frequency for the TE; , mode
in single-ridge waveguide is given by

120x%b,

A (sin 0s + %i cos s tan %)

Zy, = ohms (26-~70)

Equation (26-70) does not take the discontinuity susceptance fully
into account, and consequently it is truly accurate only if b,/a; is small.
In addition to this, it has the same restrictions as Eq. (26-68). For
double-ridge waveguide, the impedance is twice that given by Eq.
(26-70).

26-17. Higher Mode Cutoff Frequencies in Ridge Waveguide.—The
cutoff frequencies of the higher propagation modes are of importance
since the operating range of a piece of apparatus containing a waveguide
section is often limited to the range between the TE,, cutoff and the
cutoff frequency of one of the higher modes. This point will be discussed
further in Sec. 27-22. It is generally desirable, therefore, in waveguide
for broad-band equipment to separate the TE1, and the higher cutoff
frequencies as much as possible. One of the advantages of ridge wave-
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guide is that it can provide a separation considerably greater than
ordinary rectangular waveguide.

Because of the presence of the ridge (or ridges), the two higher modes
next to the TE,, in ridge waveguide are usually the TE,, and TEs,
modes. For ordinary rectangular waveguide, the TEq, cutoff frequency
(fe2) occurs at exactly twice the TEyq cutoff frequency, and the TEj,
cutoff (f.s) at exactly three times the TE1, cutoff. The cutoff frequencies
of the TEso and TEs, modes for single- and double-ridge waveguide
(fe2' and f.5') are plotted in Fig. 26-31 as a function of the cross-sectional
dimensions. The ordinates give the ratio of the cutoff frequency in
ridge waveguide of the mode in question to the corresponding cutoff
frequency of ordinary rectangular waveguide having the same width,
a1 The abscissas give the ratio of ridge width to guide width.
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Fiq. 26-31.—Cutoff-frequency ratios for the TE:,0 and TE3,0 modes in single- and double-
ridge waveguide.

The maximum value of f..’/f.2 occurs for as/a; between one-fourth-
and one-third, depending upon bs/bi. As be/b, is made vanishingly
small, the maximum value of fc.' /f.; approaches 34 at as/a; = 14.

fes'/fes is & maximum when as/a; is one-half. For this value of
az/ay, the greatest separation of the TE1,0 and TE3,q cutoff frequencies is
obtained. It is easily shown that when asz/a; = 14, f.s'/f.s increases as
ba/b; decreases, and in the limit approaches 44.

Figures 26-29, 26-30, and 26-31 show that when a wide frequency
band free from T'Es,o and TEs,0 modes is desired, the ridge width should
be between about one-third and one-half of the total guide width.

The curves in Fig. 26-31 are exact only for extremely thin waveguide.
They are quite good, however, for ordinary ratios of b,/ai, subject to all
the restrictions mentioned above for the TE,,, cutoff curves.

26-18. Attenuation in Ridge Waveguide.—The attenuation constant
in decibels per meter for copper single-ridge waveguide in the transmission
range may be calculated fairly closely from the following approximate
formula:



Skc. 26-19] PRINCIPLES OF TRANSMISSION-LINE FILTERS 683

1, b
L 2% | 6ore (2
«=6.01(107K /7| & Y f) [ ("‘)] dbperm  (26-71)

where a; and b, are in centimeters, f is in cycles per second, and K is a
correction constant a little larger than unity, which takes account of the
fact that the current distribution in ridge waveguide is more crowded
than in plain waveguide. If as/a, is larger than about one-third, this
term is probably not greater than 1.5.

For double-ridge waveguide, b; should be replaced by the total guide
height 2b,. If any other metal besides copper is used, « is proportional
to /u/w, where u is the permeability and o the conductivity.

26-19. Experimental Verification of the Ridge-waveguide Design

Curves.—A 3-ft length of ridge i
waveguide having the cross-sec-
tional dimensions shown in Fig. 26— ?b¢a?%' 25=0643"

32 has been tested. For this sym- 0209461 I

metrical cross section, the param- fe— g = 335__4
(

eters are bl/ a: = 0.136, bz,/ by = Fi1a. 26-32.—A double-ridge waveguide

0.35, and 02/ a1 = 0.40. Without cross section. Experimental data for this

the ridges’ the cutoff Wavelength cross section are given in Table 26-1.

would be 2 X 2.36 X 2.54 = 12.0 cm, and the cutoff frequency would be

30,000

%0 = 2500 Mec

Figure 26-29 gives f./f’’ = 1.50 and Z,,/2 = 37 ohms. Therefore,
f¢ = 1670 Mec and Z,, = 74 ohms. Figure 26-31 gives approximately
feo' /fee = 1.10 and fes'/fes = 1.06. Hence,

feo' = 2 X 2500 X 1.10 = 5500 Mec
fes' = 3 X 2500 X 1.06 = 7950 Me

The calculated and measured cutoff frequencies are tabulated in
Table 26-2.

TaBLE 26-2.—MopE CUTOFFs

Mode | Calculated, Mc | Measured, Mc

TE:. 1670 1675
TE;. 5500 5200
TEs 7950 7900
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Ridge waveguide has been used for elements in wide-band junctions
between waveguide and coaxial line. These waveguide-to-coax junctions
are described in Chap. 27, and experimental verification of the character-
istic-impedance curves for ridge waveguide are given there.

26-20. Applications for Ridge Waveguide.—It has already been
stated that ridge-waveguide sections are useful in the design of wave-
guide-to-coax junctions and waveguide filters. Ridge waveguide has
several other applications, some of which are described below:

1. Ridge waveguide is useful as transmission waveguide when a wide fre-
quency range must be covered and when only the fundamental mode can be
tolerated. A frequency range of 4 to 1 or more can be easily obtained between
the cutoff frequencies of the TE,, and TE;,, modes, and 6 to 1 or more between
those of the TE,,, and TE;, modes. The attenuation is several times-as great
as that for ordinary waveguide, but it is still much less than that for ordinary
coaxial cable. In addition, the reduced cutoff frequency of ridge waveguide
permits a compact cross section.

2. The attenuation formula for ridge waveguide [Eq. (26-71)] shows that the
attenuation may be made very high by making a, and Z,, as small as possible.
If the guide, or just the ridges, is made of steel instead of copper, the attenuation
may be made about one thousand times greater than that for ordinary copper
waveguide without ridges. A length of such waveguide tapered to standard
3 X 135-in. waveguide has been used successfully in the design of a broad-band
matched load (see Sec. 24-2). The total length of the load and taper is only 4 ft.

3. Another application is in a wide-band directional pickup and wattmeter
in which a waveguide having nearly constant impedance over a wide band is
required (see Sec. 24-26). The variation in characteristic impedance with
frequency is shown in Fig, 26-22, For transmission use, rectangular waveguide
usually operates at about 1.5 times its cutoff frequency. The figure shows that
the characteristic impedance varies rapidly in this range. Ridge waveguide
having the same outer dimensions as the rectangular waveguide will have a
much lower cutoff frequency and, hence, will be operating in a range at several
times the ridge-waveguide cutoff. Figure 26-22 shows that the impedance in
this range is nearly constant. This length of ridge waveguide may be smoothly
joined to the ordinary rectangular waveguide by a transition length having
gradually tapering ridges. Although the constancy of impedance could also
have been obtained by widening the rectangular waveguide and thus lowering its
cutoff frequency, this expedient has several disadvantages compared with the
use of ridge waveguide. (1) The widened rectangular waveguide can transmit
higher modes which may cause trouble, and (2) its construction is more
cumbersome.



CHAPTER 27

DESIGN OF TRANSMISSION-LINE FILTERS
By S. B. Coun

This chapter will present design data for coarial and waveguide
transmisston-line filters. The coaxial filters will be classified as follows:
(1) short-line types, with line elements sufficiently short to approximate
inductances or capacitances; (2) resonant-line types, the line elements of
which are resonant in or near the principal pass band. The sections on
waveguide high-pass and band-pass filters will be preceded by a section
on the design of wide-band waveguide-to-coax junctions suitable for use
with waveguide filters. These junctions might also be used to provide
coaxial terminations for waveguide transmission systems.

27-1. The Complete Filter.—The design equations presented in this
chapter give the physical parameters for single filter sections. A filter
section is defined as the simplest symmetrical unit that embodies the
principal properties of the filter. A complete filter will consist of one or
more sections of one or more different types connected in cascade, with
an available pair of terminals at each end. One filter section by itself
will rarely give a satisfactory frequency response. A combination of
sections in cascade, however, can be made to provide almost any kind of
response that may be desired.

If the filter is composed of a number of identical sections, its response
may be readily predicted through the use of the insertion-loss nomograms
of Figs. 26-9 and 26-10. If the sections are not identical, but the image
impedances in both directions are equal, 7.e., matched, at every junction
between the sections, these nomograms may still be used. If a filter
consists of dissimilar sections with unmatched image impedances, how-
ever, those nomograms do not apply, and the exact calculation of the
insertion-loss response is quite laborious. The recommended design
procedure is then to make the image impedances of all the sections
approximate the terminal load resistance as closely as possible throughout
the pass band, and to hope for the best.

Although it is relatively easy to construct high-pass and low-pass
sections in the microwave range, it is difficult to construct broad-band
band-pass filter sections. A group of high-pass sections may, however, be
combined with a group of low-pass sections to form the band-pass filter.

685
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27-2. Short-line-filter Types.—Short-line filters, 7.e., filters composed
of lengths of line small compared with }4 wavelength, are useful for the
following reasons: (1) They are physically smaller than resonant-line
filters, and therefore less bulky at lower frequencies. (2) In general
transmission-line low-pass and band-pass filter sections have pass bands
above the lowest (or principal) pass band, and high-pass sections have
stop bands above the lowest pass band (see Sec. 26-6). These spurious
responses and rejections are, however, much higherin frequency for short-
line filters than for resonant-line filters. They are also generally narrower
in short-line filters. (3) Short-line filters can be closely patterned after
standard lumped-element types.

Tables 27-1 and 27-2 show the characteristics and design equations for
a number of short-line filters.! The band-pass types cannot be con-
structed for very narrow bands, because impractically high characteristic
impedances are required.

Information on the design of a filter for optimum performance with
a given terminal resistance has been given in Secs. 26-8 and 26-9.
Lumped-capacitance formulas, discontinuity-capacitance curves, and
suggestions on practical construction will be given in Sec. 27-15.

27-3. Short-line Low-pass Filter.—Type 1-1, shown in Table 27-1, is
an easily constructed and efficient low-pass type of filter. The approxi-
mate equivalent circuit given in the table shows this filter section to be
very similar to the lumped-element constant-k type. Exact calculations
have shown the image impedance, phase constant 8, and attenuation
constant a to be within a few per cent of those for the lumped-element
analogues, for values of 6; up to at least 1 radian, or about 60 deg (Fig.
27-1). (6,is an arbitrary design parameter.) In design considerations,
therefore, or in pass-band response calculations, the image impedance and
phase constant for the lumped-element type may be used.

The type 1-1 filter can be built to cut off at frequencies up to at
least 10,000 Mc. Anywhere from 1 to 15 sections have been used in
low-pass filters, depending on the sharpness of cutoff desired. Response
curves for several filters are given in Figs. 26-12 and 27-2.

The design equations in Table 27-1 are exact as long as C is a pure
lumped capacitance. Although 6, may have any value up to 180 deg
(= radians), it should be as small as possible in order to separate and make
narrower the spurious responses, and in order to maximize the stop-band
attenuation. A value of 8, between about 30 and 60 deg would be proper

! The design equations and properties of several other configurations are given in
MasoN, W. P., and R. A. Sykes, The Use of Coaxial and Balanced Transmission Lines
in Filters and Wide-band Transformers for High Radio Frequencies, Bell System
Tech. J., 18, 275 (1937); and W. P, MasoN, ‘‘Electromechanical Transducers and
Wayve Filters,” p. 69, D. Van Nostrand Company, Inc., New York, 1942.
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in most cases. Spurious responses for this filter occur near frequencies
for which 7 is equal to, or a multiple of, a half wavelength. 6, should be
chosen so that the spurious responses will fall where they will cause no
harm. By constructing a filter with two groups of sections having dif-
ferent values of 8;, but the same cutoff frequency, the spurious responses
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F1g. 27-1,—Image impedance and transfer constant for the varying-impedance filter
as compared with that of the constant-k low-pass filter. Attenuation constant «, phase
constant 8 (9:c = 50 deg, 62 = 25 deg, B; = 0).

of each group can be made to fall in the stop bands of the other group,
with the result that all spurious responses will be highly attenuated.

The reader should refer to Secs. 26-8 and 26-9 for information on the
best ratio of zero-frequency image impedance Z;, to terminating resistance
R and for methods of improving the response of the low-pass filter.

27-4. Exact Design of the Varying-impedance Low-pass Filter.—The
practical construction of the transmission-line low-pass filter requires
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capacitance disks of fairly great length. At frequencies above about
1500 Mc the capacitance can no longer be considered lumped and, for
exact design, the disk must be treated as a length of transmission line,
with the discontinuity capacitance at the ends of the disk taken into
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F1a. 27-2.—Measured frequency response of two 15-section low-pass filters: (a) is for
identical sections throughout; (b) is for the same filter redesigned for transforming-end-
section termination (13 inner sections plus 2 end sections).
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Fra. 27-3.—Construction of the varying-impedance low-pass filter (¢) with mid-6: termina-
tion, and (b) with mid-f: termination.

account. The filter therefore consists of a succession of high- and low-
impedance transmission-line lengths. The exact design procedure for
this varying-impedance low-pass filter is described in the following para-
graphs and is very easily carried out through the use of graphs. With
this design method, the actual cutoff frequency will in practice fall within
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about 2 per cent of the design cutoff frequency, if the filter parts are
machined with good precision.

In designing a low-pass filter to cut off at a given frequency f,, the
first step is to choose values of cutoff electrical length 6,. and 6,. (Fig. 27-3)
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F1a. 27-4.—Design curves for the varying-impedance filter.
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¥1a. 27-5.—Design curves for the varying-impedance filter.

so that spurious responses will fall where they will do no harm. For 6,
greater than 6,, a narnew spurious response occurs for 6, near nr, where n
is an integer, and a wide response occurs for 8; equal to nr. The narrow
responses are very sharp, usually less than 14 f; in width if 6,/0, is greater
than about 2 to 1. The wide response is twice f1, if 61/0; is an integer.
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Of course 6, and 6, must have values within the ranges in which it is
possible to meet mechanical tolerances.

The next step is to determine Zo/Zy: = p from Fig. 27—4. Z, is
the higher characteristic impedance and Zo, the lower (Fig. 27-3). The
value of 6, used in Fig. 27—4 is a tentative value that is correct only if
the discontinuity capacitance is zero. The actual value of 6., 8;., will
be given below.

A value of zero-frequency characteristic impedance Z, is chosen as
discussed in Sec. 26-9, and then Z,, is found from Fig. 27-5. In this
graph, the tentative uncorrected value of 6;. should be used.

Zy, is then easily obtained from Zo; by use of the relation Zo; = Z¢1/p.

The conductor diameters (Fig: 27-3) are obtained from the impedance
formula for a coaxial line, Eq. (26-26).

The corrected value of 8., is calculated from the equation

(72., = 2 tan™! (tan Q;_c - BcZoz) (27—1)

where B, is the discontinuity susceptance at the change in inner-con-
ductor diameter. To calculate B., the discontinuity capacitance curves
of Fig. 27-28 are used. In terms of - Cy(e, ) obtained from these
curves,

BcZoz = 5.00f1DCdll(a, T)Zoz(lO)_5 (27-—2)

where f; is the cutoff frequency in megacycles, Cii'(, ) is in micro-
microfarads per centimeter of circumference, and D = 2r; is the outer
diameter in inches. Figure 27-28 and Eq. (27-2) assume ¢; = 1, but e,
may have any value. [, and l; are calculated from 6,. and 8,. through the
use of Eq. (26-16).

Either a mid-6, or mid-6, termination may be used (Fig. 27-3). All
the above design equations apply equally well to both.

Figure 27-28 is accurate only if the successive discontinuities are far
apart. Very good results should be obtained for l; = 2(r; — r;) and
li 2 2(rs — r1). The first condition is generally satisfied without
difficulty. The second places a definite restriction on the largest allow-
able outer radius r;. It is good practice at microwave frequencies to
make r;3 as small as possible, e.g., 2r; = 0.25 in., since this not only reduces
the error in B,, but also reduces B itself. The number of sections neces-
sary to attain a given sharpness of cutoff may be roughly estimated from
the sample performance curves of Figs. 27-2 and 26-12.

If the spurious responses of the low-pass filter are likely to cause
trouble, they may be eliminated, as mentioned above, by using two
dissimilar groups of sections in the filter. The simplest method of join-
ing the dissimilar groups is to join them at a low-impedance point, as
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shown in Fig. 27-6a. It is generally more convenient to substitute a
plain line for the stepped low-impedance line, as shown in Fig. 27-6b.
Zy'' and 6, are given by the equations in Fig. 27-6. These equations
are very close for 85 and 8, less than 40 deg, as is generally the case,
and fairly close when these values are somewhat larger.

For improved pass-band response at microwave frequencies, the
transforming-end-section design described in Sec. 26-9 should be used.
A low-pass filter having this type of design is shown in Fig. 26-17 with
its measured response. The response of another such filter is shown in
Fig. 27-2b. The latter should be compared with the response curve in
Fig. 27-2a, which is for a similar filter without transforming end sections.
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F1a. 27-6.—(a) Junction between two groups of dissimilar low-pass filter sections; (b)
equivalent low-impedance line length with the step eliminated. The characteristic imped-
ance and the length of this equivalent line are given by the equations.

27-5. Design of a Typical Low-pass Filter.—The design procedure
discussed in the preceding section will be illustrated by the design of a
filter having the following requirements:

1. Pass band up to 3450 Mc

2. Greater than 30 db attenuation above 4050 Mec

3. Terminations 40 ohms (R = 40 ohms)

4. No spurious responses below 10,000 Mc or near 24,000 Mec

A cutoff frequency of 3550 Mec will provide some tolerance. Six
sections should be ample.

With 6, = 40 deg and 8, about 20 deg, a narrow response can exist
at 180 deg/40 deg X 3550 Mc = 16,000 Me¢, and a wide one at 32,000
Mec. These do not violate the specifications.

In order that 8, shall be near 20 deg, assume an uncorrected value of
25 deg. Then Fig. 27-4 shows p to be 12.4, and Fig. 27-5 shows that
Zox/Zm = 288.



692 VERY HIGH-FREQUENCY TECHNIQUES [CHap. 27

In order to obtain a flatter response with mid-6,, terminations, let
Zy = 1.41R = 1.41 X 40 = 57 ohms. Therefore, Zo; = 165 ohms, and
Zos = 165/p = 13.3 ohms. The ratio of diameters may now be calcu-
lated from Eq. (26-25). For the high-impedance lengths, air dielectric
will be used (¢ = 1). For the low-impedance lengths, polystyrene
dielectric will be used (¢ = 2.5). Then

rs
T

= ¢'*%° = 15.6

13.3v23
=e 60 =1419

T3
T2
Let 2r; = 3{¢ in. (0.3125in. diam.). Then 2r; = 0.020 in. and
2r; = 0.220 in.
The discontinuity susceptance B. is calculated by means of Fig.
27-28. The parameters used with Fig. 27-28 are

_rs—ry _ 14(0.3125 — 0.220)

== r _ 1503125 —0.020) ~ 0316

[+

and
_ 14(0.3125)
T E_ ~ 750.020) —
Then by Fig. 27-28, Ci/(«, 7) = 0.052 uuf per cm. By Eq. (27-2),
B.Zy; = 5 X 3550 X 0.3125 X 0.052 X 13.3(10)~% = 0.0384.
_ The corrected 8. may now be calculated by Eq. (27—1)

25 deg
2

15.6

02 = 2 tan—! (ta,n - 0.0384)

= 2 tan! (.221 — 0.0384)
= 2 X 10.4 deg = 20.8 deg

The last dimensions to be calculated are I, and I, By Eq. (26-16)

with the cutoff wavelength \, = 322000\(}_ 8\‘;5‘
b= 3(030d§§g M
b= ;&‘ffg X 845 cm = 0939  cm
ls = Z) 8 \8/;—?,’-0 = 0.308 cm

or in inches, /; = 0.370 in. and = 0.122 in.
. 27-8. Short-line High-pass Filter.—The simplest high-pass type of
ﬁlter for use below about 1200 Me is type 1-2.of Table 27-1, Its
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F1e. 27-7.—Image-impedance and transfer-constant curves for the type 1-2 high-pass
filter; (a) for a T-section; (b) for & w-section. The attenuation constant a and phase con-
stant 8 for both (a) and (b) are given in (¢). Unbroken lines represent resistance and
dushed lines reactance.
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approximate equivalent circuit is that of the simple constant-k lumped-
element high-pass filter. The image impedance, attenuation constant,
and phase constant for the transmission-line type are similar to the cor-
responding functions for the lumped-element type, but only up to the
frequency for which the electrical length of the short-circuited shunt
line is approximately 1§ wavelength. The exact equations for the image
impedance and transfer constant of this filter are derived in Sec. 26-5.
Curves plotted from these equations for several values of 6, are given in
Fig. 27-7. This figure shows that the r-termination image impedance is

v
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F1a. 27-8.—Exact design relations for the type 1-2 filter. The parameter 0, is obtained
from the graph.

a good match to the load resistance over a much broader band than is

the T-termination image impedance. The latter is usually easier to

construct, however, since one less shunt line is required for the same num-

ber of sections, and since the characteristic impedance of all the shunt

lines may be made equal.

The design equations of Table 27-1 for the high-pass filter are approxi-
mations that assume 6; to be very small and the line connecting the sec-
tions to be of zero length. For 6; equal to 14 radian, the error in cutoff
frequency due to the design equation approximations is about 2 per cent,
which should be less than the error caused by the uncertainty in the
various physical discontinuities in this type. Figure 27-7 shows that
the high-pass filter pass band exists only up to the frequency for which 6
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is equal to 90 deg, t.e., the length of the shunt line is }{ wavelength.
Above this frequency there is a theoretical stop band. If f,/f: is large,
however, the attenuation constant rises very slowly for a considerable
distance into the stop band above fo. As an example, for a two-section
filter in which f./f1 is equal to 6, the calculated insertion loss is only 2 db

vV 2V
3 40 \ S 40—
g g \
§ 30 S 30 \
€ 20 S 20
£ o1 % o
0 1.0 20 3.0 Y 0 LT 12 1.3 14 15 16 17 I
Frequency, kMc Frequency, kMc
() (b)

¥16. 27-9.—Measured response of two high-pass filters composed of type 1-2 T-sections.
Curve (a) is for a two-section filter and (b) for a five-section filter.

F1a. 27-10.—Construction of a two-section high-pass filter measured response curve. Itis
shown in Fig 27-9a

at a frequency 50 per cent above the upper cutoff frequency f. This type
of filter may be used, therefore, with fairly low loss considerably beyond
the theoretical upper cutoff frequency.

Figure 27-8 gives exact design relations for a stub length of any
value up to 4 wavelength, when the connecting lines between sections
are very short. 6, is a design parameter that is a function of f./fi only
and that is not closely related to any physical dimension in the filter.
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Through the use of the 8, curve given in Fig. 27-8, the filter parameters
may be calculated very easily. It must be pointed out that in the design
equations of Fig. 27-8 the load resistance R is set equal to the image-
impedance value at the frequency for which 8 is equal to —90 deg. This
frequency is very nearly 41 per cent higher than f;, and the crossover
point between the Z; curve and the constant-load line R is almost exactly
the same as that recommended for general use in Sec. 26-9, part 3.

Examination of the design equations shows that, as the pass-band
ratio fo/fi is increased, the shunt-line characteristic impedance must
also be increased. For f/f1 equal to 10 and for a load resistance B = 50
ohms, a shunt-line impedance of 224 ohms is required. This is about the
practical limit of construction.

Figure 27-9 gives the measured response curves of two high-pass
filters, the construction of which is shown in Figs. 27-10 and 27-29.
The characteristic pass-band bumps near cutoff should be noted. These
are explained in Sec. 26-9. Various methods of minimizing these inser-
tion-loss bumps are given in Secs. 26-8 and 26-9.

27-7. M-derived Half Sections for Terminating Low- and High-pass
Filters.—In low-frequency lumped-element filter work, the use of
m-~derived full sections and half sections is widespread. The theory and
properties of this class of filter sections are covered in any textbook on
filters! and will, therefore, not be considered in detail here.

M-derived half sections are useful as terminations for constant-k
filter types. Filter 1-3 of Table 27-1 is a low-pass filter termination.
This is intended for use with the filter of type 1-la. The type 1-4
filter is a high-pass filter termination for use with the filter of type 1-2a.
Figures 27-11 and 27-12 show two complete filter structures with their
measured response.

M-derived terminations are advantageous for the following reasons:
(1) They provide a much flatter terminal image impedance for the filter
than do the simpler constant-k structures. For this reason, the pass-
band insertion loss is generally less for a filter having m-derived termina-
tions than for one in which these terminations are omitted. (2) They
provide an extremely sharp cutoff with an extremely high rejection point
at'a frequency a short distance within the stop band from the cutoff
frequency. Farther within the stop band, however, the attenuation
constant for an m-derived filter section or half section decreases, and,
therefore, a filter composed purely of m-derived sections may not have
sufficiently high insertion loss throughout the stop band. (3) At one
pair of terminals an m-derived half section has the flat image-impedance

1 For example, see T. E. SuEA, “Transmission Networks and Wave Filters,”

p. 244, D. Van Nostrand Company, Ine., 1929, Image-impedance and attenuation-
constant curves for m~derived low-pass and high-pass sections are given in that text.
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curve mentioned above, while at the other pair of terminals the image
impedance is the same as that for the constant-k type from which it is
derived. For this reason, a filter may be constructed of a number of
constant-k sections with an m-derived terminating half section at each
end. Such a filter has its internal image impedances matched through-
out, and, as a consequence, the terminal image impedance will be the
flat m-derived image impedance already mentioned. In this way, the
flat pass-band response, the sharp cutoff characteristic, and the frequency

Copolymerstyrene

“SSNNNNNNNN

i Brass Disk

(S
S
N

F1a. 27-11.—A low-pass filter with m-derived terminations. Frequency response shown in
Fig 27-12,

of high attenuation near the cutoff frequency provided by the m-derived
half sections are combined with the high increasing attenuation far into
the stop band provided by the constant-k sections.

The design equations given in Table 27-1 for the transmission-line
m-derived half sections are approximate ones that hold fairly well if the
line lengths are made as small as possible. In designing a composite
low-pass or high-pass filter having internal sections of type 1-1a or 1-2a,
and m-derived terminating half sections of type 1-3 or 14, the image-
impedance value Z,, should be made equal to R.

The shape of the image-impedance curve is a function of the parameter
m. For optimum flatness, m should be equal to about 0.6. A text on
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filters should be consulted for image-impedance curves for this and other
values of m.

27-8. Short-line Band-pass Filters.—The design equations and
properties of several short-line band-pass filter types are presented in
Table 27-2. Each one is seen to have as an equivalent circuit a well-
known lumped-element type. Therefore, in the frequency range far
from line resonance, the image impedance and transfer constant for the
short-line filters will be closely similar to the corresponding functions for
the lumped-element type.

N
]

£2 Stub [\ & vorts/meter
§ :,20 Antenna f /
S8 ,

5 2-section
l._3§ 15 Filter y
[

Y 10 Crystal
xS
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& e 80 00156200250 300
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()

F1e. 27-13.—Over-all frequency response of two type 2-1a filters used with a broad-
band stub antenna and a detector termination. The filters themselves would, of course,
have a somewhat flatter insertion-loss response in the pass band.

These filters cannot be designed for a narrow band width. For a load
resistance of R = Z;y = 50 ohms, the narrowest band width for type 2-1
is about a 2:1 frequency ratio; for type 2-2, a 1.5:1 ratio; and for type
2-3, a 2:1 ratio. Filter types 2-1a, 2-2, and 2-3 are difficult to con-
struct at frequencies much over 1000 Mc. Type 2-1b, however, can be
designed with an upper cutoff of at least 2000 Mec.

The filter types in Table 27-2 have similar image-impedance functions.
The maximum image impedance in the pass band for these types occurs
near the geometric mean of the two cutoff frequencies. As pointed out
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in Sec. 26-8, the flattest over-all pass-band response would result for
Zi = 1.414 R. As this value of Z;, would in most cases require imprac-
tically high line impedances, Z;o may be made equal to R, or as much
higher than R as possible, up to 1.414R.

Types 2-1a and 2-1b have been used more than the other short-line
band-pass types at the Radio Research Laboratory. Figure 27-13
shows some typical response curves.

Type 2-1 has narrow spurious responses at frequencies for which
is 14 wavelength or a multiple thereof. The spurious responses for the
other types in Table 27-2 have not been worked out, but they are also
likely to occur near frequencies for which /; and I, are each 14 wavelength
or a multiple thereof. All these spurious responses will be narrow and
may be eliminated by the method suggested for low-pass filters.

27-9. Resonant-line Filter Types.'—As frequencies are increased, the
dimensions of the short-line filter types become very small. The larger
dimensions of resonant-section types make them most useful in this range
of about 1000 Mc and higher.

Besides the difference in size, there are other differences between short-
line types and resonant-line types. (1) The former have spurious
responses that are widely separated from the principal pass band by a
nonintegral ratio that may bc varied at will, while the latter have higher
pass bands that are fairly close to the lowest pass band, the first one occur-
ring generally at two or three times the lowest pass-band frequency. (2)
In the former, the large separation of the spurious responses and the
action of the lumped shunt capacitances generally cause the spurious
responses to be narrower than the principal pass band, while in the latter
the higher pass bands are equal to or wider than the principal pass band.

Tables 27-3, 27—4, and 27-5 give design information for a large
number of filter sections having resonant-line elements. The filters of
Table 27-3 are the types that were found most useful at the Radio
Research Laboratory. Some of the others have not had much use, and
some- are more difficult to build, but many may prove to be desirable
types in specific instances.

27-10. Type 3-1 Band-pass and High-pass Filter.—Filter 3-1 of
Table 27-3 has the same structure as 1-2, and the same design equations
are valid. In this case, however, the use of the structure as a narrow-
band band-pass filter will be considered. In the earlier discussion of this
filter as a high-pass type, f2/f1 was made as large as was practicable.
Under this condition it was shown that the attenuation rise above f;
was extremely gradual compared with that below f1. As fy/f is reduced,
the attenuation slope above f; becomes greater and, for f»/f1 less than 1.5,

! The resonant-line-filter design equations are from an unpublished report by P. I,
Richards,
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the attenuation slope above f: is almost as great as that below f;. Filter
3-1 is therefore a practical narrow-band filter.

The design equations of Fig. 27-8 may be used for filter 3-1, or, for
f2/f1 less than or equal to 1.5, the approximate equations of Table 27-3
are accurate within 3 per cent. Examination of the design equations
shows that for fa/f1 less than about 1.15, and for a load resistance of 50
ohms, the characteristic impedance of the shunt line becomes sosmall
that construction becomes difficult. In addition, very narrow band
widths require large capacitances, which make construction even more
difficult. The practical band-width ratios for this narrow-band filter,
therefore, lie between about 1.15 and 1.50. It must be pointed out,
however, that the spurious pass bands are wider than f, — f,, and each
successive spurious pass band is wider than the preceding one.

The characteristic impedance of the connecting line between sections
should be made equal to R, and as short as possible.

4.0

3.0 \ bt 4 A

~30
k \ A
20 _‘i Z2 -t 20
- |4

R/Z,
1.0 RN 10 c
~ 0.8 \ 8 3
N \ \\ ]
2 o6 \ = (AN
5 0.5 \\ Qmax. 5 O
N 0.4 4 3
AN o
0.3 3 5
' Insertion 8
o a Loss
: R/2Z> 2
- e T 3n/2
0.1 wé/v l
0 2.0 4.0 6.0 8.0 ICL‘O
fa/f

Fi1a. 27-14—Design relations for the type 3-2 filter.

27-11. Type 8-2 Band-pass and High-pass Filter.—The exact design
equations for filter 3-2 are given in Table 27-3 and are plotted in Fig.
27-14. Inspection of this figure shows that the practical band-width
design range for B = 50 ohms is that in which f,/f1 lies between about
2and 9. With such large band widths, the higher pass bands are very
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close to the first pass band, and therefore this filter is not very useful as a
band-pass filter, except in special cases or in conjunction with another
filter that eliminates the higher pass bands. Filter 3-2 is most useful
as a high-pass filter or as a band-rejection filter. In both cases, fa/f1
should be made as large as is. practicable. When used as a rejection

db
40t
so}
20t

o} | /

0 v ¥
0 ! 2 3 4 5 [
kMe
F1a. 27-15.—Measured 1esponse of a type 3-2 filter with seven sections. f2/fi = 6, R = 50
ohms. The construction is shown in Fig. 27-30.
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3-3b | Z,=R tan(8,/:
ll : 1 1 L
1.5 2 3 4 s 6 T 6§ 910
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F1a. 27-16.—Design data for the type 3-3 filter.

filter, I, should be made equal to or an integral multiple of 14 wavelength
at the frequency to be rejected. Although the attenuation constant for
this filter section is finite at this frequency and at zero frequency, the
insertion loss is obviously infinite at these frequencies, due to the short-
circuiting action of the shunt lines (see Sec. 26-11).
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Figure 27-15 shows the measured insertion-loss response for the seven-
section filter of Fig. 27-30, having f2/f1 = 6 and intended for high-pass
use. It is seen to give an extremely flat pass band usable over a wider
range than type 1-2, but more sections of 3-2 and a greater over-all length
are required for the same insertion-loss slope in the stop band below f.

27-12. Type 3-3 High-pass Filter.—Filter 3-3 is really a band-pass
type, but with a gradual upper cutoff and with close, wide higher pass

Brass Tube Polystyrene Tube

S
) | Smteteicesessetieessessemwsseniassusaaey @

. ¥ e e M Seeee w1 | ) |
1 ool e s e ik |

Dilectene Spacers  Brass Rods

(a)

&

8

Insertion Loss,db

: [

0
0 1000 2000 3000 4000
Frequency, Mc
(b)

F1a. 27-17.—The construction and measured response of a type 3-3 filter. Eight sections;
fi/fi = 2; R = §0 ohms.
bands. It is in general, therefore, not useful as a band-pass filter, but
it makes an excellent high-pass filter, especially in the range from about
1200 to 3000 Mc where type 1-2 becomes hard to build. Design data
are given in Table 27-3 and Fig. 27-16. It will usually be found that
sharpness of cutoff is determined more by physical length of a multiple-
section filter of this type than by choice of fo/f;. That is, if f, is doubled,
then !/, is halved, but twice as many sections are needed for the same
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sharpness of cutoff. If anything, cutoff for a given over-all length seems
a little sharper for smaller values of f2/f1.

Figure 27-17a shows the construction of an eight-section filter
of type 3-3a, and Fig. 27-17b gives the measured response of this filter.
The manner in which the internal parts are suspended inside a poly-
styrene rod should be noted.
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Fia. 27-18.—Design data for the type 3-4 filter.

27-13. Type 3-4, Band-pass and High-pass Filter.—Filter 34 is
characterized by equally sharp cutoff at each end of the pass band. This
type may be used, therefore, as a band-pass filter wherever the repeating
higher pass bands will either cause no interference or will be eliminated
in some other manner. The design data of Table 27-3 and Fig. 27-18
show that the practical range of fy/f is from about 3 to 10. This filter
type also makes an excellent high-pass filter. An infinite insertion-loss
point occurs at zero frequency and at the center of each higher stop band.
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27-14. Type 3-b, Low-pass Filter.—Filter 3-5 is a low-pass filter that
provides an infinite insertion-loss at a frequency within the stop band, as
indicated in Table 27-3. Multiple-section filters using this type of sec-
tion can be constructed quite easily. By making [/, as small as possible
compared with a wavelength, the spurious pass bands can be raised con-
siderably in frequency, as with filter 1-1. The spurious pass bands of
filter 3-5 are, however, all equal to 2f, in width, while for filter 1-1, they
are generally less than half of f;.

Filter 3-5 might in some instances be useful as a rejection filter. In
this case, [; would be made 14 wavelength at the frequency to be rejected
and f1 would be made as nearly. equal to this frequency as is practicable.

27-16. Type 3-6 ‘“M-derived’’ Band-pass Filter.—The type of
response obtained with filter 3—6 is shown in Table 27-3. This filter is
similar to an m-derived lumped-constant structure in that it has two

“infinite” attenuation peaks near

2, 2 r- _}T the edges of the pass band, and as

/ \; 4 L3 —~ | these peaks are moved nearer the

Tz X - ////4 cutoff points, the attenuation far off
f 7 ‘\_ 7 the band drops lower. It is pos-
l*/ z, Z; sible, however, to specify only three

of the four key frequencies fi, f2, f1e,
f2o Theimage-impedance function
in the pass band has not been studied for filter 3-6, and consequently it is
not known at present whether this filter also exhibits the flat image-
impedance characteristic of the true m-derived section. A detailed
sketch of this filter is shown in Fig. 27-19.

Since the design procedure for this filter is more complicated than for
the others, it will be described in detail. The transfer constant O,
which will be used as a check, is given by the relation
1 4+ cos 26,

Fia. 27-19.—The type 3-6 band-pass filter.

cosh® =1+ 2 cos 20, + cos 2ab, (= —1 for cutoff frequencies)
(27-3)
where
— Zﬂ
p= A (27-4)
B Rl R Pl ™ _
a 211 = e <1 (27-5)
The design equations (exact) are found to be
v _ Me
l; = T.~ 4 (27-6)
v N2
ls = 05— =" 27-7
. T4 @-
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h=12%0:+ 1) (27-8)
-— l —_ 1 4 cos 2010
P o8 261 + cos 2afi (27-9)

where

v = 3(10)1°/ 4/ cm per sec

010 = wols/v

wo = a desired angular cutoff frequency (upper or lower)
a is given in Eq. (27-5)

Cosh O should then be checked by Eq. (27-3) to see that it is between
—1and +1 near the other desired cutoff frequency. If not, the other cut-
off frequency should be used in Eq. (27-9). Finally

/1 = cos wa

Z, = R__1_2p29m; Zy = pZ, (27-10)

If it is desired to specify the two cutoff frequencies, and one infinite

attenuation frequency, say fi,, then I, is found by Eq. (27-6). If

w; and w, are the angular cutoff frequencies, [, is found by solving the
equation

2
wil wil 2wl wil
cos —=2 cos %’ cos( Lt B

vl _ ) v vl @7-11)
cos 22! cos wals cos (2—"’3l—‘ - “—’1—’>
v v v v
The root of Eq. (27-11) will generally be extremely close to the value
MM ol 1) _
L= 8 g\7; +f2 (27-12)

The remaining components are found by Eqs. (27-7) to (27-10).

In practice it is best to set the stubs back about 1§ wavelength (at
center frequency) from the center gap in order to avoid distributed
capacitances that tend to detune the series sections.

27-16. The Filters of Tables 274 and 27-6.—Tables 27-4 and 27-5
give design equations for a number of additional types of filter section.
Since less experience has been obtained with these than with the ones
previously described, they will not be given much space. This does not
mean, however, that the filters of Tables 27—4 and 27-5 are necessarily
less useful than other types. It should be noted from the tables that
these additional filters offer a considerable variety of insertion-loss curves,
many of them having infinite-rejection points. Specific design problems
where such characteristics are required are often encountered.
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27-17. Mechanical Construction.—Changes in characteristic imped-

ance in a line are accomplished by changing the diameter of the inner or

. outer conductor (Fig. 27-20), the

y— 23 7 dielectric constant in the line, or

7 both, as indicated by Eq. (26-25).

Fia. 27-20.—Junction between a high-and 8 The maximum practical coaxial
low-impedance coaxial line. . e . N

characteristic impedance obtain-

able is about 230 ohms, with a ratio of outer to inner conductor diameter

of about 50. The minimum practical impedance is about 2 ohms with

1b)

F16. 27-21.—Shunt connection of one line to another.

= e
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F1a. 27-22.—A short-circuited line in F16. 27-23.—An open line in series with the
series with the outer conductor of a coaxial inner conductor of a coaxial line.
line.
polystyrene dielectric and a ratio of outer to inner conductor diameter of
about 1.05. Figure 27-21 shows how a shunt line is connected to the main

line. Figure 27-22 shows how a

line may be added in series with the 1 ¢

outer conductor, and Fig. 27-23 { % N— ]

with the inner conductor. ] i g
Figure 27-24 shows the struc-

ture of a shunt capacitance. Such m

a capacitance is in reality a short €

length of very low-impedance line. for £cc 3, C= ,05 £ puf

In order that this construction may o5 9e (@) (tincm)

simulate a lumped capacitance, the £e —cﬁr(’.‘;—— inches

length of the line should be less 1.41€(5-5+-)

(preferably much less) than 1§ (less than 1% error for §> 4)

wavelength at the highest impor- F1a. 27-24.—A shunt capacitance in a

s : coaxial line. The capacitance formula
t;;sofsgﬁii‘f::gluiz;};m F‘;‘ﬁ::rlf neglects the discontinuity capacitance.
series capacitances may be constructed, and Fig. 27-26 shows how a series
capacitance may be built into the end of a short-circuited line. Figure
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27-27 shows the manner in which small ceramic capacitors may be used
as shunt and series capacitances at low frequencies. The thin conducting
disk reduces the inducisnce of the capacitor leads. This sort of con-
struction has been used successfully up to 300 Mc in the type 2-1a filter

(Table 27-2).
L € Dielectric

7 Y et §
+—__ __;} % /7. ?

% 7

N

pa— !-‘
<<
@ £<< /4
-~ p—d { ‘
_— ¥
75 !
€ \ E
(b) F1a. 27-26.—A capacitive termination

—~f ja—d for a coaxial line.

— Conducting Diskz

=t

1/ cd 0176 €02 . 2T

D =\ogizee” 9= ¢ Ceramic Capacitances®
Fia. 27-25.—A series capacitance in a F1a. 27-27.—A coaxial structure

coaxial line. The formula applies to (b) having series and shunt ceramic

and (c¢). The discontinuity capacitance capacitances. This type of con-

around the edges of the faces is neglected. struction can be used below about

D = diameter, inches; C = capacitance, 300 Mc.

puf; d = separation, inches; ¢ = dielectric

constant.

27-18. Dielectric Materials.—Dielectric material is used in filters in
order to provide high capacitances or low characteristic impedances, and
in order to provide mechanical support for various physical parts.
The requirements for dielectric material in r-f filters are low loss, ease of
fabrication, and adequate strength. In addition, its properties should
not be affected by humidity or temperature variation. Dielectric
materials that have been found useful are polystyrene (¢ = 2.5), co-poly-
merstyrene (e = 2.5), Dilectene No. 100 (¢ = 3.4), Teflon, also known as
poly F-1114 (¢ = 2.1), and titanium dioxide (¢ may be made almost any
value up to about 100).

27-19. Effect of Physical Discontinuities.—The field disturbances at
the junction between various transmission-line-filter elements are gener-

1 The dielectric constants given for these materials may vary somewhat with the

manufecturer, with frequency, etc. Where extreme accuracy is required, the manu-
facturer’s data should be consulted.
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ally so complicated that it is usually necessary to neglect them in order
to obtain any usable filter design solution at all.

One common type of discontinuity that has been analyzed exactly is
that which occurs when lines of different impedance are butted together,
as in Fig. 27-20. Such construction results in a lumped capacitance
effectively in shunt at the point of the discontinuity. The magnitude

of this discontinuity capacitance is given

B] . .

A st by Fig. 27-28.! Other curves in the paper
10 — 2 from which Fig. 27-28 was taken give
09 :Q@‘rz 6‘—2 4 :9— the effective discontinuity capacitance for
LA A Zs changes in outer conductor diameter and
08 \\ N aron 7 ,.:3 /,,.7 a few additional cases.

—T A common construction having con-
\ zudi" siderably discontinuity effect is a shunt
T\ co=2m3 ¢, line, or stub, on a coaxial line. The ques-
tion arises as to just how the electrical
length of the shunt line should be measured.
The part of the shunt-line center conductor
extending into the main line has, certainly,

o
b5

S
=
L1

Ca, (@,T) ppf/em
< o

b
—
~—

03 \\\ \ : a greater inductance per unit length than

02 7=/ the remainder. Thus, the equivalent

RN < length of the shunt line is somewhat

o0 2 ANE greater than that of its center conductor.
NN ey s .

How much greater it is depends obviously

0 02 04 06 08 10 on the type of configuration. In Fig.

a 27-21a, the effective length is probably

- ﬁ;?;fﬁ;;nﬁ"?‘éﬁ‘éif{e " very nearly that of the center conductor.

diameter of the inner conductor In Fig. 27-21b, however, the effective
at “le:::”;(’,, h‘;‘;e I:°f_ M ‘;ﬂwt: length.should probably be Ipeasured from
Analysis has shown the error to be  the neighborhood of the point marked X.

negligible. [By permission, from . .
article by J. R, Whinnery. H. W. A fairly general rule of thumb is to meas-
Jamieson, and T. E. Robbins, Proc. ure from the center of the central conduc-

L.R.E., 33, 695 (1944 tor of the main line, but in extreme cases
such as those of Fig. 27-21 this rule can be quite inaccurate, and s certain
amount of intuitive judgment must be exercised.

It goes without saying that, in designing the structure of filters, sharp
points, edges, undesired proximities, and other discontinuities must be
avoided as much as possible, except where they are taken into account,
as by Fig. 27-28.

! Figure 27-28 is taken from a paper by J. R. Winnery, H. W. Jamieson, and
T. E. Robbins, Coaxial-line Discontinuities, Proc. I.R.E., 82, 695 (1944). Reference
should also be made to N. Marcuvitz, ‘“Waveguide Handbook,” Vol. 10, Radia-
tion Laboratory Series McGraw-Hill Book Company, Inc., New York (in press),
which will cover this and many other types of discontinuities.



Sec. 27-20] DESIGN OF TRANSMISSION-LINE FILTERS 715

It may sometimes be impossible to build a filter so that the sections
can be joined directly together (e.g., type 1-2). Insuch cases the sections
must be joined by short lengths of line, the characteristic impedance of
which may be made equal to the filter load resistance. These lengths
will, however, have a greater effect than might at first be imagined, and
every effort should be made to keep them as short as possible—certainly
less than \/8 throughout the pass band. If electrical requirements are
stringent or if a large number of sections is to be used, the filter should
be reanalyzed and the design equations altered to take account of the
effects of the added line sections. :

27-20. Specific Design.—Permissible mechanical tolerances to be
allowed depend on the allowable electrical tolerance. In general, how-

One rod shown in place
4 rods not shown

Copolymerstyrene
Copacitance washer

Dilectene Centering Rod

1-2, The measured response of this filter is given in Fig. 27-9b.

ever, even when close frequency tolerances are not needed, the usual
requirement of low insertion loss in the pass band calls for rather tight
mechanical tolerances (of the order of 1 to 5 per cent). A tolerance of
+ 0.0005 in. is about the ultimate that can be specified without requiring
special tools or hand-finishing.

One general type of construction that has met with considerable suc-
cess is the “split-block” type. In this method, the filter as a whole is
split in such a way that one-half of the outer conductor is formed by a
half-round groove in each block, as shown in Figs. 27-29 and 27-30. The
internal assembly can therefore be made “in the open.” The assembly is
completed by bolting the blocks together. The grooves in the blocks can
be roughed out with a half-round milling cutter and then worked up to
size by preassembling the blocks and reaming. In many cases it may be
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found advisable to split dielectric fillers in the same way, as shown in
Fig. 27-30.

The input and output connectors must be attached to the filter with
great care, so that discontinuities are eliminated or minimized if possible.
Solder fillets and possible residues of soldering flux must be avoided. If
practical, construction should be such as to avoid any possible misalign-
ment. Center conductors of small-diameter wire are particularly prone
to bend and stretch. Very often, pressure of the screws holding the split
blocks together may crumble dielectric pieces unless tolerances are
watched closely. Whenever positioning of the parts depends on press
fits, drawings should be annotated to indicate the importance of a proper
fit and correct assembly. If metal cylinders must be pressed into dielec-

Fia. 27-30.—A split-block filter with split-dielectric fillers. This is a seven-section filter of
type 3-2. The measured response of this filter is given in Fig. 27-15.

tric pieces, they may gather chips off the walls. If these can cause any
trouble, the machinist should be warned about them. It goes without
saying that no metal filings or dust, however fine, should be left in the
assembly.

Brass and duralumin have proved to be satisfactory conducting
materials. Silver plating of metal parts is, of course, to be recommended
but is often not necessary. In some structures, moreover, it is difficult
to remove the plating fluid completely. In such structures, it is wise to
forego plating. Wide-band filters made with unplated brass have been
found to measure up in every respect to their silver-plated counterparts.

Finally, certain constructions may require drilling a long, accurate
hole in a piece of dielectric. Inasmuch as most dielectrics are difficult
to machine (they either melt easily or crumble readily), it is best to cut
such a piece into several smaller pigces and specify accurate butt joints at
the junctions. These joints should occur, when possible, in the middle of
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a line section so that there will be no chance of adding further discon-
tinuity effects at a junction already heavily encumbered by them.

27-21. The Design of Simple Broad-band Waveguide-to-coaxial Junc-
tions for Use with Waveguide Filters and Transmission Systems.—A few
specific types of waveguide-to-coaxial junctions ‘will be described in the
following sections.! In all these the coaxial outer conductor will termi-
nate on the top surface of the waveguide, and the center conductor on the
lower. Only physical configurations that lead to a simple equivalent
circuit will be considered. For a discussion of waveguide as a circuit
element, see Sec. 26-15.

27-22. The Basic Junction.—Figure 27-31 shows the simplest junc-
tion of the type considered in this section. At the center frequency, the

ﬁ /4/\.3/“—, 500
a’. b
& = - 505 Waveguide {500 Coax.
@ “Basic Construction () Approximate Equivalent Circuit
J LI
L1 d
(C)Center Conductor Widened to
Reduce Inductance d)

F1a. 27-31.—Simple matched junction: (a) basic construction; (b) approximate equiva-
lent circuit; (¢) center conductor widened to reduce inductance; (d) balanced coaxial
connection.
waveguide characteristic impedance should be equal to the coaxial-line
impedance, and the waveguide short-circuiting block should be a quarter
of a guide wavelength (\;/4) from the point of junction. For example,
for 50-ohm coaxial line, the waveguide must have a 50-ohm characteristic
impedance at the center (fo) of the frequency band. Equation (26-62)
shows that the ratio of guide width to height a/b will be about 16:1,
depending upon the ratio fo/f..

The approximate equivalent circuit is shown in Fig. 27-31b. A
more exact circuit would show an inductance in series with the coaxial
line at the point of junction. This is the inductance of the short length of
coaxial-line center conductor inside the guide. If its diameter is small
compared with the width of the guide, its inductive reactance will cause
considerable mismatch, despite the fact that it is extremely short in the
50-ohm guide. An idea of the magnitude of this reactance may be

1Conn, 8. B, Design of Simple Waveguide-to-coaxial-line Junctions, accepted
for publication in Proc. I.R.E.
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obtained from the analysis of a cylindrical post contacting the top and
bottom of a waveguide.! The waveguide-to-coaxial-line coupling differs
mainly in that a 50-ohm load resistance must be considered in series with
the post. A cylindrical post can be shown to be equivalent to a T-net-
work consisting of a shunt inductance and series capacitances, all of whose
reactances are much less than 50 ohms if the post diameter has an opti-
mum value of about 0.15 times the width a of the waveguide. In all
wide-band junctions of this type, therefore, the center conductor should

:J_%: % Jg Waveguide| Coax.

’ : :

_"gg r fén Zo 202
(a) 4
(b)
3 T r r
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F1a. 27-32.—Generalized matched junctiZn: (a) construction with high-impedance end-
section; (b) construction with high-impedance and low cutoff-frequency end section; (c) cal-
culated response for junction of (a).
be about 0.15a inside the guide. A practical compromise construction is
shown in Fig. 27-31c.

The circuit shows this junction to be equivalent to a continuous
length of 50-ohm transmission line with a short-circuited length of 50-ohm
line shunted across it. So long as the shunt line has a reactance large
compared with 50 ohms, the voltage standing-wave ratio o of the junction
will be low. The voltage standing-wave ratio is also affected by the fact
that the waveguide characteristic impedance can be 50 ohms at only one
frequency. This effect is most detrimental at the low-frequency end of

1 Marcuvrrz, N., “Waveguide Handbook,” Vol. 10, Radiation Laboratory
Series, McGraw-Hill Book Company, Inc., New York (in press).
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the band, and complete mismatch results at the guide cutoff frequency,
for which the characteristic impedance is infinite.

By increasing the characteristic impedance of the short-circuited shunt
line, its reactance may be kept high compared with 50 ohms over a wider
band (Fig. 27-32a). The most generalized design of the basic junction is
shown in Fig. 27-32b.

In calculating the standing-wave-ratio characteristic of these junc-
tions, the equivalent circuits are solved by transmission-line formulas and
charts. At each frequency, the proper guide wavelength and character-
istic impedance given by Eqgs. (26—-62) and (26-63) must be used. The
values of ¢ may be read directly from many types of transmission-line
charts once the input impedance of the junction has been computed.

Figure 27-32¢ shows the calculated curve of ¢ as a function of f/f.
for the junction of Fig. 27-32a for several values of characteristic imped-
ance of the short-circuited shunt waveguide. Even for Z,; equal to
Zy, = 50 ohms, the band width is 1.65 to 1 for a 2:1 voltage standing-
wave ratio. For Zy = 3Z, = 150 ohms, the band width is 2.2 to 1.

These thin waveguide junctions are particularly useful for waveguide
filters requiring coaxial terminations, since such filters can, and often must,
be constructed with thin waveguide.

The junctions described in this section will not excite the TE,,0 mode,
since the coaxial line connects to a point of zero electric field for that
mode. Except for the junction described in the next paragraph, those
described in this chapter are generally not usable at frequencies above
the TE;,, cutoff frequency, which occurs at three times the TE,,, cutoff
in rectangular waveguide. Since the junctions freely set up the TE;,
mode above its cutoff frequency, both the TE,,, and TE;,, modes are
present at once in this region. Since the guide wavelength for the
two modes is different, especially near the TEs,o cutoff, the phase relation
between the modes will vary with frequency, causing corresponding loss
variations.

One type of junction for rectangular waveguide that will theoretically
not excite the TEjs,0 mode is shown in Fig. 27-31d. The coaxial line
(assumed to be 50-ohm) is split into two 100-ohm lines, which join
the waveguide one-third of the distance in from each side. This is
a point of zero electric field for the TEs,0 mode, and consequently this
mode should not be set up. Since the two junction points are driven
in phase, the TE,,o and TE,,o modes should not be set up either. A good
match into the TE;,, mode is at the same time easily obtainable. This
design requires very accurate locating of the junction points and careful
design of the coaxial Y-connection in order to reduce discontinuity effects.
Although this junction will theoretically not set up the TE,o, TEs,o,
and TE,,, modes, discontinuities in a waveguide line such as twists and
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F1a. 27-33.—Transforming type of junction: (a) structure; (b) approximate equivalent
circuit; (¢) admittance curves for fo = fez = fes.
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F1a. 27-34.—Transforming junction matched at center frequency of 3200 Mo: (a) con-
struction; (b) frequency response.
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bends can do so, with consequent irregularities in the over-all trans-
mission loss. Whether or not these modes will be set up to a serious
degree has not yet been fully investigated.

27-28. The Transforming Junction.—The junctions of Figs. 27-31
and 27-32 can be used with guide having a higher characteristic imped-
ance than the coaxial line only if a sufficiently long taper, either in the
guide or the coaxial line, is used to transform the coaxial-line impedance
to the guide impedance. An exponential taper about one guide wave-

N
HNw
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Type N Connector
l .2{2 “ .‘fi
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t |~ 705 %~ 1.05 =~Same Pos¢ Shape
as in Fig.27-34a
(@)
L3
B h/l-tlcket Wave dee
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Frequency, kMc
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Fig. 27-35.—Transforming junction designed to have ¢ = 1.5 at center frequency of
3550 Mc: (a) construction; (b) frequency response.

length long at the lowest frequency desired will suffice for many purposes.

A particular design of this type will be described in a later section.

For guide impedance not over about three times the coaxial-line
impedance, a good broad-band match may be obtained by means of a
Nog/4 transformer in the guide (Fig. 27-33a). Besides providing an
impedance match at the center frequency, the transforming junction has
the advantage that the susceptance introduced by the \o,/4 transformer
at frequencies other than the center frequency is of opposite sign from
the susceptance of the Ao,/4 short-circuited shunt line. By choosing
the optimum characteristic impedance (Zos) for the latter element, a
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cancellation of susceptance is made possible over a wide band. This is
illustrated by Fig. 27-33c. Note that the abscissa is plotted in terms of
Aeg/Ng, which in waveguide is not proportional to frequency. The
ordinate is in terms of Y, which is not constant. (Yo, is the character-
istic admittance of the waveguide, 1/Zy.) When actual mismatch
values at a particular frequency are desired, points from Fig. 27-33¢
must be transformed by Eqgs. (26-62) and (26-63).
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Fra. 27-36.—Ridge-block transforming junction: (a) “transformed” impedance; (b)
frequency response.

Y

Figure 27-34a shows the dimensions of a junction designed for a
perfect match at a center frequency of 3200 Mc. The measured voltage
standing-wave ratio is given in Fig. 27-34b.

By purposely transforming the guide impedance to less than 50 ohms,
a wider band width may be obtained. This is illustrated by the junction
of Fig. 27-35a and its measured response, Fig. 27-35b. This junction
was designed to transform to 33 ohms at a center frequency of 3530 Mec.
This value of resistance gives a theoretical midband voltage standing-
wave ratio equal to 1.5:1.

In the notation of Fig. 27-33a, the junctions of Figs. 27-34 and
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27-35 were designed with fo = fe2 = fis. By making f., about 0.8 f.,
and fes = f.1, & large improvement near the guide cutoff isjobtained. This
is so because the electrical length of the transformer does not become
zero at fe1, and because the transformed tmpedance looking from the point
of junction through the transformer toward the properly terminated
waveguide is almost constant, except very near f.;. The transformed
impedance is plotted and compared with the characteristic impedances
Zo and Zy, in Fig. 27-36a. Note that the function plotted is not the
true input impedance of the transformer, but rather the input impedance
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Fia. 27-37—A wavegl!xde-to-coaxxal line junction for ridge waveguide: (a) generalized
structure; (b) and (¢) two easily constructed designs; (d) a construction for double-ridge
guide; and (¢) the input impedance of the short-circuited section of waveguide.

of a hypothetical transformer that is a quarter of a guide wavelength
long at all frequencies. The curve does, however, give an idea of the
improvement in match made possible by this reduction in f.,.

The reduction in f.; may be obtained by widening the transformer
portion of the waveguide. A better method is to use a length of ridge
waveguide (see Sec. 26-16). This type of waveguide has a lower cutoff
frequency and a lower characteristic impedance than ordinary rectangu-
lar waveguide having the same width and maximum height. The curves
in Sec. 26-16 give the impedance and cutoff frequency as functions of the
physical parameters, thus making a selection of dimensions to suit a
particular problem very simple.

Figure 27-36b shows the dimensions of a ridge-transformer junction
between a 2.75- by 0.375-in. guide and 50-ohm cable. The calculated
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ridge-guide cutoff frequency is 1620 Mc, and the characteristic impedance
at center frequency fo = 3540 Mc is 58 ohms. This should give a trans-
formed impedance at fo of 33 ohms, corresponding to a calculated 1.5:1
voltage-standing-wave ratio. The measured curve, shown in Fig. 27-36c,
is seen to check closely the calculated voltage-standing-wave ratio at fo.
The improvement in low-frequency response is evident, and the over-all
band-width ratio is seen to be 5309440 = 2.2:1,

27-24. A Junction for Ridge Waveguide.—As mentioned in Sec.
27-22, the higher modes in waveguide can seriously interfere with trans-
mission of the TE;,o mode. The usable frequency range, which is limited
by the higher modes, can be extended by the use of ridge waveguide in
place of ordinary rectangular waveguide in the transmission system or
waveguide filter. In Sec. 26-16, it is shown that the ratio between the
cutoff frequencies of the TE1,o and TE,,0 modes in ridge waveguide can
easily be made as high as about 4:1 or 7:1, or even higher, as compared
with the 2:1 ratio for ordinary rectangular waveguide. Between the
TE,,0 and TE;, cutoffs, the ratio can be about 6:1 or 10:1, as compared
with 3:1 for ordinary rectangular waveguide.

The construction of a ridge-waveguide junction is shown in Fig.
27-37. TFigure 27-37a shows the generalized structure in which the short-
circuited back cavity is of ridge waveguide that may have any shape,
characteristic impedance, and cutoff frequency. Figures 27-37b and ¢
show two casily constructed specific designs. In both, the cutoff fre-
quency and characteristic impedance of the back cavity are higher than
that of the ridge waveguide fed by the junction. The approximate circuit
of Fig. 27-32b applies to this junction and shows that the junction acts
as though the equivalent waveguide line of characteristic impedance
Z, were connected directly to the coaxial line of impedance Z;, with a
reactance X due to the short-circuited back cavity shunted across the
point of junction. The standing-wave-ratio response may be calculated
from this circuit.

The junction of Fig. 27-37 differs from the previously described junc-
tions principally in that the cutoff frequency of the back cavity of the
former occurs within the operating range of the junction. Although
the wavelength in waveguide approaches infmity as the frequency is
lowered toward cutoff, the waveguide characteristic impedance also
approaches infinity, and the result is that the input impedance of the
back cavity is greater than zero and is actually finite. The theoretical
input impedance may be calculated from Eq. (26-65). This has been
done for a short-circuited length of waveguide that is a quarter of a guide
wavelength long at 1.414 times the cutoff frequency, and the results are
plotted in Fig. 27-37¢. If the characteristic impedance of the back-
cavity section at infinite frequency is made to be three times the coaxial-



SEc. 27-25] DESIGN OF TRANSMISSION-LINE FILTERS 725

line characteristic impedance, as indicated on this graph, the input
reactance is greater than the coaxial-line impedance between f; and f,, by
about a 6-to-1 frequency range. If the cutoff frequency of the ridge
waveguide fed by the junction is made to come at fi, the junction will
work well from almost f; to fo. Other values for the various parameters
involved might give a still greater band width. This design may be
used with any other form of loaded waveguide as well as with ridge
waveguide.

27-26. Tapered-ridge Junction.—The most common waveguide
shape for signal transmission is a rectangular cross section with about a
2:1 ratio of width to height. A flatter cross section is generally more
practical for filter construction, but since a very simple class of broad-
band junctions for the 2:1 cross section can be designed by the methods
given above, they will be discussed in this section.

Tapered Parollel
Line

\m
& LCoaxial-line

LMef-al Partition to prevent
Input vndesired resonances

Fig. 27-38.—A junction using a length of tapered ‘‘loaded’ waveguide as a transition
element.

A transforming junction like those in Fig. 27-33 would not give a
very great band width for this shape of waveguide, but any of the earlier
junctions may be used with a sufficiently long tapered section of wave-
guide to transform gradually the low impedance at the junction to the
high impedance of the 2:1 cross-section waveguide. Loaded wave-
guide, such as ridge waveguide, is particularly suitable for this taper,
since its lowered cutoff frequency causes its impedance and wavelenjth
to remain finite at the cutoff frequency of the main guide. An eatly
form of junction having this general design is shown in Fig. 27-38. The
junction consists essentially of a parallel-conductor transmission line
tapered from the 50-ohm impedance of the coaxial input line to the wave-
guide impedance. The coaxial connection to this balanced line is made
at a point that is 14 wavelength from the short-circuited end of the
balanced line at some intermediate frequency in the operating range.
This junction has a measured voltage-standing-wave ratio varying
between 1.3:1 and 2.3:1 over a 2.15:1 frequency range. Impedance
measurements showed that the reactance remains close to zero, and that
the resistance is high, around 100 ohms at the low-frequency end of the
band, and around 60 ohms at the high-frequency end of the band. By
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bringing the tubes closer together, the balanced-line impedance at the
junction point could be made more nearly equal to 50 ohms, and the
standing-wave ratio would be improved over a large part of the frequency
range.

Ridge waveguide is especially well suited for such a junction, because
it affords simple construction and can be designed so that its TE3, cutoff
frequency is equal to or greater than that for rectangular waveguide
having the same width (see Sec. 26-16).

A junction using tapered-ridge waveguide is shown in Fig. 27-39.
It consists of a short length of ridge waveguide tapered from the main
guide impedance to 50 ohms at the point of junction with the 50-ohm
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Fia. 27-39.—Tapered-ridge junction: (a) construction of junction; (b) frequency response.

coaxial line. Beyond this point is a length of 150-ohm ridge guide short-
circuited at the end. This length is 14 wavelength long at some point in
the operating range. The operation of this junction is similar to that
of Fig. 27-32b.

The cross-sectional shape of the ridge for a 50-ohm impedance was
taken from the ridge waveguide curves in Sec. 26-16. Experimentally,
it was found that these dimensions actually gave an impedance of about
35 ohms, the error being due to the small ratio of width to height of the
waveguide, as explained in Sec. 26-16. The dimensions shown in Fig.
27-39a give an impedance of about 50 ohms. They were found experi-
mentally by a brief cut-and-try process. The ridge was given an approxi-
mately exponential taper, with the change in guide wavelength along the
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ridge taken into account. The frequency response appears in Fig.
27-39b. Figure 27-40 shows the dimensions and response of another
junction of the same type scaled down for 1.5- by 0.75-in. waveguide.
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Fia. 27-40.—Tapered-ridge junction: (a) construction of junction; (b) frequency response.
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F16. 27-41.—Double-ridge junction: (a) construction; (b) frequency response.

This second junction works much closer to cutoff than the first because
its tapered-ridge section is in proportion twice as long.

The sharp increase in standing-wave ratio at the upper limit in both
ridge junctions is due to the TE,,, and/or TM,,, modes, the cutoff fre-
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quencies of which are, respectively, 4000 Mc in the large guide and 10,400
Mec in the small. With a symmetrical double-ridge taper these modes
will not be excited. A thin conducting sheet in the center of the guide
perpendicular to the & field will also suppress these modes. With such a
construction, good performance up to the TE;, cutoff frequency (6240
Mec in 3- by 1}4-in. waveguide) is possible.

The dimensions of a double-ridge junction are given in Fig. 27-41
along with the measured curve of voltage standing-wave ratio vs. fre-
quency. It is seen that a low standing-wave ratio is obtained from
slightly above the T'E),, cutoff up to the TE,,0 cutoff. The band-width
ratio is 2.7:1 for a standing-wave ratio of less than 2:1. If a longer ridge
taper were used, a band-width ratio of very nearly 3:1 could be obtained.
The 50-ohm double-ridge cross section was obtained directly from the
curves in Sec. 26-16, the cut-and-try process being unnecessary in this
case, 7.e., for bi/ay = 0.25.

Modu/lated G ;
: rystal Audio Volt-
I Ge‘f,/eg:aat/,: Tuner Detector || Amplitier meter

Pickyp Probe

Rk I \- ~Lossy Coble Load

Same Type of Junction . .
as the One Under Test Slotted Waveguide Line Junction Under Test

F1a. 27-42.—Setup used for testing waveguide-to-coaxial-line junctions.

27-26. Method of Testing the Waveguide-to-coaxial-line Junctions.
The test setup is shown in Fig. 27-42. The over-all calibration of crystal
detector, amplifier, and voltmeter was carefully checked throughout the
test range. Except for Fig. 27-40b, all curves were taken using for a
load over 20 db of RG-21A/U lossy cable with a UG-18/U type-N con-~
nector. For Fig. 27—400b, a 100-ft length of RG-8/U cable was used with
a UG-21 B/U connector. It must be remembered that the connectors
have a considerable effect on the over-all standing-wave ratio.

27-27. Waveguide High-pass Filters.—As shown in Sec. 26-15,
waveguide will freely pass all signals above the waveguide cutoff fre-
quency f, and will rapidly attenuate all signals below this frequency. The
cutoff frequency is a function of the particular propagation mode and the
cross-gectional dimensions of the waveguide. Only the TE,, mode
will be considered. For rectangular waveguide, the TE,,o cutoff fre-
quency occurs for f = f, = 3(10)1°/A, = 3(10)1°/2a \/¢, where a is
the guide width in centimeters, and ¢ is the dielectric constant. Any of
the wide-band junctions of the preceding sections may be used at the ends



8rc. 27-27] DESIGN OF TRANSMISSION-LINE FILTERS 729

of a length of waveguide to provide a high-pass filter with coaxial ter-
minations. The more useful combinations will be described in the
present section.

The rate of cutoff in the stop band depends upon the length of the
waveguide between the junctions. The attenuation constant for wave-
guide is given by Eq. (26-66) and is seen to be proportional to the length
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F1a. 27-43.—The construction and measured insertion loss of a waveguide high-pass filter.
(R = 50 ohms)
of the guide. The insertion loss of a waveguide filter is somewhat dif-
ferent from the total attenuation constant, because of the effect of the
waveguide-to-coaxial-line junctions and the constant terminating
resistance of the coaxial line. For instance, the insertion loss at zero
frequency is infinite, while the field attenuation is finite. The field-
attenuation formula, however, provides a useful guide. The measured
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insertion-loss curves that follow furnish an additional guide in the design
of a filter that must have a particular sharpness of cutoff.

The junctions of Figs. 27-31, 27-32, 27-33, and 27-36 appear to be the
most useful types for waveguide-filter termination. It should be remem-
bered that the junctions and waveguide can be filled with dielectric,
if desired, in order to reduce the filter size at low frequencies. The filter
may be reduced in size in this manner by approximately the ratio 1/4/e.
If a junction and filter have already been designed for ¢ = 1, and it is
desired to change the design to a dielectric-filled one with the same cutoff
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F1a. 27-44.—(a) A dilectene-filled-waveguide high-pass filter; (b) its measured frequency
response.

frequency, it will be found (at least to a first approximation) that all
width dimensions (in the a direction) and all length dimensions must be
scaled by the factor 1 /¢, while all height dimensions remain unchanged.

Figure 27-43 shows the construction and measured response of a
high-pass filter type that has had wide use at the Radio Research Labora-
tory. This filter uses the junction of Fig. 27-36. Figure 27-44 shows
the construction and measured response of an experimental filter having
a dielectric filler of Dilectene No. 100 (e = 3.4). The junctions are of
the type shown in Fig. 27-32a. The filter consists of a machined slab
of Dilectene having a thin deposit of silver on the surface. Over the
gilver is plated several thousandths of an inch of copper. The type-N
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fittings are soldered onto this copper plating. (The plating on the
Dilectene between the inner and outer conductor of the type-N con-
nectors is, of course, removed.) This filter would have had considerably
better response if the characteristic impedance of the short-circuited end
sections had been higher. This would have required a thicker slab of
Dilectene, which was not available at the time. A filter having the
junctions of Fig. 27-36 could also be easily made out of plated dielectric.

The filters described thus far are usable up to not over three times the
waveguide cutoff frequency. At three times the TE;cmode cutoff,
the TEj;,o cutoff occurs in rectangular waveguide. Since the junctions
set up the TE;,0 mode freely above its cutoff frequency, both the TE,,,
and the T'E;,0 modes are present at once in this region. The guide wave-
length for the two modes is different, especially near the TEj, cutoff,
and, consequently, the phase relation between the modes will vary with
frequency, causing corresponding loss variations. It is possible, of
course, that in a particular filter careful design may make the filter
usable somewhat above the TEj3,o cutoff frequency.

| .
; (Tl

F1a. 27-45.—A ridge-waveguide high-pass filter.

The frequency-range limitation discussed above can be raised con-
siderably through the use of ridge waveguide in place of ordinary rec-
tangular waveguide. A ridge-waveguide high-pass filter design is shown
in Fig. 27-45. In Sec. 26-16, it is shown that the ratio between the cutoff
frequencies of the TE),0 and TEj3,0 modes can be easily made as high as
about 6:1 or 10:1, or even higher, as compared with the 3:1 ratio for
ordinary rectangular waveguide. A high-pass filter constructed of ridge
waveguide can, therefore, be used over this 6:1 or so range, provided that
the coaxial-line-to-waveguide junctions used with it are efficient over this
range. An easily constructed junction for ridge waveguide was described
in Sec. 27-22 and is shown in Fig. 27-37. The cross-sectional dimensions
for a given cutoff frequency may be obtained from the curves in Sec.
26-16.

27-28. The Varying-impedance Band-pass Waveguide Filter.—Since
waveguide has a natural high-pass cutoff, it is necessary only to combine
a length of waveguide with some sort of low-pass structure to make a
band-pass filter. This band-pass filter can be used in a waveguide
transmission line, or it can be used with a pair of broad-band junctions to
provide a band-pass filter with coaxial-line terminations. The simplest
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combination would be a waveguide high-pass filter and a coaxial low-pass
filter in cascade. Such combinations have been used with success in the
microwave range. The low-pass structure can, however, be built directly
into the waveguide. Several such types are possible, and the one found
most useful thus far will now be discussed.

Section 27—4 describes a type of low-pass filter consisting of alternate
lengths of high- and low-impedance transmission line. Although that
section considers only coaxial low-pass filters, the theory can be easily
applied to waveguide filters. Equation (26—62) shows that the wave-
guide characteristic impedance Z, is easily controlled in two ways:
(1) by varying ¢, and (2) by varying b/a. With everything else held
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Fi1a. 27-46.—Two types of varying-impedance low-pass structure for waveguide band-
pass filters. The waveguide filter may be combined with a pair of waveguide junctions as
shown in (¢)..
constant Z, is proportional to the dimension b. The dependence of Z,
upon ¢ is more complicated, since the guide wavelength ), is also a func-
tion of e. Figure 27-46a shows a waveguide filter structure in which b
alone is varied, and Fig. 27-46b shows a structure in which e alone is
varied. Figure 27—46¢c shows a structure combined with waveguide-
to-coaxial-line junctions of the type shown in Fig. 27-32.

In designing the low-pass structure, the design equations and graphs
of Sec. 27—4 are used as they stand. B./Y (s may be obtained from the
curves in Fig. 26-26. It should be remembered that the discontinuity-
susceptance curves given by this figure are accurate only if the length
of each section of the waveguide line is equal to or greater than the
height b of this particular section., This places a definite restriction on
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the permissible maximum height b;. This condition will generally be
met if the filter is designed for 50-ohm terminations. Once 6., Bs,
Z o1, Zoz have been calculated, the physical dimensions of the filter may be
calculated from Eqs. (26-62) and (26—63) with 6 = 2xl/\,.

The image impedance of a waveguide filter measured at the end of the
low-pass structure (mid-#; termination) is equal to the product of the
waveguide characteristic impedance Z,/A/1 — (f./f)? given in Fig.
26-22, (Zo,, = Z1o) and the ratio of Z;/Z;, of the low-pass filter given in
Fig. 26-13. Figure 27-47 shows the image impedance for mid-6, ter-
mination and for mid-, termination. The former is seen to have a shape
that can be well matched over a greater portion of the pass band than can
the latter. It must be pointed out, however, that when lengths of wave-
guide are incorporated between the end of the low-pass structure and the
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F10. 27-47.—The image impedance of a waveguide band-pass filter. A is for mid-fs
termination, and B is for mid-8; termination.
waveguide-to-coaxial-line junction (as in Fig. 27—46¢c) the over-all image
impedance as seen from the point of junction can be considerably different
from that shown in Fig. 27-47. For example, if this length is made a
quarter of a guide wavelength at the low-pass cutoff frequency, the over-
all image impedance for a mid-6;-terminated filter will be similar to curve
A of Fig. 27-47. In practical design, it is usually desirable to have these
added lengths between the end of the low-pass structure and the point of
junection in order to provide additional high-pass cutoff sharpness, and in
order to permit the field disturbances in the vicinity of the junction to
die out before the wave front reaches the low-pass structure. In general,
therefore, these added lengths should be at least equal to the width a
of the waveguide and should be chosen so that an over-all image-imped-
ance curve similar to curve A will result. The characteristic impedance
Z, of these added lengths at or near the center of the pass band should
generally be made equal to the characteristic impedance of the coaxial
line that connects to the waveguide-to-coaxial-line junction. This value
should also be made equal to the image impedance of the waveguide
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filter at this frequency. Reference should be made to Secs. 26-8 and
26-9 for further information and for other possibilities.

Figure 27-48 shows a waveguide band-pass filter with its measured
response. In measuring the insertion-loss response, the filter was con-
nected at each end to a matching length of tapered waveguide and a wide-
band waveguide-to-coaxial junction. The insertion loss of this entire
combination was the quantity measured.

The varying-impedance-waveguide band-pass filter has spurious
responses near frequencies for which the various line lengths are multiples
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F1a. 27-48.—A waveguide band-pass filter, 2700 to 3800 Mec: (a) physical dimensions;
(b) measured response in conjunction with a pair of tapers and waveguide-to-coaxial-line
junctions.

of a half guide wavelength (see Sec. 27—4). These may be eliminated by
combining two or more groups of sections as in Sec. 27—4. In addition
to these responses, there will also be relatively sharp responses for the
higher waveguide propagation modes occurring just above their cutoff
frequencies. With the usual waveguide-to-coaxial junctions, the even
TE..,0 modes will not be set up, and therefore these responses will not
be passed by the complete filter. The odd TE.,.,, modes, however, are
set up by the usual junction, and these responses will therefore be passed
(Fig. 27-48). The higher mode responses may be eliminated by using
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two or more groups of sections having different high-pass cutoff fre-
quencies, t.e., different widths a, as in Fig. 27-49. The low-pass cutoff
frequencies of the groups of sections are of course made to be the same.
The groups of sections may be so designed as to eliminate both of the
types of spurious responses mentioned above. Their image imped-

ances should be made equal at some frequency near the center of the pass
band.
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F1a. 27-49.—(a) Method of constructing a waveguide band-pass filter with two different
types of section in order to eliminate spurious responses; (b) measured frequency response

of this filter.

For the dielectric-slab type of filter, a dielectric material having a
very high dielectric constant should be used. Titanium dioxide—base
ceramics can be made with a dielectric constant ranging up to about
100. This material has low loss, is easily procured, and can be fired and
ground to close tolerances. If the slab thickness first calculated is too
thin for easy manufacture, the 8; dimension may be made the long one
and the 6, dimension the short one. The design data in Sec. 274 may
be used for this case as well as for the case of 0; less than 8, that has been
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considered thus far. The discontinuity susceptance is zero in the dielec-
tric slab filter, and hence 6;, = 0.

It is sometimes advantageous to construct a varying-impedance
waveguide band-pass filter in ridge waveguide (Fig. 27-50) in order to
separate the TE; o, mode response from the main pass band. The cutoff
frequency and characteristic-impedance curves for ridge waveguide given
in Sec. 26-16 should be used in designing such a filter. Since the dis-
continuity-susceptance correction cannot be determined accurately at
present, it is necessary to estimate its value.

The ridge-waveguide band-pass filter is similar to the dielectric-slab
type in that the cutoff frequency. of the low-impedance lengths is lower
than the cutoff frequency of the high-impedance lengths. For both cases,
it can be shown by analysis that the lower cutoff frequency of the band-
pass filter is not equal to the waveguide cutoff frequency of either set of
lengths, but actually falls at some frequency between these two wave-
guide cutoff frequencies. This actual cutoff frequency will usually be at
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F1a. 27-50.—A varying-impedance ridge-waveguide band-pass filter.

a lower frequency than the waveguide cutoff frequency of the terminating
lengths of waveguide for a ridge-waveguide filter of the type shown in
Fig. 27-50. The over-all high-pass cutoff, therefore, must be provided
entirely by these added lengths.

27-29. Test Methods for High-frequency Filters.—After a filter has
been designed and constructed, it must be tested in order to determine
whether its characteristics are actually within the specified performance
tolerances. If the tolerances are not met, the test will indicate what sort
of changes in design are required.

The most significant property of a filter is usually its insertion loss.
Several methods of measuring the curve of insertion-loss vs. frequency
for a filter will be described. First, however, it is important to point out
that the insertion-loss measurements are meaningless unless the imped-
ances Z, and Zz looking toward the generator and toward the load,
respectively, at the point of insertion are specified. In particular, the
resulting insertion-loss curve is generally most useful if these impedances
are equal to the load resistance R for which the filter was designed. In
a test setup, therefore, it is necessary to be very certain that the imped-
ances viewed in both directions by the filter are equal to R.
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Figure 27-51a and b show two test setups that have been found useful
for filters having coaxial terminations. Both consist essentially of
some sort of signal source, a detector, an indicator, and some means of
measuring the decibel difference in level produced when the filter is
inserted between the cables at (I). In both circuits, lossy coaxial lines
provide isolation from the signal source and the detector, and provide
impedance Z, and Zz very nearly equal to the characteristic impedance
of the lossy cable, which in turn is chosen equal to the load resistance of
the filter to be tested. This load resistance value has been almost
universally made equal to 50 ohms at the Radio Research Laboratory.
It should be noted that an attenuating transmission line in general has a
reactive characteristic-impedance component. This, however, is usually
small enough to be neglected. RG-21A/U cable has been found to be
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Fia. 27-51.—Two test setups useful for measuring insertion-loss curves of filters.

quite satisfactory. Instead of lossy cables, it is possible to use attenu-
ators that have a terminal resistance equal to R.

The length of lossy cable required on each side of the filter may be
determined from Eq. (26-61). This equation gives the input voltage-
standing-wave ratio o:x as a function of the decibel attenuation of the
cable ol and of the terminating voltage-standing-wave ratio s,. Under
the worst condition, that of oz = =, Eq. (26-61) may be written

oin = coth g 20 (27-13)
For al equal to 10 db, ¢ix equal to 1.22. For ol equal to 15 db, o is
equal t0 1.07. These voltage-standing-wave ratios assure a good approxi-
mation of Z, and Zzto R. Itisrecommended that for pass-band measure-
ments the cable attenuation on each side of the filter be at least 15 db.
For stop-band measurements, the cable attenuation may be reduced to
10 db, if necessary. When insufficient signal power is available, it may,
however, be necessary to compromise on these values. The matching
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stubs shown in Fig. 27-51 should then be peaked with great care, and for
best results they should be combined with a line stretcher in order to
assure perfect matching between the generator and detector and the
cable. In any case, it must be remembered that an oscillator may be
affected in a nonlinear fashion by the impedance into which it works. If,
therefore, sufficient attenuation isolation is not provided between the
oscillator and the filter, the actual oscillator level may change when the
filter is inserted. For this reason, it is recommended that at least 10-db
attenuation always be provided between the oscillator and the point of
insertion. If attenuators are used in place of attenuating cables, the
same rules apply regardmg required total attenuation.

The test setup in Fig. 27-5la requires a modulated signal source
(sine-wave, square-wave, etc.). The crystal E operates as a low-level
detector, and the resulting audio signal is fed into the audio amplifier.
The transformer F provides a low-resistance d-c¢ return path for the
crystal. This feature is essential to ensure that the crystal act as an
accurate square-law device. In addition, care must be taken to keep the
r-f power level at the crystal as low as practicable. Several crystals
operating under these conditions have been tested at spot frequencies in
the range 100 to 10,000 Mc and the square-law agreement has been found
to be very good over the range of power used. If there is doubt about a
particular crystal, however, it is recommended that this characteristic
be checked for that crystal.

Under the square-law assumptlon, one-half the difference in decibels
in the output meter H readings under any two conditions gives the
decibel difference in r-f power level at the crystal. If desired, meter H
may be calibrated to read r-f decibels directly. The amplifier G must
have as great a dynamic range (signal output at overload vs. noise-and-
hum output at same gain setting) as possible; a range of somewhat over
80 db is required to measure conveniently attenuations of 40 db. This
requirement necessitates an amplifier peaked at the signal-generator
modulation frequency rather than a broad-band amplifier. A separate
plate supply and d-c filament voltage are recommended.

The test procedure is as follows: The lines are joined at I (filter out),
the signal generator is set on frequency, and stubs A and D are tuned.
The stubs will be independent in adjustment if cables B and C have the
proper attenuation. The gain of amplifier G is then set to give a con-
venient reading on meter H. Care must be taken to ensure that the
amplifier is never overloaded at this point. The filter is then inserted at
I. One-half the audio-decibel difference between the readings of the
meter H with and without the filter inserted gives the filter attenuation
in decibels.
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If it is desired to measure insertion losses greater than those allowed
by the dynamic range of the amplifier, the procedure may be somewhat
modified by the use of a length of attenuating cable of the same type as
cables B, C, the attenuation of which is known. (This can be measured
by the same method as above since, under this condition of measurement,
the cable attenuation is equal to its insertion loss.) The previous pro-
cedure is then altered in the following respects: (1) The initial tuning
and gain adjustments are made with the cable of known attenuation
inserted at I; (2) this cable is then removed and the filter inserted in its
place; (3) the filter insertion loss is given by one-half the decibel differ-
ence in meter readings plus the known attenuation of the added cable.

Several further precautions may be added. (1) It must be remem-
bered that the attenuation of cable is a function of frequency. Hence, if
measurements are made over a wide frequency band, cables B and C will
have to be changed several times to ensure that the attenuation of each is
sufficiently high. For the same reason, the attenuation of the supple-
mentary cable in the modified procedure of the last paragraph must be
known at each frequency. (2) Great care must be taken in selecting
male and female fittings to keep the number of r-f cable connectors near I
at a minimum. Very few of the present types of connectors are well
matched above 3000 Mc, and a large number of these can seriously affect
the accuracy of measurement.

Oscillator harmonics can cause considerable trouble in testing high-
pass filters. If a point in the stop band of such a filter is being tested and
oscillator harmonics are 30 db below the fundamental, the filter will
apparently have no more than 30-db attenuation at this point, even
though the actual loss for the fundamental frequency may be much
greater. Extreme care must therefore be taken to eliminate oscillator
harmonics during such tests. This may be done by placing a low-pass
filter between A and B of Fig. 27-51a. (If the filter is placed before the
tuning stubs at A, it will not be working between the proper impedances
and may not give the desired effect.)

The test setup of Fig. 27-51b involves the use of a reliable r-f attenua-
tor of the variable type. In this case, components E, F, G, and H of
Fig. 27-51a are replaced by an r-f receiver. The attenuator is placed
somewhere before cable B and is often built into the oscillator. The
receiver is used merely to indicate a standard output; the difference
between attenuator readings with filter out and filter in for this standard
output then gives the filter’attenuation. The other stepsin the procedure
remain the same. The attenuator should be checked, however, since
many models have been found unreliable at 3000 Mc and higher fre-
quencies. It should be noted that if a superheterodyne receiver is tuned
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to the signal-generator fundamental, it will not pick up its harmonics.
Variations and combinations of these two methods may be desirable to
suit particular conditions or available equipment.

In the case of filters for transmitter systems, the pass-band standing-
wave ratio may be of more interest than the pass-band insertion loss.
The standing-wave ratio of a coaxial or waveguide filter may be measured
with a slotted line of characteristic impedance equal to the load resistance
R and a traveling pickup probe (Fig. 27-52). The load end of the filter

Standing-wave- ratio
@ '9Indicafor !
Traveling Pickup Probe
" P
Signal | J{ 4 ,
SOUrCe | iotted Line Z<R hlter Lossy Cable
(=d =
otted tine 2o Load>20db

Z,=R

0
F1a. 27-52.—A test setup for measuring the input standing-wave ratio of either a

coaxial or waveguide filter. In the former case, a slotted coaxial line is used, in the latter a
slotted waveguide.

should be terminated by the load resistance B. This load may be 20 db
or so of lossy cable of characteristic impedance Z, = R. Since tests of
this sort are described in detail in Chap. 2, a complete discussion will be
omitted here. It should be noted that, if the filter dissipation is zero,
the insertion loss and voltage standing-wave ratio of the filter are related
by Eq. (26-54), which is plotted on the center scale in Fig. 26-9. This
scale shows that the voltage standing-wave ratio is extremely high for
an insertion loss greater than 10 db, and therefore this method is not
useful for measuring stop-band response.



CHAPTER 28
TUNERS FOR MICROWAVE RECEIVERS

By S. B. Coun, R. A. SoperMAN, 8. J. GrirriN, aAND R. O. PETRICH

28-1. General Requirements for Receiver Tuners.—A narrow-band
filter is required at the input of a receiver in order to separate the desired
signal from signals of other frequencies. Unless the receiver is intended
for use at just one frequency, the filter must generally be capable of easy
tuning over a wide frequency range. It must provide adequate selec-
tivity and low pass-band loss over the entire range. The design of such
tunable filters, called r-f tuners,! will be described in this chapter.

The best type of tuner for a given receiver depends upon the receiver,
the frequency range, and the required rejection of undesired signals. In
any case, the tuning should be noiseless, the pass-band loss low, and the
tuning should follow a simple smooth curve.

For a direct-detection type of receiver, the response curve should be
very sharp, .e., the pass band should be very narrow and should have only
one peak. Signals inside the tuning range should be passed by the tuner
at only one point on the dial, and no signal outside the tuning range
should be passed at all.

The antenna-input-circuit tuner of a superheterodyne receiver must
have a band width at least as great as the i-f band width, with enough
extra to provide for oscillator tracking tolerance. The requirements
concerning spurious tuner pass bands are less stringent than for direct-
detection receivers, since a superheterodyne receiver is capable of
responding to only a few scattered frequencies in addition to the desired
one (see Sec. 25-11). At these undesired frequencies, the tuner must
provide a high insertion loss. The tune may be permitted to have
spurious pass bands as long as they are well separated from any undesired
frequencies that can be received by the superheterodyne receiver. The
undesired frequency response that is the closest to the desired signal
frequency, and hence is the most difficult to eliminate, is the image fre-
.quency. The frequency separation between the signal and its image is
twice the i-f amplifier frequency.

1 In this and following chapters the term tuner will be applied to tunable resonant
circuits. The term preselector will be applied to the entire tunable filter, which may
include one or more tubes.

741
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A single-resonant-circuit tuner does not usually give adequate image
rejection in receivers at very high frequencies. Greater rejection for a
given band width may be obtained through the use of two or more
resonant circuits loosely coupled together. The number of coupled reso-
nant circuits required in the tuner depends upon the percentage separa-
tion of the signal and its image, upon the required tuner band width, and
upon the desired image rejection. In the next section this problem will
be considered quantitatively. .

28-2. General Theory of Narrow-band Coupled-circuit Tuners.—
The tuners described in this chapter differ from the filters of Chaps. 26
and 27 in the following ways: (1) the tuners always have a narrow band
width; (2) in most cases their analysis is only approximate and is based on
coupled-circuit considerations; (3) their pass band is tunable over a wide
frequency range.

A Generalization Concerning Different Types of Resonant Circuits.
Figure 28-1 shows a symmetrical series of resonant four-terminal ele-
ments coupled together by other nonresonant four-terminal elements.

| — bmssaseny  ma——— — _
€4 o [ a [t 8 [ 3¢

F1a. 28-1.—The generalized coupled-circuit filter having any number of resonant cir-
cuits, with structure symmetrical about the center. A; are nonresonant reactive coupling
elements; B; are resonant elements.

The resonant elements may be series- or parallel-resonant LC circuits,
resonant transmission lines, waveguides, cavity resonators, etc. The
nonresonant coupling elements may be series or shunt inductances or
capacitances, T- or w-sections, coupling loops, irises, apertures, probes,
etc. In any case, it can be shown that the curve of insertion-loss vs.
frequency is independent of the type of nonresonant coupling and is a
function only of the number of resonant cavities and the degree of cou-
pling, as long as the width of the pass band is not more than a few per
cent of the mean pass-band frequency.!

A Generalization Concerning the Effect of Coupling Variation.—Con-
gider a narrow-band tuner consisting of any number of nondissipative
coupled resonant circuits in cascade, all tuned to the same frequency. If
the end couplings are held constant, and the intermediate ones are
increased from zero, the response curve starts as a narrow single peak
and widens and flattens. Except for a single resonant circuit, there is a
certain degree of intermediate coupling corresponding to a given degree
of end coupling, for which the response curve will attain its maximum
degree of flatness. This condition is known as critical coupling. For

1 RicHARrDs, P. 1., Universal Optimum-response Curves for Arbitrarily Coupled
Resonators, Proc. I.R.E., 84, 624 (1946).
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lower intermediate couplings, the tuner is said to be undercoupled. Fur-
ther increase of the intermediate couplings will widen the pass band still
further, but will introduce transmission dips and peaks in the pass band

240 n=MNumber a?Eesonant Circuits
220 ',' - /Zregue/;_cy I"-Lg-n- 1
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Fi1a. 28-2.—Universal off-band response for nnrrow—band coupled-circuit tuners. Curves
are shown for tuners having one to six resonant circuits.
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Fic. 28-3.—Correction curve for Fig. 28-2. With the aid of this curve, the off-band
rejection of a coupled-circuit tuner having any number of resonant circuits may be deter-
mined when the band width is measured between insertion-loss points Lo other than 3 db.
(Figs. 28-5 and 28-6). This condition is known as overcoupling. Two
resonant circuits will introduce one dip (two peaks), three resonant cir-
cuits will introduce two dips (three peaks), etc., i.e., the number of
transmission peaks will equal the number of resonant circuits.
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Universal Off-band Response Curves.—For a sufficiently narrow band,
the entire frequency response of an overcoupled tuner is fully determined
if the number of resonant circuits, the band width, and the insertion loss
at the pass-band transmission dips are specified. Figure 28-2 gives the
universal response curves for one to six coupled circuits.! The band width
is measured at the points at which the response is 3 db down, and the
couplings are adjusted so that all pass-band loss peaks are equal to 3 db.
The response differs only very slightly if the loss peaks are other than
3 db, provided that the band width is still measured at the 3-db points
and provided that the degree of coupling is critical or greater. If it is
desired to measure the band width at an insertion-loss level Lo not equal
to 3 db, the correction curve of Fig. 28-3 may be applied to insertion-loss
values taken from Fig. 28-2. The correction curve assumes that all
transmission dips are equal to Lo, and the curve is accurate only for values
far from the pass band.

28-3. Losses in Radio-frequency Tuners.—Losses in r-f tuners are
of two kinds—mismatch and dissipation. A tuner is generally a two-
terminal-pair network, one pair of terminals connecting to the antenna
line and the other pair to the detector, mixer, or amplifier. Mismatch
losses occur whenever the impedances looking in both directions at each
terminal pair are not exact conjugate matches. In other words, a receiver
tuner must not, only provide the desired frequency response, but it must
also act as a matching transformer between the antenna and detector
impedances.

The mismatch-loss considerations of Chap. 26 do not apply exactly to
r-f tuners because of their appreciable dissipation loss. Nevertheless, the
curves in Sec. 26-12 for mismatched filters will give a good, though rough,
idea of the magnitude of tuner mismatch loss.

Dissipation (or resistive) loss is an important factor in narrow-
band tuner design, because of the relatively high values of operating @
required for narrow pass bands. For a distributed-constant resonant
circuit, the well known lumped-element-circuit definition of @ = wL/R
is not applicable. The @ of a resonant circuit may, however, be defined
as the ratio of the mean pass-band frequency to the 3-db band width
(f/Af) for the resonant circuit used as a single-circuit tuner. For multiple-
circuit tuners, the @ of each circuit considered alone will generally be
somewhat higher than the over-all value of f/Af, but will be of the same
order of magnitude. The @ is also equal to 2xf times the energy stored
in a resonant circuit divided by the average power dissipated.

_ stored energy
Q = 2«f average dissipated power @8

1 RICHARDS, 0p. cil.
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The dissipated power is lost internally in the resonant circuit itself,
and also externally in the equivalent resistances coupled into the circuit
from the external input and output circuits (antenna and detector).
The loss in the coupling reactances is generally negligible. In order that
the power-transmission efficiency shall be high, the internal losses must
be a small fraction of the external losses.

The pass-band insertion loss due to dissipation alone for a single
resonant circuit is given by

- ¢

D = 20 logyo ((Q' — Q)) db (28-2)
where @' is the Q for the unloaded (or isolated) circuit, and Q is that for
the circuit loaded by the antenna and detector impedances. In a mul-
tiple-circuit tuner, the dissipation insertion loss is given by the sum of
the individual losses for each circuit as calculated by Eq. (28-2). If
the loaded and unloaded @’s are the same for each circuit in an n-circuit
tuner, as will generally be assumed, the dissipation insertion loss is given

by

- Q
D = 20n logi, ((Q' = Q)) db (28-3)
Equation (28-3) shows, for example, that for @’ = 10Q the loss is 0.92 db
per circuit. Since Q is of the order of magnitude of f/Af, where Af is
the band width, a @' of at least 1000 in a three-circuit tuner having a 1
per cent band must be provided in order to limit the dissipation loss to
less than 3 db. More specific information on the loaded @ required for
a given band width in two- and three-circuit tuners will be given in later
sections.

28-4. The Single-circuit Tuner.—The frequency response of all
single-circuit configurations having the same loaded Q is identical so
long as the band width is less than a few per cent. A universal response
curve for a single resonant circuit is given in Fig. 28—-4. The 3-db
band-width ratio Af/f for the single tuned circuit is seen to be exactly
equal to 1/Q. The response farther from resonance can be read from
Fig. 28-2.

28-6. Two Coupled Circuits.—As can be seen from the universal-loss
curves of Fig. 28-2, considerably more off-band rejection is offered by
two coupled circuits than by one. For some receiver purposes, one
tuned circuit provides sufficient selectivity, but for adequate rejection of
images and other undesired responses, greater selectivity is usually
required in a tuner than that provided by one circuit. As a consequence,
tuners have been developed consisting of two and three coupled circuits
whose tuning motions are ganged together,
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As an example of the increased selectivity provided by two coupled
circuits instead of one, consider a receiver having its image frequency
separated by 150 Mc from its signal frequency and requiring a tuner band
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F1a. 28—4.—Universal response for one resonant circuit.
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width of 50 Mc. Figure 28-2 shows that a single-circuit tuner provides
only 16-db image rejection (which is entirely inadequate), while a two-
circuit tuner provides 37-db rejection.

Universal pass-band-response curves for two coupled circuits are given
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in Fig. 28-5.1 The Q referred to in this figure is that for the first tuned
circuit as loaded by the input circuit alone and that for the second tuned
circuit as loaded by the output circuit alone. These two @’s are assumed
to be equal.

28-6. Three Coupled Circuits.—For many receiver designs, two
coupled circuits offer sufficient rejection of images and other undesired
responses. But in some receivers, especially in microwave receivers in
which the percentage difference between the signal and its image is small,
sharper rejection is required. In such cases, a three-circuit tuner may be
used. In the example given in the last section for a receiver in which the
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F1a. 28-6.—Universal response curve for three coupled resonant circuits. The tuner is
assumed to be dissipationless .

image frequency is separated by 150 Mc from the signal frequency and

which requires a tuner having a 50-Mc band width, Fig. 28-2 shows that

a three-circuit tuner provides about 58—db rejection, while a two-circuit

tuner provides only 37-db rejection. For many receiver uses, 37-db

image rejection will not suffice.

A three-circuit tuner is capable of better image rejection than the
two-circuit tuner, but on the other hand, it is harder to design and build,
is more critical as to tolerances, and has approximately 50 per cent more
dissipation loss in the pass band for the same band width. By increasing
the band width of the three-circuit tuner 50 per cent, however, its pass-

1 TgrMaN, F. E,, “Radio Engineer’'s Handbook,” p. 160, McGraw-Hill Book
Company, Inc., New York, 1943. This reference gives a brief theoretxcal treatment
of two coupled clrcmt.s
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band loss will be about the same as that of the two-circuit tuner, while
the off-band rejection of the former will still be considerably greater than
that of the latter.

Universal pass-band response curves for three coupled circuits are
given in Fig. 28-6.! These curves assume the circuits to be identical,
nondissipative, and all tuned to the same frequency. Note that in this
idealized case the center peak is lossless, even for less than critical cou-
pling. For coupling greater than critical, three distinct peaks develop,
the outer two also being virtually lossless.
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F1G. 28-7.—Universal response curve for three coupled resonant circuits. The load is
assumed to be equally distributed among the three circuits. (By permission of E. A.
Guillemin, * Communication Networks,” Vol. 1, Fig. 122, p. 338, John Wiley & Sons, Inc.,
1931.)

X =

In practice, the resonant circuits will have some dissipation loss.
The usual effect of this is to introduce additional insertion loss at all
frequencies, but particularly at the response peaks, the loss being greater
for the outer peaks than for the center one. Figure 28-72 shows some
calculated output-voltage curves for the case of a three-circuit tuner
loaded by its dissipation alone. The dissipation is assumed identical in
each circuit. Experiment has shown the response of a three-circuit tuner
to lie somewhere between the extremes of Figs. 28-6 and 28-7, depending
upon the measured minimum insertion loss. For the usual losses of not

1 SpaNGENBERG, K. R., The Universal Characteristics of Triple-resonant-circuit
Band-pass Filters, Proc. I.R.E., 84, 629 (19486).

? Figure 28-7 is taken from E A. Gaillemin, “ Communication Networks,” Vol. 1,
p. 338, John Wiley & Sons, Inc., New York, 1931.
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more than a few decibels the response will resemble that of Fig. 28-6
more than the other.

Figure 28-6 gives relations between the parameters of the circuit
for each response curve. By the use of these relations, a three-circuit
tuner may be designed to have the desired band width and pass-band
shape. All the three-circuit tuners described in this chapter may be
shown to have an equivalent circuit the same as that in Fig. 28-6. Inan
actual design problem, however, the couplings have to be adjusted semi-
empirically, but Fig. 28-6 nevertheless provides a valuable guide.

28-7. Butterfly Resonators.—The butterfly type of lumped-constant
tunable resonant circuit,! developed by Karplus, Sinclair, and Peterson,
overcomes some of the difficulties encountered in the use of lumped-
constant elements in conventional resonators at frequencies between
about 100 and 1000 Mc. In this frequency range, the self-inductance
present in conventional variable capacitors is detrimental when the
capacitors are used in conventional parallel-resonant circuits. No
matter how small an external inductance is used, the self-inductance of a
capacitor limits the highest obtainable resonant frequency of the circuit
to the natural resonant frequency of the capacitor and its self-inductance.
It also reduces the resonant impedance developed across the capacitor
terminals to a value that is very low at frequencies near the natural
resonant frequency.

In well-designed variable capacitors the effect of the inductance at
frequencies up to about 100 Mec is relatively small, but at higher fre-
quencies its effect increases rapidly, and a satisfactory resonant circuit
becomes increasingly harder to obtain. Furthermore, “conventional
variable capacitors usually have relatively large losses at frequencies
above about 100 Mc because of the relatively high current concentrations
produced in sections of the capacitor plates and terminals as a result of
the small area of the terminal connections. In a butterfly resonator,
however, the inductance and capacitance elements are built as an integral
unit in such a manner as to provide a lower minimum inductance, lower
losses, and two accessible points across which the maximum resonant
impedance developed in the circuit appears. Incorporated in the design
is a method of varying the effective inductance by means of eddy-cur-
rent shielding produced by the rotor plates. - The inductance decreases
as the capacitance decreases, so that the tuning range is increased.

28-8. A General Description of Butterfly Resonators.—Figure 28-8a
shows one type of butterfly, called a true butterfly, tuned to its lowest

1 Karrrus, E., Wide Range Tuned Circuits, Proc. I.R.E., 88, 426 (1945); Kan-
pLus, E., The Butterfly Circuit, General Radio Ezperimenter, vol. 19, No. 5, October,
1944; Sincrarr, D. B., High Frequency Measurements, Radio-Elecironic Engineer-
ing 6§ (No. 6) 14 (1945); 6 (No. 1) 11 (1946).



750 VERY HIGH-FREQUENCY TECHNIQUES CHapr. 28

frequency, and Fig. 28-9 shows its equivalent circuit. The capacitance
of the resonant circuit consists of the capacitance between one half K of
the rotor, and the adjacent capacitor section J of the stator, in series

Stotor Section I Rotor Section H

Inductonce / \ Inductance

(d)

F1a. 28-8.—Variation of the electrical balance points with rotor position in a true butterfly.

with the capacitance betwecen the other half H of the rotor and the other
capacitor section I of the stator. The inductance is that of the parallel
combination of the two inductance arms F-G and D-E, which are actually
parts of the stator and which complete the circuit
l»  between the two capacitor sections I and J of the
3 stator. At the lowest resonant frequency, the
= whole unit shown in Fig. 28-8a is balanced elec-
g  trically with respect to the line AA’ passing
_ 3 through the center of the rotor and the mid-points
Fie. 28-9.—Approxi- 