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IN DEVELOPING microwave relay systems for frequencies around
4000 megacycles, one of the major problems is to provide an amplifier
tube which will meet the requirements on gain, power output, and dis-
tortion over very wide bands. As the number of repeaters is increased to
extend the relay to greater distances, the requirements on individual
amplifiers for the system become increasingly severe. A tube developed
for this service is the microwave triode B.T.L. 1553, the physical and
electrical characteristics of which were briefly described in a previous
article.! In the development of such a tube, both theoretical and ex-
perimental factors are involved; illustration of these factors in some
detail is the purpose of the present paper.

Given the application, a number of questions arise at the outset. What
determines the tube type—why pick a triode for development, rather than
a velocity variation tube, or perhaps a tetrode? What electrode spacings
are necessary in such a tube, and what current must it draw? How is its
performance rated, and how does it compare with other tubes? To what
extent can the performance be estimated in advance? What experimental
tests can give more precise information? Some answers to these questions
were obtained by the use of figures of merit, which led up to the choice of
a triode as most promising for development, and which also led to the
subsequent method of optimizing the design for the particular system
application of microwave amplifiers and modulators.

The design process may be said to proceed by the following series of
steps:

1. Formulate the system requirements, frequently with the aid of one
or more figures of merit. The purpose here is to concentrate attention
upon the limitations inherent in the tube alone by eliminating considera-
tions of circuitry or of other parts of the system. The figure of merit
measures tube performance in an arbitrary environment, so chosen as to
be simple, and also directly comparable to the actual system requirement.

2. Make tentative choices of tube type, and analyze further to find out

1J. A. Morton, “A Microwave Triode for Radio Relay,” Bell Laboratories Rzcord 27,
166-170 (May 1949).
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how the figure of merit depends on the internal parameters of the tube,
such as spacings, current density, and so on.

3. Optimize the internal parameters to make the figure of merit as good
as possible, with due regard to practical limitations like cathode activity,
life, cost, etc.

4. Use enough experimental checks to make sure the estimates ‘are
sound. Build then the type of tube which appears to fill the require-
ments best, including the practical as well as the technical limitations. The
figures of merit serve now as quantitative checks both of how well the
tube satisfies the application, and also of how accurate is the theory.

Given a good accurate design theory, the whole process could in prin-
ciple be calculated in advance. Such a theory would permit great savings
in effort, since spot checks of relatively few parameters are sufficient to
insure accuracy even when the theory is used to predict a wide range of
phenomena. The extent to which presently available microwave tube
theory meets this need is considerable, as will appear from some of the
results below.

The degree of accuracy required of a theory increases as the develop-
ment process continues. For preliminary estimates, such as deciding what
tube type to develop, the theory can be rather rough and still be satis-
factory. For complete predictions of final performance, only experimental
construction can suffice. By this means the theory can be checked, so that
it can serve future designs with improved accuracy.

The method outlined here is not new, but rather follows standard
practice fairly closely. It does, however, give more than usual quantita-
tive emphasis to the figures of merit, using them to codify the procedure;
and it incorporates a certain amount of quantitative calculation at micro-
wave frequencies. It will be seen that the theory of Llewellyn and Peter-
son needs only some semi-empirical supplementation in the low-voltage
input space, as has already been pointed out by Peterson.?

PrRELIMINARY EstiMATES—Cnoice or Tuse TyPE

For the New York to Boston microwave relay, an output amplifier
was developed using already available velocity-modulation tubes.® With
four stagger-tuned stages, the amplifier proved satisfactory for this
service, and in fact tests indicated that this system could be extended to
considerably greater distances and still give good performance. It was
apparent, however, that these amplifiers would not be satisfactory for a
coast-to-coast system.

’7L. C. Peterson, “Signal and Noise in Microwave Tetrodes,” I. R. E. Proc. (Nov.
1947).

#H. T. Friis, “Microwave Repeater Research,” B. S. T. J. 27, 183-246 (April 1948).
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When this limitation became clear several years ago, a study was under-
taker to determine which particular type of electron tube amplifier then
known had the best possibilities of being pushed to greater gain-band
products. The results of this study indicated that a very promising pros-
pect was to build, for operation at 4000 megacycles, an improved planar
triode, that is, one in which the active elements are on parallel planes.

In arriving at this conclusion, two general types of device were con-
sidered: velocity-modulated, as in a klystron, and current-modulated, as
in a triode. (Nowadays, such a study would of course include traveling-
wave tubes.) The conclusions were reached with the aid of the gain-band
figures of merit, along the following lines:

GaIN-BanD PropucT

The system performance requirements demand amplifiers capable of
reasonable gains and power outputs over prescribed bandwidths. How-
ever, it is known that bandwidth can be increased by complicating the
circuits (double-tuning, stagger-tuning, etc.). Such factors, being common
to whatever tube may be used, are extraneous to a discussion of tube
performance, and accordingly the tubes are rated by their performance
with simple, synchronous resonant circuits. Furthermore, even then the
bandwidth can be increased at the expense of a corresponding reduction
of gain, by simply depressing the impedance levels of the interstages.
Since the product of gain and bandwidth remains constant, it is a suit-
able figure of merit, independent of the particular choice of bandwidth,
provided the definition of gain is suited to the device.

Unfortunately there is more than one possible gain-band product, the
appropriate form depending on how many simple resonant circuits shape
the band of the amplifier stage. For example, a conventional pentode or a
velocity-variation tube is usually used in conjunction with two high-Q
resonant circuits, one each on input and output. If these are adjusted to
give the same Q, then it is well known that, no matter what the band-
width, the product of voltage gain and bandwidth is constant. (See
Appendix 1)

|To| B=1|Yu| /ZW\/Cin Cout (1)

Here T is the mid-band voltage gain, B the bandwidth 6 db down (3 for
each circuit), ¥y the stage transadmittance, and Cin and Couw the total
effective capacitances of the resonant circuits, including the contribu-
tions of the tube*. It is assumed that the stage is matched into trans-
mission lines of some suitable constant admittance level Gy .

In amplifiers using triodes such as the B.T.L. 1553 (or tetrodes) in

* As shown in Appendix 1, all quantities in equations (1) and (2) are the values effective
at the electrodes adjacent to the electron stream.
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grounded-grid circuits, the situation is different because the Q of the
input circuit is always very much smaller than that of the output. Here
a figure of merit independent of bandwidth is obtained from the product
of power gain and bandwidth:

Tol* B = | Vou |"/47Grin Cous ’ (2)

Here Gi, is the total conductance of the input circuit, including tube con-
tributions®. The gain is again measured with the tube matched at an
arbitrary admittance level Gy. The band, being now limited by only one
tuned circuit, is somewhat different in shape from the above, and is taken
3 db down.

While each figure of merit gives an unequivocal rating of tubes of
appropriate type, the intercomparison of the two types still depends on
the bandwidth. In particular, as the band is widened, the two-circuit type
{(klystron) loses gain at the rate of 6 db per octave of bandwidth, while the
one-circuit type (triode) loses only 3 db per octave. Consequently, if the
two devices start with equal gains at some narrow bandwidth, the triode
rapidly pulls ahead in gain as the bandwidth is increased.

The figure of merit equation (1) states that improved klystron per-
formance implies either an increase in transadmittance ¥y or a decrease in
the band-limiting capacitances Cin or Cou . According to the simplest
klystron bunching concept,* the transconductance of such a tube may be
increased indefinitely simply by making the drift time longer. Unfor-
tunately, this simple kinetic picture does not take account of the mutually
repulsive space-charge effects which set an upper limit to the useful drift
time by debunching the electrons.® For a 2000-volt beam in the 4000-
megacycle range, this limit is approximately three micromhos per milli-
ampere. The 402A tube used in the New York to Boston system has
already approached this limit within a factor of two. Since the capaci-
tances are also quite small, the prospect is quite dubious for any con-
siderable improvement in gain-band merit if the simple klystron type of
operation were to be used.

Improvements are possible in a klystron by changing the manner of
operation so as to lower the drift voltage V, , because the aforesaid trans-
admittance limit is proportional to ¥y= .* This prospect is also relatively
unattractive. To get transadmittance values anywhere near the triode
would require low voltages and close spacings somewhat like the latter,
and would encounter space-charge difficulties involved in handling a large
current in a low-voltage drift space. Furthermore, the tube would be more

* D. L. Webster, Jour. App. Phys. 10, 501-508 (July 1939).

#S. Ramo, Prec. I. R. E. 27, 757-763 (December 1939).
* The value of # may vary between 14 and 3. See reference 3,
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complex, having several grids instead of one. A number of modifications
of klystron operation were considered, but all looked more complex me-
chanically and more speculative theoretically than a tricde.

In a triode there is also an upper limit to the transconductance that
can be achieved by spacing cathode and grid more closely. This limit
would be reached if the spacing were so close that the velocity produced
by the grid voltage were of the same order as the average thermal velocity
of cathode emission. The triode limit of some 11,000 micromhos per
milliampere is, however, many times greater than that for ordinary
klystrons. What is still more important is the fact that previous micro-
wave triodes were still a factor of twenty to twenty-five below this limit,
leaving considerable room for improvement. Thus, if mechanical methods
could be devised for decreasing the cathode-grid spacing and at the same
time maintaining parallelism between cathode and grid, it seemed highly
probable that great improvements would be available from a new triode.

The choice to develop a triode for this application was therefore taken
not merely on the basis of simplicity, but also with the expectation that
performance improvements would be not only larger but also more cer-
tainly obtainable than by use of a modified klystron. Moreover, the
possibilities of using the triode over a wide frequency range in other
ways—as a low noise amplifier, modulator and oscillator—lent additional
weight to its choice. By translating the known requirements on gain,
bandwidth and power output into triode dimensions as discussed below,
it was found that the input spacings of existing commercial tubes would
have to be reduced by a factor of about five. In addition, cathode emis-
sion current densities would have to be increased about three times. A
design was evolved in which the required close spacings could be produced
to close tolerances by methods consistent with quantity production re-
quirements. The B.T.L. 1553 tube was the result (Fig. 1). Many of its design
features were adopted for use in the Western Electric 416A tube, which is
an outgrowth of this investigation.

DEescrrpTioN ofF B.T.L. 1553 TrI1ope*

The electrode spacings of this tube and of a 2C40 microwave triode are
shown in Fig. 2. In the 1553, the cathode-oxide coating is.0005” thick, the
cathode grid spacing is .0006”, the grid wires are .0003” in diameter,
wound at 1000 turns per inch, and the plate-grid spacing is .012”, Tt is
interesting to note that the whole input region of the 1553 including the
grid is well within the coating thickness of the older triode.

The arrangement of the major active elements of the tube is shown in

* This section is repeated from reference 1 for completeness.
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Fig. 3. This perspective sketch has been made much out of scale so that
the very close spacings and small parts would be seen. The nickel core of
the cathode is mounted in a ring of low-loss ceramic in such a manner
that the nickel and ceramic surfaces may be precision ground flat and
coplanar. A thin, smooth oxide coating is applied to the upper surface of

Fig. 1.—The B.T.L. 1553 microwave triode with a cross-section drawing of it in the
background.

the cathode by an automatic spray machine developed especially for this
tube. With this machine, a coating of 0.0005” 4 0.00002” may be put on
under controlled and specifiable conditions. To insure long life with such
a thin coating, it was necessary to develop coatings from two to four
times as dense as those used in existing commercial practice.

The grid wires are wound around a flat, polished molybdenum frame
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that has been previously gold sputtered. The winding tension is held
within =1 gram weight to about 15 gram weight, which is about sixty per
cent of the breaking strength of the wire. This is accomplished by means
of a small drag-cup motor brake, a new method which was developed
especially for these fine grids. The grid is then heated in hydrogen to
about 1100°C, at which point the gold melts and brazes the wires to the
frame. The mean deviation in wire spacing is less than about ten per

Fig. 4.—Physical appearance of the elements comprising the 1553 triode,

cent, and in fact these grids are fine enough and regular enough to be
diffraction gratings as is shown in Fig. 5. In this figure, a fourth order
spectrum diffracted by one of these grids can be seen. The third order,
which should be absent because the wire size is about one-third of the
pitch, is much less intense than the fourth. Proper spacing of the grid is
then obtained by a thin copper shim placed between the cathode ceramic
and the grid frame. Its thickness must be equal to the coating thickness,
plus the thermal motion of the cathode, plus the desired hot spacing.
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The cathode, spacer, and grid comprising the cathode-grid subassembly
are riveted together under several pounds of force maintained by the
molybdenum spring on the bottom of the assembly. The rivets are three
synthetic sapphire rods fired on the ends with matching glass. In Fig. 4,
the parts comprising this assembly are shown in appropriate pile-up se-
quence at the left, and the completed cathode-grid subassembly is shown
at the right between the bulb and the press. The grid-anode spacing of
012" is easily obtained by means of an adjustable anode plug the sur-
face of which is gauged relative to the bulb grid disc.

Fig. 5.—Spectrum formed by the grid of the 1553 microwave triode.

TABLE 1

Low-FREQUENCY CHARACTERISTICS
For Vp =250 V, Iy = 25 ma, Vg = —03 V

gm = 50,000 ymhos Cro = 10 uuf
= 350 Cow = 1.05 uaf
rp = 7000 ochms Cip = .005 ppf

The higher current density of 180 milliamperes per square centimeter,
the thin dense cathode coating, and the very close spacings, posed a
problem in obtaining adequate emission and freedom from particle
shorts, and had to be solved by quality control methods because of the
large number of factors involved and the precision required. Tubes, sub-
assemblies, and testers have been made in batches and studied by statis-
tical methods. To achieve a state of statistical control on emission, and
freedom from dust particles, it is necessary to process the parts and
assemble the tubes in a rigorously controlled environment. Completely air-
conditioned processing and assembly rooms operating under rigorous con-
trols have been found necessary®. Under such controlled conditions, good
production yields with satisfactory cathode activity have been obtained,

8 R. L. Vance, Bell Laboratories Record, 27, 205-209 (June 1949).
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whereas without such conditions not only was the yield low but it was
difficult to ascertain just what factors were operating to inhibit emission
and to cause cathode-grid shorts.

A summary of the pertinent low-frequency characteristics of the 1553
triode is given in Table I. It should be noticed that, at plate currents of
25 milliamperes, the transconductance per milliampere is about 2000, that
is, about one-fifth of the theoretical upper limit. At lower currents this
ratio is higher: at 10 milliamperes, for example, it is 3000 micromhos per
milliampere. Diodes with the same spacings have about twice these values
of transconductance per milliampere, showing that the grid is fine enough
to obtain fifty per cent of the performance of an ideal grid.

TriopE DESIGN REQUIREMENTS

Analysis of the figure of merit can well begin by devoting attention to
the band-limiting capacitance C,, of the output circuit. First, some ques-
tion may be raised as to the applicability of the concept of a simple
L-C shunt resonant circuit at high frequencies, where the circuit parame-
ters are actually distributed, not lumped. Suppose the actual circuit
admittance is ¥, = G, + jB,. In order to represent it as a simple shunt
resonant circuit of admittance V, = G, 4 jwC, + 1/jul,, we need only
require that the two be equal and have equal derivatives with respect to
frequency at the center frequency fy = wy/2w. Accordingly the “effective
values” of the actual admittance are given by the following equations:

Gp = G: (‘-‘-’0)
C, = Y(Bi + B./w) 3)
1

L_,, = 3w B; — wB.)

From this development one sees that the representation neglects G,
the first derivative of the conductance, but otherwise is correct to first
order as a function of frequency.

There are important cases where this representation as a simple circuit
does not hold. For example, double-tuned circuits having two local reso-
nances have a fundamentally different band shape. However, such compli-
cation of the circuits has been excluded from the figure of merit on the
ground that it is purely a circuit “broad-banding” problem: having de-
termined the performance of the tube for simple circuits, any broad-
banding (double-tuning, staggering, etc.) will give a calculable improve-
ment which does not depend upon the tube. Accordingly, to compare
tubes it is sufficient to consider standard simple circuit terminations,
tuned to the same frequency.
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The total capacitance Cou includes two contributions: from the active
electrode area inside the tube (Cz) and from the passive resonating circuit
(Cp). It is convenient to consider these separately, writing the figure of
merit as follows:

| Vil | 1

To|'B = —2- 7 N 4
11 C22

The first factor is the “intrinsic’’ electronic figure of merit of the active
transducer alone, while the second factor expresses the deterioration
caused by input passive circuit loss G, and output passive circuit ca-
pacitance Cye, both of which should ideally be held as small as possible.

Consider the first factor, the intrinsic electronic gainband product
which depends only upon the properties of the electron stream and the
electrode dimensions in the regions occupied by the electron stream.

It is the responsibility of the tube design engineer to maximize this
product consistent with any limitations which may be imposed by me-
chanical, emission, thermal or circuital considerations.

On the other hand, in maximizing this intrinsic gain-band product, the
tube engineer must not proceed in ignorance of the effect of his actions
on the possibility of obtaining a favorable value for the second factor.
For example, he may attempt to make Cs so small (in order to maximize
the first factor) that it becomes physically impossible to obtain an effec-
tive circuit capacitance C 2 which is not large compared to C . In such a
case, the actual gain-band product would be much smaller than the in-
trinsic product of which the tube would be capable if circuit capacitance
were negligible. Such a balancing of effects will become apparent from
the subsequent discussion.

It is desired, therefore, to express the transadmittance, input conduct-
ance and output capacitance of the electronic transducer in terms of such
parameters as cathode current density, electrode dimensions, frequency
and potentials in such a way that it will become clear how a maximizing
process may be carried out by adjusting these parameters.

As a first approximation let us use the results of Llewellyn and Peter-
son’s analysis of plane-parallel flow”, which makes the following assump-
tions:

1. All electrons are emitted with zero velocity.

2. All electrons in a given plane have the same velocity.

TF. B. Llewellyn and L. C. Peterson, “Vacuum Tube Networks,” Proc. I. R. E., 32,
144-166 (1944).
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3. The dimensions of the grid are infinitesimal compared to the elec-
trode spacings.
4. The electrode dimensions are small compared to the wavelength.

It can be shown that the intrinsic gain-band product may be expressed
in the following two ways:

M= K [ ]f’ L () ][3“F°(92)\/V]

Lo Fs5(6:)

_x [1] [i] [6: FZ6)\/ V]

61‘ F 3(91)

(5)

where K, K’ are parameters which are functions only of frequency.
xy is the cathode-grid spacing in cm
, . . 126 ()"
0, is cathode-grid transit angle and 6, = ~ =
J

j = cathode current density in amp/cm?

id-anod | 46, 6300 x;
6, = grid-anode transit angle and 8, = R\/V;

and Fy (1), Fa(6:) and Fy(8,) are complicated functions of their respective
transit angles.
Consider frequency to be given as part of the specifications on the tube.

VariaTioN witH CURRENT DENsITY, j
In the first formulation the current density is involved only in the
1/3
second factor. This factor is a function only of 6; = ( l) and is shown
J

plotted in Fig. 6. If x; and A are considered to be held fixed for the moment
the first maximum at #, — O requires j to be as large as possible consis-
tent with emission limitations and life. For the 1553 the cathode current
density is set at 180 ma/cm?

The other maxima at larger values of 6, (and smaller values of j),
where Fy(6:) goes through zero, correspond to transit angles where Gy —
0 in the single-valued velocity theory. These maxima cannot be taken at
face value, however, to indicate maxima in the unequal-Q gain-band
product since they violate the assumption that Q; << (. for which the
formula was developed. To make a study of gain-band variation in this
region therefore entails a study of gain-band product as a function of
bandwidth, as was pointed out previously in connection with comparison
of the equal-Q and unequal-() cases. Such maxima are of interest pri-
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marily in narrow band cases so that for the present we shall concern
ourselves only with the first maximum at 8, — 0 and j indefinitely large.
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Fig. 6.—Gain-band product dependence on current density (j), with input spacing
(xl) fixed.
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Fig. 7.—Gain-band product dependence on input spacing (x), with current density (j)
fixed.

VARIATION WITH CATHODE-GRID SPACING, X

Now consider that j has been fixed at the largest permissible value
according to the previous section and consider the second formulation
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for M. The spacing x, is involved only in the second factor which again

1/3
is a function only of &, = (;) . We again have a strong first maximum at

6 — 0 requiring 7 to be as small as possible (Fig. 7). Other maxima are
indicated at larger values of 6, (and larger values of x,) again at points
where Gy — 0 and the same remarks apply here as were made in the
previous section. For broad-band optima we are therefore interested in
minimum values of x.

1.8 /
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Fig. 8.—Gain-band product dependence on output spacing (xa).

VARIATION WITH ANODE-GRID SPACING, X3

The anode-grid spacing x. is involved only in the third factor of either
formulation. This factor is a function of output transit angle # and
exhibits a maximum for § = 2.9 radians as shown in Fig. 8. This opti-
mum at a fairly large value of 6, is due to the fact that the capacitance
Cyy varies as 1/xy whereas the coupling coefficient of the stream to the gap
decreases more slowly at first than the capacitance so that the ratio
¥2%,/Cs improves as the spacing becomes moderately wide. The opti-
mum &, corresponds to an optimum value of a» which of course depends
upon the plate voltage and frequency of operation. For the 1553 at 250
volts and 4000 Mc/s, the optimum output spacing is .022”.
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LimrTaTioNs IN CHOOSING OPTIMUM PARAMETERS

Generally, there are mechanical, thermal, emission and specification
limits which prevent the realization of optimum values for all of the above
parameters simultaneously. A good design is one in which a nice balance
is effected between these various optima and their limitations.

LiMiTaTIONS ON Em1ssioN CURRENT DENSITY, j

It is generally true that the life of a thermionic electron tube varies
inversely as the average cathode current density in a complicated fashion.
The maximum permissible value of j is therefore always a compromise
between our desire for highest figure of merit and long life. In the present
state of the cathode art as it has been evolved for the 1553 triode it is
possible to operate at a current density of 180 ma/cm® and obtain an
average life of several thousands of hours. It is perhaps of interest to
note that it was necessary to develop much more dense and smooth oxide
coatings in order to make possible such life in the thin coatings necessary
for operation at such close spacings.

LmiTaTIONS ON CATHODE-GRID SPACING, %

Consider the limitations in reaching the optimum in x;. There is, of
course, the obvious one that it is mechanically and electrically not pos-
sible at present to make % equal to zero and still retain the essential
features of unilateral controlled space charge flow. Granting then that the
spacing cannot be zero, we must choose the smallest value of 2 for which
parallelism and reasonable tolerances can be maintained. To this end in
the 1553 a value of x, = .0006” is very near this limit with present
structures.

There is, however, at present another limitation which is essentially
mechanical in nature but makes itself felt electrically in a way not indi-
cated in the above simplified theory. This theory has assumed that the
grid dimensions are infinitesimally thin compared to the electrode spac-
ings. However, if this is not the case then the grid has less control action
than an ideal fine grid, and the intrinsic gain band product must be
reduced by still another factor F; which is a function of the grid trans-
p—d

?

mission factor a =

and the ratio % where p is the pitch distance be-

tween grid wire centers and d is the diameter of grid wires. This function
has the form shown in Fig. 9.*

Thus if the grid pitch and wire diameter are mechanically limited to
some finite though small values, the optimum in input spacing x will

* Data transmitted informally from C. T. Goddard and G. T. Ford.
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still be for &, — 0 but will not increase so strongly as x~*

"* as before but
much more slowly, about as x™'"*. The grid dimensions should consequently
be made as small as possible while still maintaining a transmission fraction
at no less than 0.5 and at the same time not allowing mean deviations in
pitch more than about 15%,.

In the 1553 our best grid techniques today have led to a stretched grid
(which does not move appreciably during temperature cycling) having a
transmission factor of approximately 0.7, a pitch distance of .001” and a
mean deviation in pitch of less than 159%. For such a grid further de-
creases in input spacing without refining the grid will not pay off very
rapidly, since we are on the maximum slope portion of the function F,.

1.0
-——_
0.8
X —
/
a 0.6
~
>
W 04 v
0.2 ,/
0

o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 .8 2.0
RATIO OF INPUT SPACING TO GRID PITCH, X]/p

Fig. 9.—Dependence of gain-band product on grid pitch.

LmMITATIONS ON ANODE-GRID SPACING, %

In considering the choice of output spacing we must attain a balance
among the following considerations:

a. The optimum transit angle 8, = 2.9 radians requires a spacing which
varies with plate voltage and with frequency. For 250 volts and
4000 Mc/s, this optimum is .022”,

b. The anode heat dissipation must be closely watched because the glass
seal in this type of tube is very close to the anode. For the 1553,
a maximum of 50 watts per square centimeter of anode active sur-
face is safe. With a maximum cathode current density of 180
ma/cm?, set by life considerations, heat dissipation limits the plate
voltage to 275 volts unless the current is lowered.

c. If the anode is moved too far out, keeping its voltage constant, then
in order to draw the desired current the grid must go positive,
perhaps drawing excessive grid current. The grid shielding factor u
cannot be reduced without harming the transadmittance and feed-
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back values; accordingly the cathode current would have to be re-
duced below the maximum permissible from life considerations.

d. The circuit degradation factor (1 + Cj/Cz)™" becomes more un-
favorable as the active capacitance Cs is reduced by widening the
output spacing. For discussion and calculation of this factor, see
Appendix 2.

e. A wider output spacing, by virtue of the reduced capacitance, per-
mits a higher maximum frequency limit on the tube.

The actual choice of output spacing in the 1553 is .012”. This com-
promise between the foregoing factors appears to be suitable at 4000
Mc/s. The output transit angle of 1.6 radians gives 78% of the theoretical
optimum intrinsic gain-band product. The anode dissipation is near the
maximum safe value for the maximum allowable cathode current. The
grid runs very close to cathode potential so that grid current is small.
The circuit degradation factor has a value of about 0.8, while the upper
frequency limit of the tube is satisfactory (about 5000 Mc/s).

The optimum design just described is an attempt to get the best pos-
sible gain-band product in the resulting tube, and is based on a particular
electronic theory (that of Llewellyn and Peterson). Two points remain to
be discussed. (1) What would be the result of optimizing for other merit
figures such as power-band product or noise figure, and (2) how valid is
the theory?

Power-Banp PropucTt

The radio relay amplifier requires not only gain, but perhaps even more,
power output. In such a case, the design specification of greatest im-
portance is the bandwidth over which a certain power output can be
obtained with a specified maximum distortion, and is expressed by an
analogous figure of merit, the power-band product.

Of the many methods of specifying distortion, one which is particu-
larly useful in this connection is the ‘‘compression”, that is, the amount by
which the gain is reduced from the small-signal value. In an amplitude-
modulated system, the compression would be a direct measure of non-
linear amplitude distortion in the amplifiers. In the actual relay, using
FM, compression is an indication that the amplifier is approaching its
maximum limit of power output.

The maximum power output depends not only on how much current
the tube can carry, but also on the magnitude of the load impedance
into which this current works, which in turn depends upon the band-
width of the load. To compare tubes without need of specifying any
bandwidth, one notes that the product of power output and band-
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width is a constant, a figure of merit. The derivation is outlined in
Appendix 1.

I50F*(C)F3(6y)

foB =

(6)
The numerator here is just the square of the maximum ac current; that
is, the dc current 7y , multiplied by a factor F(C) depending on the allow-
able compression C, and by the gap coupling coefficient Fy(8.) of the elec-
tron stream to the output gap. The latter is of course a function of the
output transit angle .. It is assumed that the load is a matched simple
resonant circuit and the band is taken 3 db down.

The power optimum must clearly be somewhat different from the gain
optimum previously discussed. For example, the transadmittance does not
appear here, nor does any property of the input circuit; while the magni-
tude of the direct electron current, which did not appear in the gain-
band product, is now important. The capacitance of the output circuit
appears in both figures of merit.

In terms of internal parameters of the tube, application of Llewellyn
and Peterson’s theory along the lines previously discussed leads to the
following expression for power-band product:

M: (P) = K[Aj* F(C)] [8: F3 (62) vV, (7)

where A is the electrode area, F*(C) is a function of the allowable dis-
tortion limits, K is a constant which may depend upon frequency, and
the other symbols are as before.

Considering first the dependence on output transit angle and plate
voltage, one sees that this figure of merit has exactly the same form as
the gain-band product. It is, however, not quite safe to assume therefore
that exactly the same output configuration is still optimum, because the
factors entering into the choice of output spacing have not exactly the
same relative importance any longer; for example, a positive grid may be
less objectionable, or a higher plate voltage may be permissible. Still, as a
first approximation one may assume the output configuration to be al-
ready somewhere near optimum.

Other factors of the power-band figure of merit show considerable
difference from the gain-band product. For instance, the electrode area
enters the picture explicitly, suggesting that a larger area tube would
give more power. The current density enters squared instead of only to
the § power; the explicit dependence on input spacing is missing. The
compression function F(C) depends mostly on the input conditions in a
complicated way difficult to calculate. It can be approximated graphically
from static characteristics.
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A power tube similar to the 1553 might therefore be larger in electrode
area, might have a coarser grid and wider input spacing, and perhaps
would differ somewhat in output configuration, particularly if the plate
voltage were raised. Any cathode development permitting a higher cur-
rent density would improve the power output more than the gain, and
might well lead to a drastic anode redesign to permit larger plate dissipa-
tion.

Similarly, a design to optimize noise figure would lead to stilk-a third
version of the tube, in which one might consider such thmgs as’ critical
relationships between input and output spacings.

For the 1553 at 4000 megacycles the following quantitative data may
be quoted in order to check the gain-band product estimates.®

| ¥or | = 39.107° mhos
Gu = 73-107° mhos

Note that the transadmittance is less than the dc value of 45-107°
mhos by only about 15%, while the input conductance, instead of being
equal to the transadmittance as at low frequencies, is almost twice as
large, on account of loading of the input gap by electrons returning to the
cathode. Using the active capacitance Cy of .477 upf, the intrinsic gain
band product is:

' B = Yzl 2/4#611(?22 = 3480 megacycles.

With the somewhat optimistic capacitance degradation factor of .81 com-
puted in Appendix 2, the gain band product would be reduced to 2820
megacycles.

The experimental average value is about 1100 megacycles The differ-
ence is probably due in part to resistive loss in the passive input circuit,
which may be calculated as follows: Neglecting feedback, the input cir-
cuit may be represented as containing a resistance R, in series with the
short-circuit input admittance g + jbi. Robertson gives the followmg
values for these elements:

gu = 73:10~* mhos
bu = 26-107% mhos
R, = 7.6 ohms
Accordingly, the input degradation factor Ru/(Rn + R,) should be

11.2/(11.2 + 7.6) = .60, giving a computed overall gain-band product of
1690 megacycles. The best tubes sometimes exceed this figure. Tubes

5 5. D. Robertson’s measurements at 4000 megacycles, B. S. T. J., 28, 619-655 (Oc-
tober 1949).

9 A. E. Bowen and W, W, Mumford “Microwave Triode as Modulator and Amplifier,”
this issue of B. S. T. J.
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with lower values may have excessive input circuit loss.or may have
narrower bandwidth on the input side than has been assumed. Further
measurements, by elucidating this point, might lead to a better design of
tube and circuit.

An entirely similar calculation can be made for the power-band product.
The additional assumptions required are that the compression function
F*(C) has the conservative value of }, and the output coupling coefficient
Fy(8y) is taken as 0.9. The power-band product at 4000 megacycles is then
computed to be 50 watt megacycles, which is quite close to the figures
found by Bowen and Mumford.

REFINEMENTS OF THE ELECTRONIC THEORY

In the electronic computations above, the single-valued theory was used
because it is the simplest theory which describes the high frequency case
at all accurately. The most important discrepancy between the rigorous
theory and the actual situation is the first theoretical assumption listed
above, that the electrons are emitted from the cathode with zero velocity.
For actual cathodes the velocity of emission is not zero nor uniform but
has a Maxwellian distribution such that the average energy away from
the cathode is § & T}, or about equivalent to the velocity imparted by a
potential drop of 0.04 volt for an oxide cathode at 1000°K. There result
several effects whose general nature is known but which have not yet
been formulated into a rigorous quantitative theory valid at high fre-
quencies.

(1) A potential minimum is formed at a distance on the order of
.001” in front of the cathode instead of at the cathode as in the
simple theory. This distance is not negligible for close-spaced
tubes; so that, for very close spacings, even perfect “physicists’
grids” approach a finite trans-conductance limit. [van der Ziel,
Philips Research Reports 1, 97-118 (1946); Fig. 2.]

(2) Because the potential minimum implies a retarding field near the
cathode many electrons emerging from the cathode are forced to
return to it. These returning electrons absorb energy from the signal
and also induce excess noise in it, both effects becoming important
at high frequencies.

The effects of initial velocities on the figures of merit can be measured
experimentally. For example, the circuit and electronic impedances of
diodes and triodes at 4000 Mc have been measured by Robertson.* Such
measurements can determine the electronic loading and noise separately
from the circuit degradation effects and are therefore a highly effective

¥ loc. cit.
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method of circuit design as well. Robertson found that the input circuit
structure of the 1553 produces a measurable impairment in its gain-band
product, which redesign of both tube and circuit may be able to improve.
Comparison of his results with the theory has given a better understand-
ing of the limits of high-frequency performance, and has lent some sup-
port to the following set of rules of thumb which have been in use for
some time:

1. The input loading arising from the returning electrons is consider-
able, the input conductance of these tubes at 4000 Mc being about
double the theoretical value of Llewellyn and Peterson.

2. The input noise of these close-spaced tubes checks well with what
one would expect of a low-frequency diode with Maxwellian veloci-
ties, whose solution is known. In high-frequency noise calculations,
therefore, one can use with some confidence Rack’s suggestion that
cathode noise can be regarded as an effective velocity fluctuation at
the virtual cathode.!
Single velocity theory seems to hold well when velocities are much
larger than Maxwellian, drift times are not more than a few cycles,
electron beams are short compared to their diameter, and no exact
cancellations of large effects are predicted. In particular it holds well
for the 1553 output space and for calculations of the high-frequency
trans-admittance.

w

Extensive calculations of signal and noise behavior in planar multigrid
tubes have been made by L. C. Peterson, using the single-velocity theory
except for an empirical value of input loading, and using Rack’s sugges-
tion for cathode noise.!! The results so far checked have agreed well with
experiment.

In short, the optimum design for the tube is still given fairly closely
by the figures of merit based on the approximate -theory, but the per-
formance will fall somewhat short of the predictions of the simple theory;
performance can be estimated with the aid of the experimental measure-
ments and rules of thumb just described.

SUMMARY
From the foregoing calculations we draw a number of conclusions:

1. The figures of merit can be validly analyzed into their dependence
on more elementary properties like transadmittance, circuit capaci-
tance, input loss resistance, and so on.

7loc. cit.

10 A, J, Rack “Effects of Space Charge and Transit Time on the Shot Noise in Diodes,"
B. S.T. J., 17, 592-619 (October 1938).

1, C. Peterson “Space Charge and Noise in Microwave Tetrodes,” Proc. I. R. E., 35,
1262-1274 (November 1947).
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2. Even rough calculations, such as the coaxial line approximations
used in Appendix 2 are close enough to the facts to indicate whether
the design is close to an optimum with respect to such parameters
as output spacing, anode diameter, grid diameter, and the like.
More accurate calculations and experiments can give more precise
answers to these questions.

3. Some considerations such as cathode activity, tube life, heater power
and so on have not yet been included in the analysis. However,
systematic optimization for such parameters as are treated quanti-
tatively is greatly facilitated. In general, each different figure of
merit leads to a somewhat different optimum and hence a different
version of the tube.

The design of tubes by the method of figure of merit has been outlined.
The method is very general, but in essence has just three steps:

1. Formulate the system performance of the projected device with the
aid of a figure of merit.

2. Find how the figure of merit depends upon the parameters of the
tube, such as spacings, current, etc.

3. Adjust the tube parameters, subject to physical limitations, to op-
timize the figure of merit.
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APPENDIX 1
DERIVATION OF THE FIGURES OF MERIT

Gain-Band Figure of Merit

Let the problem be stated as the design of an amplifier tube to operate
with as large gain over as wide a frequency band as practicable. As a
standard environment, we use a single-stage amplifier working between
equal resistive impedances. For three reasons this standard is suitable: it
is simple; it corresponds closely to practicality in many cases especially
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in the microwave field; and in most cases, it turns out that performance is
limited by the same transadmittance to capacitance ratios as apply when
the source and load impedances are not purely resistive. The terminology
of high frequencies will be used but the analysis applies at all frequencies
under the conditions stated. ‘
Consider the over-all single-stage amplifier of Fig. Al-1 consisting of
input resonator, tube and output resonator, to be a single transducer
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Fig. Al-1.—Microwave triode amplifier.

whose gain and bandwidth we wish to relate to the geometry and other
pertinent characteristics of the circuits, bulb and electrode characteristics.

Tt is instructive to consider the whole transducer to be made up of three
transducers in tandem as follows: '

1. The input passive transducer, extending from the externally avail-
able input terminals (perhaps located somewhere in the driving wave
guide or coaxial line) up to the internal input electrodes right at the
boundary of the electron stream. Call this transducer T;; in the
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case of the grid-return triode of Fig. 1 it begins somewhere in the
input wave guide at 0-0° where only the dominant wave exists,
includes the input external cavity and that portion of the tube in-
terior right up to but not including the cathode-grid gap adjacent
to the electron stream at 1-1'.

. The output passive transducer, extending from the externally avail-

able output terminals located in the output wave guide through the
output part of the bulb right up to the internal output electrodes at
the boundary of the electron stream. Call this Ty; in the triode it

Iy YiaVa Y2V

Yp1 Yn Ya2 Yp2

3
Go ” Lpie Gpi %Cp! Yin Yz2 Cpa% Gpz2lpa H Go

1 2 3
Lo/Ny YaVy
|’L 02’
f\/. Yie Yae V21
1 O l (C) I 0 2

Fig. A1-2.—Amplifier representations,

extends from somewhere in the output wave guide at 3-3’ where
only the dominant wave exists, includes the external coupling window,
resonator cavity and output portion of the bulb, right up to the
grid-anode gap adjacent to the electron stream at 2-2,

- The active electron transducer enclosing everything between the

internal terminals of the above two passive coupling transducers—
call this T,—in the triode it extends from the cathode-grid gap
adjacent to the electron stream at 1-1’ to the grid-anode gap adja-
cent to the electron stream at 2-2'. Geometrically it includes the
stream and active portions of the electrodes. The term ‘‘active”
will be applied to the electron stream and to those portions of the
electrodes which interact directly with the stream,
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We may represent these three transducers as in Fig. Al-2a, where the
input and output transducers have each been replaced by an ideal trans-
former of turns ratio V and a shunt admittance ¥, . This representation
is general enough for present purposes, provided that ¥, and N are
allowed to be complex functions of frequency and provided that terminals
0-0' and 3-3’ are chosen so that a potential minimum occurs at those
points when points 1-1" and 2-2" are shorted.

The short-circuit admittances for the whole transducer as seen at ter-
minals 0-0’ and 3-3' are then

Y = N1 (Vu + V)

V¥ = Ny (Voo + Vo) (A1-1)
V*, = N\N.Vy

V¥*. = NiNoVp

where the ¥ ;; are the short-circuit admittances of the electron transducer
alone as seen at terminals 1-1” and 2-2'.

If the feedback admittance ¥y, is assumed negligible the insertion volt-
age gain may be written as

2N Ny Vi
Go(1 + a)(1 + o2)

where the sigmas are admittance-matching factors:

— A“dl'(ru + I’pr) _ Y*u. _ Ng(yza + Ypﬂ) _ YM*
gy = ——— Gu = —GT, gy = — G;) - ?ﬂ‘ (Al'z)

P(w) =

The gain is maximum when ¢y, o2 are minimum, i.e., when tube and
circuits are resonant and losses are minimum.
We may rewrite this in terms of the total ¥'*;; as follows:

2 "
Go(l + 0’1)(1 + 62)

Many practical cases are well approximated by the more special repre-
sentation of Fig. A1-2b, where the turns ratios of the ideal transformers
are real and independent of frequency, and the shunt admittance consists
of ordinary lumped constant circuit elements. The feedback admittance
V12 is neglected.

This representation as simple, lumped-constant elements holds very
well for any admittance, even a distributed, cavity-type microwave
circuit, or an electronic admittance, provided that the combined circuit
has no series and only one shunt resonance near the frequency band in

Tw) = (A1-3)
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question. The “‘effective values” of the actual admittance are given by
equations (3) of the text, as follows:

Gp = G_‘g (wo)
1 (B. + B./w) (A1-4)

1P
<
Il

— = % (w?® B: — w By)

Let the complete admittances across nodal pairs 1-1’ and 2-2' be called
¥y and ¥y, as in Fig. A1-2c, which is an abbreviation of Fig. A1-2b from
the point of view of the active transducer.

1
Vie= G + Gpl. + Gu + jmcpt + jwcll + j’—

wl

. 1
= Gle + _fwcle + ijla (AI'S)

1
Yo = G2 + sz + G + jwcpﬂ + _;fwcaz + m

= G‘e feeC e v oy

26 Jwle + j‘sze
where G, and G, are the line admittances as seen from the active trans-
ducer:

Gy = Go/Ni; Ga = Go/N.

The Q’s of the circuit are defined as
Q1 = wo C1e/Ge (A1-6)
Qe = wy Coof/Gae

The insertion voltage gain (2) may be written as follows to emphasize
the manner in which it depends upon frequency:

2 r'_’l G]LG‘_!‘: -

r= V1Yo 1/(1 + #1)(1 + p2) (Al-l)

Here p = o(wo) is the matching factor at band center. Frequently the

circuits are matched (g = p» = 1) to avoid standing waves in system

applications, and we shall discuss this case; but in any case w; and p,

are constants with respect to frequency. or our standard circuits, G,

and G are independent of frequency;also ordinarily the transadmittance

Vs may be considered constant for bandwidths commonly encountered.

There results then the fact that the voltage gain (and phase) depends on
frequency in the same way as (V1. Vo)™
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Since the gain varies with frequency, the amplifier will give approx-
imately constant response only within a certain range of frequencies.
The band of the amplifier is defined as that frequency interval within
which the magnitude of the gain is constant within some specified toler-
ance; the bandwidth is the size of this interval. We wish to express the
gain of the amplifier in terms of its bandwidth, in the following way:

The voltage gain of this amplifier has a maximum, called T's, at band
center frequency fy . Take the band of the amplifier By(4) as that interval
within which the voltage gain is within a factor of 1/N times the maxi-
mum.
gé::i) W defines By(A4) (A1-9)
We can analogously define the band of a simple circuit B.(C) by the
relation

2¢(W0)
Vole) = deﬁnes B.(C). (A1-9)
It follows directly that
B.(C) = G” VL (A1-10)

Since the amplifier gain is inversely proportmnal to the product of the
circuit admittances, it follows that #; n, = N.

The intrinsic bandwidth resulting from the tube admittance may not
be suitable for the intended application. In that case the band may be
widened by increasing Gi. or Ga. with a corresponding decrease in gain.
We have then the problem of adjusting Gi. and G, for greatest band ef-
ficiency, i.e., maximum gain for a given bandwidth, with synchronous
tuning. It turns out that if the bandwidth is less than that needed, then
the circuit of higher Q should be lowered until either (a) the band be-
comes wide enough, or (b) the Q’s become equal. In case (b), both Q’s
should then be lowered, maintaining equality, until the band is wide
enough.

Two important limiting cases are to be considered: (a) Qi = Qs , i.e.
the band is shaped equally by the input and output circuits; and (b)
Q1. << (e, i.e. the band is shaped by only the output circuit. In the
equal-Q case we have

Gie _ G
Cla CEe
=N (A1-11)

BN(A) - i gle gza '\/N — 1 .
le 20



DESIGN FACTORS OF THE 1553 TRIODE 523

If only the output circuit is involved, then N = #, and the band of the

amplifier, being shaped differently, is given by a different relation:
By(4) = -0 /N1 (A1-12)
2‘11'C2£

In other words, a band shaped by only one circuit has the shape of (12),
while a band shaped by two circuits has the shape (11). The maximum
voltage gain is
B 2| Vu|

VGG (1 + p)(1 + p2)

Substituting for the G’s in terms of the bandwidth, we have for the
equal-Q case (from 11)

| To| = | T'(wo) | (A1-13)

| ¥ | 2vVN-1 1
27V/CiCou /(T + )L + ) Bw
and for the unequal-Q case (from 12)

| ¥a | ‘\/§V‘N’—l 1
Tl = G VG VI ¥ w0 + 5) VB, AW

These equations give the relationship between the gain and bandwidth
of a transmission system shaped by two or one independent circuits,
respectively. The comparison between these two cases is not quite straight-
forward. First, the band shapes (11) and (12) are different, although this
difference is small enough to be ignored for N < 2 (6 db down). Second,
the gain varies differently as the band is widened; the equal-Q case loses
gain at 6 db per octave in bandwidth, the unequal-Q case only 3 db
per octave. The comparison therefore depends on the bandwidth chosen.
However, these formulas are still quite useful, especially in comparing
two amplifiers of the same type or in optimizing an amplifier of one of
the types.

From the equal-Q formula one notices that the product of insertion
voltage vain and bandwidth does not depend on the bandwidth, but is a
figure of merit by which two amplifiers of the same type (i.e. equal Q)
but different gains and bandwidths can be compared. Since

Ci = Cn+ Cp] ; Coe = Cop + Cp2
Vo
| T ‘ By =

1
/g /e
Cll Cﬁ
. ( 2VN -1 )
V({1 F w1 + pa)

| To| =

(A1-14)

(A1-16)
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This expression for the gain-band figure of merit of a two-circuit, line-
to-line amplifier is particularly useful for grounded-cathode pentodes and
klystrons. It is the product of three factors. The first may be called the
electronic figure of merit because it depends only upon electron stream
parameters (ratio of transadmittance to mean capacitance of the elec-
tronic transducer 7%). The second is the degradation factor giving the
effect of adding passive circuit capacitance both inside and outside the
bulb to the active capacitance already present in the electronic transducer.
The third factor, called the matching factor, depends only on the matching
conditions and on the arbitrary definition of bandwidth. If the band is
taken 6 db down (3 db for eacy circuit) and the tube input and output
are matched, the third factor is unity.

In amplifiers using triodes and tetrodes in grid-return circuits, the Q
of the input circuit is usually very much smaller than that of the output.
Here it is appropriate to use the single-circuit limiting concept, with
Q1 << Q2. . Here a figure of merit independent of bandwidth is obtained
from the product of power gain and bandwidth:

| Tof* B —('Y‘”'z) !

11 CEQ

8u, VN =1
((1 + w)*(1 + .uz)) (A1-17)

This expression fot the gain-band figure of merit of a one-circuit, line-
to-line amplifier is also the product of three factors. The first is again the
intrinsic electronic figure of merit of the active transducer alone; the
second is the degradation produced by the addition of passive circuit
capacitance to the output and circuit loss to the input; the third is a
band-definition matching factor which is unity when the band is taken 3
db down and the tube is matched.

In the application of the figures of merit, the third factors are usually
omitted, since they depend only on the matching conditions and on the
particular definitions of bandwidth used.

Power-Band Figure of Meril

In the problem of power output amplifier stages, the design specifica-
tion of greatest importance is the bandwidth over which a certain power
output can be obtained with a specified maximum of distortion. Of the
many methods of specifying distortion, one which is particularly useful
for microwave systems is known as the ‘“compression”. If the power gain
is plotted in decibels as a function of the power output, as shown in Fig.
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A1-3, it will normally be constant for low power levels (for which the
device is essentially linear) and equal to the low level power gain | T |2,
However, at some higher power level non-linearities appear in some or all
of the various short-circuit admittances, usually causing the power gain
to decrease below the small-signal value by an amount called the com-
pression, C. If Py/P; be power gain for any power output and |T |2
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Fig. A1-3.—Typical gain variation with power output.

COMPRESSION
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Fig. A1-4.—Compression vs.
Alternating current in output
Direct current in output

the small-signal power gain, the compression C is defined in decibels as
follows:

C 10 lOgm I T l 2 — 10 IOg]_() PQ/P.‘ (Al-ls)
| T2 P

0

= 10 lng

Naturally, the compression depends upon how hard the tube is driven,
It is therefore a function of the amount of drive, which may be con-
veniently expressed in terms of the ratio of the alternating output cur-
rent to the operating direct current, as in Fig. A1-4.
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The power output depends on operating parameters thus:

Ge

Po=1 —
° T (Ge + G

(A1-19)

As the output power level is continually raised, more and more cur-
rent is required to drive the load, until finally the non-linear distortion
limit is reached. The maximum output current is therefore limited to a
certain proportion of the direct current Iy , thus:

Loy = T~ F(C) Fa(0n) (A1-20)

where F(C) shows the dependence upon the compression C and will
naturally be the larger, the more the allowable compression. Fg(ﬂz) indi-
cates a dependence upon output transit angle; it is the output’gap cou-
pling coefficient.

The power output depends also upon the output circuit conductance
G» and can be greater if G, is smaller. Howeverfa smaller G, implies a
smaller bandwidth. Tt results that the power is inversely proportional to
the bandwidth of the output circuit,”or in other words, the product of
power output by the bandwidth of the output circuit is a constant—a
figure of merit of the tube. As in the case of the gain-band merit, this
also can be broken up into factors:

_ (IWF(C)F3(8,) 1 24/ N* —1)
Po- Br = ( 4rCo ) (1 + sz/czz) ( 1+ e (at-21)

This expression for the power-band figure of merit is the product of
three factors. The first is the intrinsic figure of merit of the active trans-
ducer alone; the second is the degradation caused by the addition of pas-
sive circuit capacitance to the output circuit; the third is a band defini-
tion—matching factor which is unity when the output is matched and the
band of the output circuit is taken 3 db down.

The power-band computation does not depend upon the input circuit.
Variations in the latter affect the gain of the amplifier, but not its over-
load point. Accordingly in the power band formula only properties of the
tube and its output circuit appear. When feedback has to be considered,
then the input circuit also affects the power, and the analysis becomes more
complicated.

We have now three figures of merit: namely, two gain-band products
applying to different kinds of amplifiers, and one power-band product.
They relate the performance of an amplifier to certain internal parameters.
For wide band service, the tube design should make the appropriate
figure of merit as large as practicable,
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It should be understood that many other factors may have a bearing
on amplifier design, such as power consumption, noise performance or
amount of feedback. Where such factors are important, they too must
be considered, and frequently appropriate merit figures like plate efficiency
or noise figure are useful.

APPENDIX 2
TeE Circulr CAPACITANCE DEGRADATION FACTOR

The capacitance degradation factor Cp/(Cs + Cpe) which applies to
both gain-band and power-band products, can be calculated approximately
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Fig. A2-1.—Passive circuit capacitance Cp.

as shown below. As the frequency is varied, this factor changes by con-
siderable amounts for the 1553 tube; accordingly, both figures of merit
vary with frequency, and design control has been exercised to produce
maximum merit around 4000 megacycles.

The capacitance degradation factor is just the proportion which the
active tube capacitance bears to the total capacitance of tube and circuit,
and would therefore have a maximum of unity if the circuit passive
capacitance were made zero. For the 1553, we may begin by assuming that
the plate circuit is to be tuned by a resonant coaxial line. As the fre-
quency is lowered the effective capacitance will be increased, since the
line must be lengthened; its variation is shown in Fig. A2-1.
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The calculation is based on the following assumptions (Fig. A2-2):
1. The output cavity has inner diameter .180”, outer .850”, conse-
quently a characteristic admittance Go :

Gy = 7250/10g§—2 — 10,710 micromhos (A2-1)
1

2. The gap capacitance is that of a parallel plate condenser of .180”
diameter and .012” spacing, namely
Co = ¢ A/d = 0477 puf (A2-2)

3. The effect of the glass vacuum envelope is neglected for simplicity.

'

Fig. A2-2.—Output cavity dimensions. A, B are concentric cylindrical portions. Actual
lines of electric force are partly dotted into sketch.

Consequently the length 1 of the line is given by the well-known tuning
relation

wCo = Gp cot 8 = Gy cot Eil (A2-3)

The distributed capacitance of the line is determined from the formulas
(3) of the text, which in this case reduces to the following:

_ Gt W'Ca wCp
=7 (1 tTe) 2

wC,ﬂ (A2-4)

The cavity distributed capacitance is thus comparatively easy to calcu-
late at high frequencies because of the simplicity of the geometry. At low
frequencies the computation of the distributed capacity of a coil is no
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different in principle, but would be harder to carry out in practice be-
cause of the helical geometry. The value can of course in any case be
found by measurement of the tuning admittance as a function of fre-
quency. From these equations the circuit degradation factor can be calcu-
lated, and is shown in Fig. A2-3 as a function of frequency.

The accuracy of the coaxial line assumptions decreases as the cavity
becomes shorter. For 4000 and 6000 megacycles, since the length of the
cavity is less than its diameter, it would be more nearly correct to regard
it as a radial transmission line loaded by the inductive ‘“nose” in the
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Fig. A2-3.—Capacitance degradation factor,

center. The admittance of such a cavity can be calculated'? or measured;
but the additional precision hardly warrants the effort in the present case.

The capacitance degradation factor at 4000 megacycles is indicated from
Fig. A2-3 as .81, or only 0.9 db less than the intrinsic limit of unity if the
passive capacitance were entirely negligible compared to the active 0.5
puf. This indication is somewhat optimistic, as appears from Fig. A2-2.
The coaxial line formulas assume that the capacitance corresponds to a
radial electric field between concentric cylinders A and B. This capaci-
tance is found to be quite small (.11 puf at 4000 Mc.). The actual lines of

2S5, Ramo and J. R. Whinnery, “Fields and Waves in Modern Radio,” N. Y., Wi[ey.
1944,
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force, dotted in the figure, clearly correspond to a somewhat larger ca-
pacitance, especially when the length of the cavity is smaller than its
diameter; but this larger capacitance is probably still less than the active
capacitance Ca.

In so far as the gain-band product depends on the circuit capacitance
degradation factor (Fig. A2-3), the curve is probably fairly accurate up to
2000 megacycles and somewhat optimistic for higher frequencies where the
coaxial line predictions are evidently too small.

Above 5000 megacycles the quarter-wave tuning cannot be used for the
1553 tube since the glass would interfere with the tuning plunger. A
glance at Fig. A2-3 shows that moving the plunger back a half-wave to
the next node involves a drastic loss in gain-band product—a factor of
four at 6000 megacycles—because of the great increase in circuit passive
capacitance. Redesign of the tube for good figure of merit at 6000 mega-
cycles would therefore require the use of first-node tuning. A reduction in
outer diameter would be necessary, and the use of an internal pre-tuned
cavity might also be indicated.



