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ABSTRACT

It is the purpose of this dissertation to extend the analysis
of distributed amplifiers to account for large signal effects, to determine
a graphical procedure for analyzing the non-linear operation of the tubes
in a distributed amplifier, and to investigate the efficiency of distributed
amplifiers.

General equations are derived describing the behavior of
distributed amplifiers, including the operating load line for each tube
in an n-tube distributed amplifier. The load lines for all but the last
tube are ellipses and as a result graphical calculations are long and
tedious. However, equations are derived whereby the output power can be
calculated from the load line of the last tube at low frequencies,
simplifying the graphical analysis considerably. '

_ In addition the frequency response is examined under large-signal
conditions and the modifications necessary in the small-signal design
equations for a flat frequency response are indicated.

The frequency limitations in distributed amplifiers are determined
on the basis of the realization of the constant-k artificial transmission
line with finite grid and plate lead inductances. In practice the highest
cut-off frequency is about 0.8 the series resonant frequency of the grid lead
inductance and the input capacitance of the tube. An additional frequency
limitation is present in large-signal distributed amplifiers in that clipping
in the plate circuit of the last few tubes will cause the large-signal
response to differ from the small-signal response.

The maximum theoretical efficiency of a distributed amplifier
operating over its entire frequency range is 30 percent. This value occurs
at a plate conduction angle of about 225 degrees. However, if the operating
frequency range is limited to 0.2 to 0.9 of the design cut-off frequency,
the efficiency can be increased by decreasing the plate supply voltage for
the first few tubes.

A graphical procedure is presented for calculating the power

output, the efficiency, the second harmonic power output, and the frequency
above which clipping occurs.
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LARGE SIGNAL ANALYSIS OF DISTRIBUTED AMPLIFIERS

CHAPTER I. INTRODUCTION

The primary importance of the distributed amplifier circuit is derived
from its ability to operate in the frequency range above that covered by conven-
tional amplifiers and below that covered by microwave amplifiers. The frequency
range of conventional wide-band power amplifiers is generally limited to fre-
quencies of the order of 10 mc. Microwave power amplifiers of the traveling-
wave-tube type have been constructed to operate with lower frequency limits of
the order of hundreds of megacycles. The distributed amplifier can be designed
to operate from tens of megacycles to hundreds of megacycles, thus filling the

gap between conventional techniques and microwave technigques.

1.1 Statement of Problem

Equations describing the behavior of distributed amplifiers when
transmitting small signals have been derived and studied by Ginzton, Hewlett,
Jasberg, Noel and other52—9. They have described various methods of obtaining
a specified frequency response, and have also described special design procedures
necessary at high frequencies.

It is the purpose of this dissertation to extend the analysis of dis-
tributed amplifiers to account for large-signal effects, and to determine a
graphical procedure for analyzing the non-linear operation of the tubes in a
distributed amplifier. The efficiency of devices designed to deliver power is

of major importance in comparing power amplifiers; therefore, the efficiency of

the distributed amplifier is discussed in detail in this paper.



2

1.2 General Considerations of Distributed Amplifiers

Basically, distributed amplificationl is based upon a physical distributic
of vacuum tubes between two transmission lines. The grids of the tubes are
connected to the input transmission and the plates are connected to the output
transmission line. Adjacent grids and adjacent plates are connected to the
transmission lines in such a manner that the phase shift of the input voltage in
traversing the line between adjacent grids is equal to the phase shift in the
output signal in traversing the plate line between the corresponding plates. All
of the individual tube currents add in phase at the output.

The significant contribution of distributed amplifiers to wide-band
amplification lies in the fact that the input and output capacities of the»tubes
are used as the shunt elementsof artificial transmission lines in which the gain
of the individual tubes add rather than multiply as in conventional cascaded
amplifier. Hence, the gain of fhe individual tubes may be less than unity and
yet the gain of the amplifier may be adjusted té any desired value by the number
of tubes. This circuit essentially removes the gain-bandwidth limitation of con-
ventional amplifiers.

1

The voltage gain of distributed amplifiers™ may be written as

n .
A = —gl—n-.,/Zﬁg . N/Z:tp (1.1)

where n = the number of tubes

gy = the transconductance of the tubes

an = the mid-shunt image impedance of the artificial grid line
and an = the mid-shunt image impedance of the artificial plate line.

Equation (1.1) neglects the attenuation on the grid and plate lines. The
voltage amplification has a very objectionable peak as the cut-off frequency is

approached due to the nature of Zx. If the attenuation on the grid line is



caused by the transit time and other high frequency effects, it is possible to
adjust the product of the number of tubes and the cut-off angular frequency2

for a relatively flat amplification over the design frequency range.

na
w, = 28 (1.2)
Gin
where ®, = the cut-off angular frequency
Gin = the input conductance of the tube due to high-frequency effects
measured at the angular frequency
and.
Cg = the input capacity of the tube.

The large-signal analysis of any active network in general involves the
characteristic curves for the active element. The normal procedure in a large~-
signal analysis is to plot the voltage-current locus of the passive network on
the characteristics of the active element. This locus determines the operation
of the active element and allows its operation to be calculated. A distributed
amplifier differs from most active networks in that each of the tubes in the
amplifier contributes to the operating locus of any given tube in the amplifier.
Hence the operating locus of plate voltage versus plate current for each tube in
a distributed amplifier is different from any other tube. Chaper II is devoted

to the determination of this operating locus.



CHAPTER II. LARGE-SIGNAL ANALYSIS OF DISTRIBUTED AMPLIFTERS

The analyses of distributed amplifiers presented in the literature
have concerned themselves with the small-signal theory. From the small-signal
standpoint the voltage gain and the frequency response are of prime concern;
however, in distributed power amplifiers, saturated power output level and
efficiency are also factors of prime interest to the designer. 1In fact, in
many large-signal applications more emphasis is placed on the saturated power
output level than is placed on the gain. The saturated power output level can
only be determined from the tube characteristics. Therefore, in large-signal
analysis, the tube characteristic curves will normally be used instead of the
snell-signal concept of transconductance.

In order to be able to utilize the tube characteristic curves for
caiculations involving distributed amplifiers it is necessary to know the
operating locus of plate voltage versus plate current for each tube. This
locus is generally referred to as the operating load line or as defining the plate
load impedance. In the low-pass distributed amplifier circuit shown schematically
in Figure 2.1 it is easily ascertained that all of the tubes are essentially
in parallel at frequencies sufficiently low so that the phase shift between
sections (i.e., between adjacent plates or gridS) may be neglected. If all
the tubes are identical, and if the grid voltage applied to each tube does not
vary with the position of the tube in the amplifier, then each tube will deliver
identical currents to the plate line. The voltage across the output resistance
will be greater by a factor n (the number of tubes in the distributed amplifier)
than the owtput voltage would be if only one tube were operating. This voltage
also appears across each tube in the distributed amplifier. Hence the impedance

seen by each tube is n times the impedance that tube would see if it were the

i
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only one operating, or 7
Z = n 0 (2.1)

2
This equation is valid for operating frequencies sufficiently close to zero so
that all the grids and all the plates are essentially in parallel.

As the operating frequency increases, the phase angle between the
voltages on adjacent grids becomes more important since the grid voltages
determine the phase angle of the currents that are fed into the plate line. In
a conventional distributed amplifier the phase shift per section of the plate
line is the same as the phase shift per section of the grid line, so that each
of the paths a signal may pursue through a distributed amplifier produces the
same amount of phase shift on the signal. The voltages appearing between
plate and cathode of an individual tube will vary with the operating frequency,
the position of the tube in the distributed amplifier, and the characteristic
impedance of the plate line.

Tetrodes or pentodes are generally used in distributed amplifiers
because of their inherently low capacitance between plate and grid. This low
inter-electrode capacitance minimizes coupling between the plate line and the
grid line and increases the stability of the distributed amplifier. This
restriction of the choice of tube types to tetrodes or pentodes means that
the tubes used in distributed amplifiers approximate constant-current devices
in which the output current is independent of the plate voltage over a large
region of operation. The output current is dependent only on the grid voltage.

The plate load impedance of each tube will be calculated as the ratio of
the voltage appearing between the plate and cathode of the particular tube in
question to the plate current of the same tube. This plate load impedance can
then be used in conjunction with the plate characteristies of the tube to determine
the operating path of the tube, the point at which the tube will begin to saturate,

and the amount of distortion generated in the tube. The efficiency of the



distributed amplifier can be calculated, given the operating locus of each tube

and the plate characteristics.

2.l Assumptions

Four assumptions were made in order to simplify the analysis. These
assumptions are discussed in some detail in this section.

The first assumption is that the grid line has no loss; this means
that the signal voltage is the same on every tube in the distributed amplifier.
The errors incurred in using this assumption will be analyzed later; however,
when the distributed amplifier is designed to operate at higher ffequencies,
it is obvious that many factors will influence the loss in the grid line. The
input impedance of the tubes used in the distributed amplifier is one of the
major factors involved in the grid-line dissipation. The input impedance
of the tube can be considered as a capacity in parallel with a resistance
connected between grid and cathode. The capacity remains fairly constant with
frequency,but the resistive component decreases as the square of frequency. This
resistive component arises from the fact that the cathode lead inductance, in
conjunction with the capacity between the grid and the cathode, gives rise to
grid current that has an in-phase component. In addition, the inductance in
series with the screen, and the capacity between the screen and the grid, give
rise to an in-phase current. However, the latter in-phase component of current
is 180° out-of -phase with the applied voltage, which leads to a negative resistance.
Also there will be some radiation from the grid line which will have the same
effect as increased dissipation; however, this radiation can be reduced to a
point where it is negligible by proper shielding. The series coils in the grid
line give rise to some loss, but this loss can be keptvsmall in comparison with
that caused by the grid loading. Most of the effects discussed here are high-

frequency effects that are common to any wide-band high-frequency amplifier.



The second assumption is that the plate line has no dissipation,and
also that it has a constant transfer characteristic with frequency up to the
cut-off frequency. The characteristic impedance of the plate line is assumed
to be Z,. However, the magnitude of Z, may vary with frequency, but it is.
assumed to be resistive over the operating frequency range. The plate line is
assumed to be matched at both ends. These assumptions are met fairly well in
practice with the constant-k line with m-derived-terminations. Radiation from
the plate line can be a serious problem, but again,by adequate shielding,it is
possible to reduce this loss so that it is negligible. The loss due to skin
effect can be reduced by increasing the size of the wire used to wind the plate
line.

The third assumption made in this analysis is that the tubes are
identical. This implies that all of the tubes have the same transconductance
and the same input and the same output capacitances. Variation of transconductance
can change the results of the calculation of plate load impedance since a
cancellation takes place at some frequencies which reduces the voltage between
the plate and cathode of the first few tubes. The variation of input and output
capacities from tube to tube will affect the frequency response of the amplifier
and the characteristic impedance of the artificial transmission lines. However,
the major effect of variation between tubes in input and output capacitances is
to introduce ripple in the frequency response of fhe amplifier.

The final assumption is that the tube characteristics are ideal
constant-current curves in that the output current is independent is independent
of the plate voltage as long as the plate voltage is positive. This still allows
the idea of clipping to be introduced since the point where the operating load
‘line intersects the Ej, = O axis can be determined. This assumption allows the
use of the transconductance of the tube as a measure of the output current, and

also assures that the plate current is a function of the grid voltage alone.



2.2 Plate Load Impedance

An expression for the plate load impedance (the ratio of the plate-
cathode voltage to the plate current) of any tube in an n-tube distributed amplifier
is derived in the following analysis. It should be noted that the four assumptions
discussed in Section 2.1 apply to this analysis. From these plate load impedances
the efficiency of a given amplifier can be determined from the characteristics of
the tubes involved. Once the operating path is known, it is a simple matter to
determine also the point at which the amplifier begins to saturate.

As the frequency of operation increases the phase shift along the grid
and plate lines cannot be neglected, and the plate load impedance becomes markedly
different from that given in Equation 2.l. Since it has been assumed (Section 2.1)
that there is no dissipation in the grid line, the individual grid voltages differ
only in phase. If an equivalent large-signal transconductance (Gm) is defined as
the ratio of the fundamental component of plate current to the fundamental component

of grid voltage, the plate current of each tube can be written as

iy = Gy By sinat
iy = Gy Egp sin (wt-9)

i = G_Egn sin [u)t -(k—l)cp] (2.2)
iy = Gy Egy sin [a)t - (n-l;)cp]

where Egm sin wt is the instantaneous value of the grid voltage on the first
tube of the distributed amplifier and ¢ is the phase shift per section of the grid
and plate lines at the operating angular frequency w.

The plate voltage on the kth tube as a result of the application of a
signal voltage to the input of the grid line can be calculated,by the Super-
position Principle,as the sum of the voltages that would appear there as the

tubes are turned on one at a time.
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n
ek = Z ekj (2.5)
J=1

where J = the number of the tube ﬁhat is operating.

If no loss is assumed in the plate line, the voltages appearing on each tube will
have the same magnitude; however, the phase of the voltage appearing on the kth
tube plate will be dependent on the phase shift per section of the plate line and

the number of sections the current traverses in arriving at the plate of the kth

h tube, the total number

tube. From tube number one, up to and including the kt
of sections of both grid line and plate line that are traversed by an input signal
in arriving at the plate of the kKB tybe (as these tubes are turned on one at a

time) are equal. Hence the voltage on the K h

tube that results from any tube
from one to k is equal to the plate current of the particular tube turned on
multiplied by half the characteristic impedance of the plate line. The phase
angle with respect to the grid voltage on the first tube will be (k-1) times the
phase shift per section of the filter networks that constitute the grid and plate
lines. This results from the fact that the input signal must traverse (k-1)

kth

filter sections in arriving at the plate of the tube.

ey = Gp Egm %0 sin [wt -(k-l)m]
2 L
i (2.4)

e = Cn Bgp 22 sin [0t -(k-1)]
The contribution of the plate currents of tubes k+l to n to the plate
voltage across the kth tube are all different in phase since the number of sections
of filter traversed in going from the input to the plate of the kP tube is differen

for each path. The voltages due to tubes (k+l) through n operating alone are

ex(k+l) = Gpy Egm sin [wt-(k-l)cp-ch]

(2.5)

i}

sin [wt-(k-l)cp-z(n-k)w]

Zg

2

. Z,
€kn GmE gm EQ
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Substituting Equations 2.4 and 2.5 into Equation 2.3, and summing the
resulting finite series as shown in Appendix A, yields
e = G Zo [k sin [wt-(k-1)
x = Gnlom __L{ sin [w -(k- @]

2
(2.6)

sin(n-k)o _, ,[wt-(k-l)w-(n'k“l)@} .

sin @

Kth

The plate load impedance that the tube sees is given by the ratio

of the plate voltage to the plate current (see Equation 2.2).

ek _ %? X + sin{n-k)p e'J(n‘k+l)@} (2.7)

% = I; sing
Equation 2.7 shows that the plate load impedances of all except the n®h tybe
possesses a phase angle which is different from zero except at discrete frequencies.
The plate~voltage plate-current locus will in general be an ellipse, or over the

majority of the frequency range all the tubes with the exception of the last tube

operate with elliptical load lines.

2.5 Plate Load Impedance for Specific Cases

Equation 2.7 is plotted for each tube of a six-tube distributed
amplifier in Figures 2.2 through 2.7. It can be seen in Figure 2.2 that the
phase angle of the plate load impedance is greater than 90O in some regions.
This indicates that in these regions the first tube is absorbing power from the
plate line rather than delivering power to it. This power is dissipated iﬁ the
form of heat at the plate of the first tube (in the case of a six-tube distributed
amplifier). This increase in plate dissipation can give rise to serious tube
burnout problems in practical distributed amplifiers where the amplifier is
operated under full dc input conditions. Figure 2.8 shows the magnitude of the
plate load impedances for each tube of a 9-tube distributed amplifier. The
regions in which +the angle of the plate load impedance is greater than 900 is

indicated by the regions of increased width of the curves. It will be noted
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here that the plate load impedance has a negative resistance component for certain
regions of the second tube as well as for the first tube. Hence some special
precautions must be taken in order to prevent overheating of the first few

tubes in long-string distributed amplifiers.

A low-frequency model of a distributed amplifier was constructed in
order to verify experimentally this analysis of plate load impedance as
determined by Equation 2.7. The design of this low frequency distributed
amplifier,as well as the method of data reduction,are shown in Appendix B.

The points on Figures 2.2 through 2.7 were experimentally obtained.

The experimentally determined points are,in general, higher than
the theoretical curve. The disagreement of the curves is caused by three
factors. First, it is impossible to match the transconductance of the tubes ’
exactly. Second, the dissipation in the grid line was neglected in the theoretical
curves. And third, the low-frequency model has more dissipation in the plate
line than a wide-band distributed amplifier,and it affects the plate load
impedance. However, the experimental points are in general agreement with
the theoretical curves.

Figure 2.9 shows the plate load impedance for a six-tube paired-plate
distributed amplifier. The derivation of the equations for this figure are
shown in Appendix C. In addition the schematic diagram for a paired-plate
distributed amplifier is shown in Appendix C (Figure C.l). Figure 2.9 is
included to show the effects of one variation (the paired-plate) to the standard
distributed amplifier circuit. Many other variations are possible and for each
one a plate load impedgpce plot such as shown in Figure 2.9 could be calculated

by the techniques described above.
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CHAPTER ITI. FREQUENCY LIMITATIONS IN DISTRTBUTED AMPLIFIERS

Standard distributed amplifiers use constant-k filter sections between
fdjacent grids and also between adjacent plates. The impedance levels of the
plate and grid lines are adjusted so that the phase shift per section of the

rid line and the plate line are the same at any frequency in the operating
ange of the amplifier. The following formulas for constant-k low-~pass filters
10, 11

an be found in many text books.,

The mid-shunt image impedance

1

ZJt = R ' > (5'1)
V(&)
®Oc
The phase shift per section
P = 2 sin"l(w—) (3.2)
We
Irhere W = 2
J LC

Jultiplying the equations for R and w, the following useful equation is obtained.

2
Ry, = = (3.3)

I and C are defined by the schematic of a constant-k filter shown in Figure 3.1.

L

FIG. 3.1 . SCHEMATIC DIAGRAM FOR A LOW-PASS,
P1-SECTION , CONSTANT-k FILTER.

njo
njo

21
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Since the phase shift per section of the filter sections in the plate
line and the grid line must be equal, it can be seen from Equation 3.2 that the
cut-off frequency of the grid section must be the same as the cut-off frequency
for the corresponding plate line section. In the usual distributed amplifier
all the sections of the plate line are identical and all the sections of the
grid line are identical. If Equation 3.3 for the plate line is divided by a
similar equation for the grid line, it can be seen that the impedance level of
the plate and grid lines are directly proportional to the input and output
capacities of the tubes, or

R, _ C
ﬁg"cf) (3.4)

The above equations would seem to indicate that there is no upper limit
for the cut-off frequency for which a distributed amplifier can be designed.
Equation 3.3 leads one to the conclusion that with a given tube capacitance the
cut-off frequency can be raised as far as is desired if the impedance of the line
is reduced so that the product of the angular cut-off frequency and the impedance
level of the line remain equal to twice the reciprocal of the tube capacitance.
However, the realization of the constant-k structure in a practical wide-band
amplifier is, in general, dependent upon the cancellation of the inductance of

the grid lead and the inductance of the plate lead.

3.1 Cancellation of Lead Inductances

The standard procedure in cancelling lead inductances is to utilize air
core transformers with negative mutual inductance as shown in Figure 3.3. Here
the lead inductance is represented by Ly and the capacitance between tube ele-
ments by C. The mutual inductance is adjusted so that it is equal in magnitude
to the lead inductance. Figure 3.2 shows the negative mutual transformer and its

"7T" equivalent.
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®+m ™em
O M [— O— TN —e— T
~
L‘& EL' = é-m
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FIG.3.2 . NEGATIVE MUTUAL TRANSFORMER AND ITS
EQUIVALENT "T",

It can be seen from Figure 3.2 that half the constant-k inductance is given by

*
z o= Ln (3.5)
where: L* = primary or secondary inductance of transformer
M = mutual inductance between primary and secondary of transformer.

The coefficient of coupling is defined as

kK = —— = - (3.0)

If Equation 3.6 is solved for M and the result substituted in Equation 3.5,
L *
5 = L (1-k) (3.7)
[he magnitude of the mutual inductance is made equal to the lead inductance in

order to cancel the effect of the lead inductance. When this equality is sub-

stituted into Equation 3.6 and the result applied to Equation 3.7, the constant-k

inductance becomes

L = 2L, [l;k} (3.8)

If this value for the inductance of the constant-k section is substituted into
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Equation 3.2 for the cut-off angular frequency, then

e = 2 4 S—— (3.9)

: | 1 +k
Vo =

If the series resonant angular frequency of the tube element being considered is

designated by wg,

R (5.10)
®o 1+k -

Equation 3.10 is plotted in Figure 3.3. It can be seen from this figure that
it is theoretically possible to operate an amplifier up to the series resonant
frequency of the controlling element of the tubes; however, this requires a

coupling coefficient of unity. In air-core coils it is possible to realize a

coupling coefficient of about 0.5. Hence the upper cut-off frequency of the

amplifier is limited to about 0.8 of the series resonant frequency of the con-

trolling element of the tube.

In most tetrodes and pentodes the input capacity is larger than the
output capacity, and the lead inductance of the grid is of the same order of
magnitude as that of the plate (in most power tubes the lead .inductance of the
grid is larger than that of the plate lead). Therefore, in general, the grid
circuit is the controlling element as far as frequency is concerned. As a rule
of thumb, the highest cut-off frequency can be taken as

fc = 0.8 fo (\.3‘11)

3,2 Conductive Loading of the Grid Line Due to High Frequency Effects

There are three major frequency-dependent factors that contribute to
attenuvation in the grid line. Each of these factors have been considered in
12,13
the literature and are repeated here only for the sake of completeness.

In general, the effect of cathode lead inductance within the tube is to provide

a common element through which both the output current and the input current flow.
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This feedback within the tube affects the input conductance of the tube

(Equation 3.12).
(1 - «Peply)

gm%m2Lk2 + L”sz<Cg + Cp)-l]

- 2
Gip = &x°CuLy (3.12)
The constants in this equation are defined by Figure 3.k4. gm is the trans-
conductance of the tube and w is the operating angular frequency. This equation

is derived in Appendix D and involves the assumption that the impedance in the

O

FG. 3.4 . EQUIVALENT CIRCUIT FOR THE DETERMINATION OF
INPUT CONDUCTANCE CAUSED BY THE FEEDBACK
RESULTING FROM CATHODE LEAD INDUCTANCE.

plate circuit is so small that the Miller Effect is negligible. If the corrective
term is neglected, Equation 3.12 simplifies to Equation 3.13%, which is the one
most quoted in the literature.
Gin T ek, (5.15)

In order to neglect the corrective term the resonant frequency of the cathode
lead inductance and the capacitance from grid to cathode must be high in comparison
to the operating frequency. If this term is not negligible, Equation 3.12 must
be used.

Inductance in the screen grid lead results in a negative conductive

component in the input to the tube. In some amplifiers this fact has been used to
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Xfset, to a certain extent, the effect of cathode lead inductance. Equation

3.1k shows the manner in which the input conductance varies if the screen lead

. . . Y
inductance alone is con51dered1‘.

1

Gip = - gm,a(ngL 2Cas (3.14)
where gno 1s the transconductance from the control grid to the screen grid, LgQ
Lls the inductance of the screen lead, and Cgs is the capacity between the control
grid and the screen grid. Equation 3.14 neglects all the impedances associated
with the tube with the exception of the screen lead inductance and the capacitance
between the control grid and the screen grid.
At frequencies above 30 mc transit time affects the operation of tubes.

As the transit time becomes a measurable fraction of the period of the input
frequency, the current induced in the grid due to the passage of the electrons
will contain a fundamental component that no longer leads the grid voltage by
900. As a result the input admittance of the tube contains a conductive component.
The input conductance is given approximately by

G, ¥ KguPT? (3.15)
where T is the electron transit time.

The three effects mentioned above can be represented in Equation 3.16.

Gip = of '[ngng + g KI° - gxﬁeLg2Cgs] (3.16)

This equation contains the most important loading effects present in a small-signal
distributed amplifier. These loading effects are present in a large-signal
amplifier also,but Equation 3,16 must be modified by the substitution of the
equivalent large-signal transconductance (Gm) for the transconductance (gm).
However, in power distributed amplifiers there is an additional effect in that the
tubes are generally driven into the positive grid region where a considerable grid
current flows. This gives rise to an additional loading effect on the grid

line; however, this loading is independent of frequency being dependent on the
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magnitude of grid voltage to a first approximation. This effect will be

considered in a later chapter.

3.3 Frequency Tolerance

Equation 3.1 shows the variation of the mid-shunt image impedance
of a constant-k filter as a function of frequency. This equation is plotted
in Figure 3.5. It was shown in Chapter II that the plate load impedance of
the various tubes in a distributed amplifier is dependent upon the value of the
characteristic impedance of the plate line. For a constant-k plate line, this
value is the mid-shunt image impedance of the constant-k filter sections.
This gives rise to a plate load impedance which increases rapidly as the cut-off
frequency is approached. This is particularly true of the last few tubes in a
distributed amplifier, where the plate load impedance does not vary as radically
with frequency as it does for the first few tubes. This rising plate load
impedance can result in plate clipping in the last few tubes in a distributed
amplifier, and cause the large-signal response to be different from the small-
signal response. This is shown in Figure 3.6 where the plate load line for the
last tube in a six-tube distributed amplifier is drawn for four different
frequencies. It will be noted from Figure 3.6 that for the particular operating
point chosen, if the grid is driven 20 volts positive, clipping will begin
to occur at a frequency of 0.685 of the cut-off frequency. However, if the
grid drive is such that the grid makimum positive excursion is only 15 volts,
then elipping will occur above about 0.8 the cut-off frequency.

Since the frequency at which plate clipping occurs is a function of
both the operating point and the grid drive, the proper determination of the
operating point and the grid drive is not a simple procedure. In order to

facilitate the location of the operating point, an additional parameter, called



29

96-€-9 N3 ¥ri-go-v THIT

T,

NORMALIZED MID- SHUNT IMAGE |IMPEDANCE

6.0

5.0

4.0

3.0

2.0

0 0.2 o4 06 o8

NORMALIZED FREQUENCY, f/fc

F1G.3.5. VARIATION OF MID-SHUNT IMAGE IMPEDANCE
AS A FUNCTION OF FREQUENCY .



PLATE CURRENT—AMPERES

o8

0.6

o4

0.2

$5-€-9 W3r 9wi-19-v 2922

£/fc = 0.885
‘/ | \ —] +20
£/ F: ,I's..AL CONTROL GRID VOLTAGE— - +
! | c/a/'!'f _ o
, .
+10
I /% s »
+8
N .
,fclo. o
~ NS —
~— -8
r~—r—" -10
/ -|5
+ s
. -30
° “0 400 60 800 1000 1200 :gg

PLATE VOLTAGE ~ VOLTS

FIG. 3.6 . VARIATION OF THE PLATE LOAD IMPEDANCE OF THE LAST TUBE
OF A 6 TUBE DISTRIBUTED AMPLIFIER AS A FUNCTION OF

FREQUENCY.



31

the frequency tolerance, is defined. Frequency tolerance is defined as that
frequency above which clipping will be present in the last tube of a low-pass

distributed amplifier. This concept will be explored further in a later chapter.

7.4 Summary

The high-frequency effects discussed in this chapter can be classified
into two main categories. One of these categories deals with an upper limit to
the cut-off frequency for the constant-k filter sections used as the plate line
and the grid line of distributed amplifiers. This limit is imposed by the
finite grid and plate lead inductances. However, this frequency limit could be
increased considerably if tubes possessing satisfactory high-frequency character-
istics were constructed with two grid leads and twobplate leads. These lecads
should preferably come out opposite sides of the tube. The second category
includes the high-frequency effects which tend to distort the normal frequency
response curve of the amplifier. The loading on the grid line due to the input
conductance of the tubes can serve the useful function of flattening the
normally rising frequency response of distribuped amplifiers without losses.
However, for wide-band distributed amplifiers, every effort should be.made.to
reduce the input conductance of the tubes as much as possible. This implies
tubes with as small an inductance in the cathode lead as possible and with
small transit time. Some inductance in the screen lead is a definite advantage;
however, care must be taken to insure stable operaﬁion of the tube. Also
included in this category is the frequency coverage of power distributed.
amplifiers, which is determined by the onset of clipping in the final tube of
the distributed amplifier. The frequency tolerance is determined by the
location of the Q-point and the amplitude of the grid drive. For a given
frequency tolerance and grid drive (this is the same as requiring a certain

power output) the operating point for the tubes is determined.



CHAPTER IV. GRID LOSSES

4,1 Attenuation Constant of Constant-k Filters with Iosses

All of the analytical assumptions discussed in Section 2.1 are close
approximations to the real situation with the exception of the lossless grid line
assumption. The losses associated with the input impedance of the tubes in a
distributed amplifier give rise to attenuation in the grid line. At the higher
frequencies this attenuation is serious enough so that it cannot be neglected.

In distributed amplifiers designed to deliver power, the grids will, in general,
be driven positive giving rise to an additional loading effect on the grid line.
Consequently, the attenuation on the grid line will be a function of the grid
driving voltage and of frequency.

The constant-k filter sections of the grid can be represented as shown
in Figure 3.2 with the addition of a resistance across the capacities representing
the input admittance of the tube. If it is desired to take the losses in the coils
into account, & resistance in series with the coils can represent this loss. R is
defined as the resistance in series with the inductances comprising the grid line,
and G is defined as the conductance shunting the input capacity of the tubes in

the distributed amplifier. The attenuation constant per section of the grid line,

a, may be written*asl6
R ¢\ d R ¢V 1 4%
a=——+-—-' —9+ —— + — - ——2 + eee ) (h’ol)
2L 2C dw 2L 2c 2 dma
providing

R G
<-2(—D-L_ -?m—E><<l.
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or a constant-k filter Equation 4.1 becomes

R G 2 1
o ={— + — =
2L 2C (Dc w
1 -(5)

R, 6) L
+<2L + o0 ) (DCB ; © 5 5/2 + e (h.2)
[l _(”c ) }

'o a high degree of approximation in wide-band power distributed amplifiers i
2L

.8 negligibly small in comparison to Eg; . Therefore, o may be written approxi-

1wtely as
2
o ¥ Eg_ 1 . __?8 ) 1
Lo ; 5
N _ c

103

< e 2]

there Gg is the input conductance of the individual tubes. Over the major por-
sion of the frequency region the second term in Equation 4.3 may be neglected in
romparison to the first term. However, this assumption is not valid if the ampli~

fler is operating near cut-off frequency.

+.2 Determination of the Plate Load Impedance with Attenuation in the Grid Line

The voltages on adjacent grids in the distributed amplifier will possess
ipproximately the same phase angle relative to one another as they did in the loss-
less case. However, their amplitudes will differ by &*, where ¢ is the natural
Logrithrim base and o is the attenuation constant described in the preceding
section. The plate load impedance for any tube, k, in an n-tube distributed

umplifier can be calculated in a manner that is analogous to the derivation in



3k

Chapter II. In this derivation it is assumed that there is no attenuation in the
plate line, that the attenuation constant for each section of the grid line is the
same, that each artificial transmission line is matched at the ends, and that each
of the tubes have identical large-signal transconductances. This analysis is

carried out in Appendix E, and only the results are given here.

+

_k . a
7y = s e(k-l)% siah (k)2 + 3ok o) e-(n-]::ﬂul)% -3(n-k+1)p

I\)lN
(e]

(01 -
sinh = sinhFZ -}
2 2 * (b.4)

Figure 4.1 is a plot of Equation 4.4 for a six-tube distributed amplifier using
type UX150A tubes. In order to determine these curves it was necessary to know
the input impedance of the 4X150A tube in the circuit in which it is finally to
be used, i.e., with the same lead lengths and the same by-pass condensers. This
measurement indicated that the input circuit of the 4X150A may be approximated by

2260
a resistance of e ohms (where f is the frequency of measurement expressed in

hundreds of megacygles) in parallel with a capacity of about 20 micro-microfarads.
These curves represent the plate load impedance with no dc grid current, The
curves will vary to some extent when the grids are driven positive with respect

to the cathode. The magnitude of the plate load impedance will increase somewhat
for small grid currents. The curves of Figure 4.1 represent the plate load impedanc
of the six-tube amplifier to a reasonable degree of approximation even under large-
signal conditions. Note that the plate load impedance on the first few tubes is
quite low over the major portion of the frequency range; hence, it would seem
feasible to utilize a lower supply voltage for the first few tubes without appreciat
affecting the power output. This would increase the overall efficiency of the
amplifier. Calculations indicate that it should be possible to increase the ef=-

ficiency of a standard distributed amplifier by about 30% by staggering the plate

supply voltages.
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The plate load impedance for the first and sixth tube are plotted in
Figure 4.2. The solid curves are reproduced from Figure 4.1 and the dashed curves
indicate the plate load impedance calculated for no attenuation in the grid line.
It can be seen from Figure 4.2 that the plate load impedance of the first tube
is not affected appreciably by attenuation in the grid line, however,the plate

load impedance for the sixth tube is seen to rise faster as frequency increases.

4.3 Modification of Gain Equation to Account for Losses in the Grid Line

Without loss in the grid line the voltages on the various tubes of a
distributed amplifier are the same. The grid voltages are related to the driving

power as shown in Equation 4.5.

By =V Pay v/7ng (k.5)

This expression holds if matched conditions are assumed on the input and output
of the grid line. Here, Py, is the driving power. However, if the grid line

has attenuation, the voltages on the individual tubes will be given by Equation k4.6.
P SIx -
Bgy =VFqy "VIfg - e

E%Q =Py, -Jﬂ; e~ (+ap) 0.6)

. -(o Foooo
By =VPqp *VIng e (opsagt. . -0)

where Egk is the grid voltage on the kth tube, oy is the attenuation constant for

the first half section filter, and ¢y is the attenuation constant for the filter

th

section terminating on the k™ tube. The current flowing into the output half-

section filter of the plate line can be written as shown in Equation 4.7.

cvh.  -Vzm,

poo ST e o o), o lopgres)] g
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The output power is given by the square of the current flowing into
the last half-section of the plate line multiplied by the mid-shunt image
impedance of the plate line.

2
Pout = Lo qu (4.8)

The output power can be calculated for any given set of operating conditions on
the tubes in a distributed amplifier from Equation L.8; however, the procedure is
rather long and tedious. The main difficulty arises from the fact that the attenw
tion constants are different for each section of the grid line.

From Equation 4.3, o can be expressed approximately as one-half the
product of the input conductance of the tubé and the mid-shunt image impedance

of the grid line.

o= ____E.G%z“ " (4.9)

The input conductance of the tube contains two components. One varies as the

square of frequency and the other depends on the magnitude of the driving voltage.
Gy = G’ + G (4.10)
g = Uo® + Ugr .

Equation 4.9 can be written in terms of G, and Gy, as shown in Equation 4.11

2
~ de Gar
a = + Zn
2 2 >
Gw 2R (“9”) G,
_ °c'g e + arfg 1 (4.11)
2 AR )
-l w R
vV C 2R a)c
G Gip O
Let o, = E.>F = (4.12)
2 w C
g
Ga R
dr'g
and. aodr= . ()'\('.13)
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in is the small-signal input conductance of the tube at the frequency w, and
ar 18 the effective conductance of the tubes due to the flow of grid current in

he positive grid region. Equation 4.11 can be written as

2

( “’)
w ;
% c 1

+ O

odr
1- (cn/a)c)2 /1= (&/fbc)e

1

2
) (/e ) Clodr 1

o b
\/l - (cn/coc)2 % /1 - (w/mc)g

(4.1k)

[f the variation of a3, for the various tubes in a distributed amplifier is
issumed small and, in addition, the variation of Qodr with frequency is assumed

imall, the same value of o can be used in Equation 4.7 for Opses, and op. 0 would
)e half this value since it is for the input half-section., With this assumption,
lquation 4.7 can be written as

o
. Gm‘/Pd.r ‘«/an -3

o e
2

[l re 0y ey Ly e-(n-l)oc} (k.15)

'he exponential series shown in brackets can be summed in a manner similar to the

ne shown in Appendix A, and the result is shown in Equation L4.16.

Gp v/ Pdr *s/ an -5 sinh(g")
I = e
o

i (4.16)
: stun (5 )

'rom Equation 4.8 the output power can be written as

2 DO gipp (
_ G, Par Z:rg Zﬂp -5
out €

4

"8

) 2

(%.27)
sinh (

IR
S



Substituting Equation 3.1 in Equation 4.17 the power output becomes
no

2 - s oo
2 sinh ( )
G, Py Rg Rp e 2

b ’\/m sinh(%)

The factor outside the brackets in Equation 4,18 is the power output from one

2
(4.18)

tube operating alone in the distributed amplifier at low frequency and with no
attenuation in the grid line. This factor is easily calculable from the char-
acteristics for the particular tube as the square of one-half the rms value of
the fundamental component of plate current times the nominal plate line impedance.
The normalized value of the factor in the hrackets in Equation 4.18 is plotted in
Figures 4.3 through 4.11 as a function of frequency. From these curves it can be
no,

seen that a value of —59 of about 0.5 should be used for a flat-gain characterisi
Q, no;

odr increases, the value of —2 for a flat response
Q a 2
decreases. This change is sfight for —odr

nolo, 1 aO

If a value of "5 2 1is chosen as an approximate design parameter,

However, as the value of

£ 0.25.

the product of the number of tubes and the cut-off frequency for any given tube

type is automatically determined.

. C (4.19)

where: n the number of tubes

]

e = the angular cut-off frequency

G;., = the input conductance to the tube at the frequency w

C, = the input capacity of the tube.
If a9y 1s determined from the calculated value of the grid voltage on the first
tube, the results calculated from Equation 4.18 will tend to be too low, since the
value of o will actually be decreasing with k, where k is the number of the tube

under consideration.
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CHAPTER V. EFFICIENCY

If the attenuation in the grid line is neglected in order to obtain a
general analysis of distributed amplifiers operating as large-signal devices,
rather elementary reasoning will suffice to show that the power output varies
as the square of the number of tubes. This comes from the fact that all of the
tube currents add in-phase as they progress toward the output end of the amplifier;
consequently, the output current is just n times the current that one tube pro-
duces in the output resistance. Hence, the output power varies as the square of
the number of tubes. This is in contrast to the dc power input which varies’
directly with the number of tubes. The above reasoning leads to the conclusion
that the efficiency increases directly with the number of tubes. Therefore, if
the attenuation in the grid line is neglected, it would seem desirable to use as
large a number of tubes as possible;  the number being limited only by the plate

load impedance and the plafe characteristics of the tube under consideration.

5.1 Caiculation'of Efficiency

If attenuation in the grid line is taken into consideration in a dis-
tributed amplifier which is designed to have a relatively flat gain over the fre-
quency region, the output power no longer increases as the square of the number of

tubes. From Equation 4.18 the output power can be written as
no; no\ 12
e 3 sinh(§-)

ut = P
- 01?\/1 - (m/mc)2 sinh(%)

where Pol is the output power for one tube operating in the distributed amplifier

P (5.1)

without attenuation in the grid line. At low frequencies Equation 5.1 can be writt

as shown in Equation 5.2.

50
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2
nGaRg <n Car R-g>
B sinh \ "

G;.. R
4

Pout = Fo1 | © (5.2)

nGdr Rg
f —— < 0.2 ,
L
72
nG... R
simn 2z "8 )
= n2

. (Gdr Rg )

sinh ———Z—-_

he error involved here is less than 1.25 percent. The output power can be written

pproximately as
GyrRg

~ 2
Pout = Fop 0 € 2 (5:3)

o)
If the value of 5~ is chosen in a manner described in Chapter IV for

constant power gain over the frequency region, the efficiency can be calculated

y Equation 5.L. nGdng
1= mate 2 (5.4)

here ny = the efficiency of one tube operating alone in the distributed amplifier.

The efficiency as calculated from Equation 5.4 is valid for low frequencies.
iince the magnitude of the grid voltages varies with frequency, the average value of
Jlate current will also vary with frequency if harmonic distortion is present. In
\ distributed amplifier designed for a relatively flat gain over the operating fre-
luency range, the output power will be conétant if the driving power is constant.
lowever, the average value of the dc current drawn from the plate supply will de-
:rease with frequency. Hence, the distributed amplifier will tend to become more
'fficient as the operating frequency increases. The change in efficiency is related

;0 the change in the average plate current from no-signal conditions to full-signal

ronditions.
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5.2 Maximum Theoretical Efficiency of Distributed Amplifiers

Figures 5.1 and 5.2 show idealized characteristics that are assumed for
the calculations of maximum theoretical efficiency. The load lines that are drawn
on these characteristics are for a pure resistance load on the tubes. At low fre-
quencies the tubes in a distributed amplifier are operating in parallel as dis-
cussed in Chapter II. In a distributed amplifier designed for a flat frequency
response the output power is constant with frequency as long as the driving power
remains constant. Hence the output power calculated for low frequencies should
apply for any frequency in the operating range. The instantaneous values of plate
voltage and plate current are shown in Figure 5.3.. The instantaneous value of the

plate voltage may be written as

] ¥ o)
iN
&
IA
4

N ©

e, =E, (1 - cos wt)
(5.5)
= B, [l-cos (g)] gSm‘tseﬂ-g—'

The instantaneous value of the plate current may be written as

. e e e
iy = Im [cos wt - cos(-é-)] - §5wts§
4]
=0 E‘SCDtSQII - g

The dc value of the plate voltage must be equal to the plate supply voltage, Eyy.

e
E, | +32

Eob =5 | [ o [l-coswt] dwt+[2n-g] [l-cos-g-]
T2

=

) ] (5.7)

o

)« x 08 (§)- sin

O

m[ 9"008(
- ‘It+2
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'he dc plate current is the average value of the instantaneous plate current.
g.

In *32

oo

[cos wt - cos( ):}dmt

[sin(-g)-gcosg] (5.8)

"he peak value of the fundamental component of plate voltage is-given by Equation

)¢9

E, | /2 2n-0/2 o
By =— | 2f (1 - cos wt) cos wt dwt + [ [l - cos -] cos wt dwt
1 7 0 _g_ 2
2
Ep
=5 [sm e - G] (5.9)

'he peak value of the fundamental component of plate current is given by Equation

.10,

T e
I, = ﬂ—m- j'g [cos ot -~ cos ('g‘)] cos wt dwt
2
In
= EE [O - sin G] (5.10)

'he efficiency can be calculated as the ratio of the output power to the input de
ower. At low frequencies the plate circuit of distributed amplifiers is only

)0 percent efficient since half the output power from the tubes is dissipated in

he reverse termination. The output power is one-half the product of the fundamental

urrent and fundamental voltage.
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By
1 2
=5
Epp Tp
(5.11)
_1 [O - sin O]
-3

[:rr + -g- cos(g)- x COS(g)- sin(-g-)] [2 sin'g- -9 COS(g)]

Equation 5.11 is plotted in Figure 5.4 as a function of conduction angle of the pla
current. The maximum theoretical efficiency is seen to be about 30 percent and

occurs with a plate current conduction angle of about 225 degrees.

5.3 Stagpering the Plate Supply Voltages for Individusl Tubes

The curves of plate load impedance as a function of frequency show that
the impedance for the first few tubes of a distributed amplifier remain low over
an appreciable portion of the frequency range. If the actual operating frequency
range is limited to a value somewhat below cut-off, and also at the low-frequency
end of the nominal region of operation, the dc voltage supplying the first few tube
can be decreased from that used for the last tubes with very little effect on the
output of the distributed amplifier, but a corresponding increase in efficiency
will be realized.

The efficiency of distributed amplifiers is inherently low due mainly
to the inefficiency of the plate line. However when the distributed amplifier
circuit is compared with other wide-band amplifiers, it is seen that the dis-
tributed amplifier, the wide-band video power amplifier, and the traveling wave

amplifier have comparable efficiencies.
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CHAPTER VI. GRAPHICAL ANALYSIS

6.1 Introduction

In any large-signal device utilizing vacuum tubes a graphical analysis
is required to account for the non-linearity of the tubes. In this chapter a
graphical method for the determination of the output power and efficiency of
distributed amplifiers is outlined, and the frequency tolerance and second har-
monic distortion problems encountered in distributed amplifiers are considered.
It is further shown that under the proper operating conditions, the graphical
analysis procedure may be simplified into one of reasonable length, A sample de-
sign of a distributed amplifier is given in order to illustrate the graphical

analysis procedure.

6.2 Graphical Determination of Power Qutput and Efficiency

The design of a distributed amplifier having essentially constant power
gain over the design frequency range was discussed in Chapter IV. If a distributed
amplifier is designed in this manner, the output power calculated at low frequencie
will be valid for any frequency in the operating range as long as clipping does not
occur. Clipping at the plate of the last few tubes is considered in Section 6.k4.

Equation 4.6 shows the method of calculation of the grid voltages on any
tube in the distributed amplifier. ‘The value of the various a's in this equation
can be determined from Equation 4.3. The value of Gg becomes Gar and. can be calcu-
lated for any given operating condition of the tubes in a distributed amplifier.
However, in actual calculations it is easier to start with the last tube in the
distributed amplifier. For an assumed voltage applied to the last tube, and an

assumed bias condition, the fundamental component of grid current is calculable by
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standard graphical Fourier Analysis techniques. The ratio of the fundamental
component of grid current to the grid voltage yields the equivalent grid conduc-
tance. This determines the value of o,. The voltage on the grid of tube (n-1)
is "2 times the voltage assumed on the last tube. This procedure is repeated
for each tube in the distributed amplifier,

If the equivalent large-signal transconductance (the ratio of the
fundamental component of plate current to grid voltage) of each tube is assumed

th

to be equal, the plate load impedance of the k~ tube at low frequencies (see Equa~-

tions 4.6 and 4.7) may be written as

%o [e(a2+a3+...+ak) s e(a3“1h+"'+0k) 0 e'(ak+1+"'+0h)]

R = e + oo + € + eee +
k
e (6.1)

These load lines may be drawn through the operating Q-point and the fundamental
component of plate current determined from a graphical Fourier analysis. The cur-
rents so determined may now be used to determine to a closer degree of approxima-
tion the plate load impedance on each tube. The above procedure is continued until
the change in the fundamental component of plate current between successive approxis
mations is negligible.

The power output can be determined as the square of one-half the sum of
the fundamental components of plate current found above multiplied by the nominal
impedance of the plate line, RP‘

The efficiency at low frequencies may be determined as the ratio of the
output power calculated above and the de power input. The dc power input is the
product of the sum of the average values of the plate current and the plate supply
voltage.

In general, the efficiency of large-signal distributed amplifiers will
not be constant with frequency since the grid voltage on each tube varies with
frequency, and hence the average value of the plate current will be a function of

frequency. In a distributed amplifier designed for a flat frequency response the
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efficiency will increase to some extent with frequency since the magnitude of the
majority of grid voltages decreases with frequency which results in a lower dc

supply current.

6.3 Approximate Graphical Solutiom

If the variation in the a's at low frequencies between the various tubes
in a distributed amplifier is small, a single value for the ¢'s may be used with
the exception of o which would be one-half this value since it is for a half-
section of the grid-line filter networks. « may be determined by a method discussed
in Section 6.2.

If the equivalent large-signal transconductances are assumed to be the
same for all the tubes, the plate load impedance (See Equation L4.4) on the B

tube is given by

Ry | (2k-n-1)% ———-—-—Sinh(?l)
R, = —=— =T a (6.2)
k=5 |© sinh (3)
If ¢ is small,
B ¥ R (6.3)

The approximate load line may be drawn through the operating Q-point and the funda-
mental component of plate current determined from a graphical Fourier analysis.
The output power can be determined from Equation 4.18, or as rewritten in Equation

6.4 for low frequencies.

F ool
Pout =Fo1|® — (6.4)
sinh (%)

where POl is the output power of one tube operating alone in the distributed ampli-

fier without any attenuation in the grid line. However, if

nGdng
I < 0.2,
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The output power can be written approximately as

-no;
Pout = Fo1 o e (6.5)

6.4 TFrequency Tolerance

Frequency tolerance as defined in Chapter III is the frequency above
which clipping occurs in the last tube of the distributed amplifier. This fre-
quency may be found with the aid of the plate characteristics of the tube and
two equations. If n is substituted for k in Equation 4.4 the plate load impedance

for the last tube is given by
no

& irm o
7, = 2B n-llz ZEZ_ (6.6)
2 sinh %

The grid voltage on the last tube of the distributed amplifier can be calculated
from Equation 4.6, However, if all the Q's are assumed to be equal, the voltage

on the last tube can be written as

o

B, /oy Trg o M2 (6.7)
The plate load impedance for several different frequencies can be drawn on a set
of plate characteristics using Equation 6.6. The grid voltage on these load lines
is determined from Equation 6.7. As an example of these calculations, Figure 6.1
shows the final tube load line for a six~-tube LX150A distributed amplifier with}a
nominal grid line impedance of 50 ohms and a plate line impedance of 90 ohms. The
dotted line crossing the load lines indicates the extent of the grid excursion. It
will be noticed that above a frequency of about 250 me, clipping begins to occur
in the plate circuit of the final tube,and as a result the power output begins to
decrease. It is interesting té note that the same frequency is obtained as the
frequency tolerance if the normal increase in Zx is used without attenuation in the

grid line. This is indicated by the dashed curve in Figure 6.1.
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5.5 Second Harmomic Distortion

In a distributed amplifier operating under specified conditions it is
possible to determine the shape of the plate current waveform, and, by means of
1 graphical Fourier analysis, to determine the value of the second harmonic compo-
ient of plate current. In order to determine the second harmonic output power
.t is necessary to take into account the phase difference of the individual cur-
rents as they appear at the output tube. Once the magnitude of the current which
enters the filter section between the last tube and the output termination has
>een determined, the second harmonic power can be calculated by multiplying the
square of this current by Zx of the plate line,

If the attenuation in the grid line is neglected over the frequency range
there the second harmonic would be transmitted by the plate line, the second har-

nonic component of the individual tubes can be written as

il = 12 sin 2wt
i, = I, sin 2(wt - o)
i, = I, sin 2(at - [n-l] ®) (6.8)

vhere ¢ is the phase shift per section of the grid line at an angular frequency
f w, and I, is the peak value of the second harmonic component of plate current.
[f the phase shift per section of the plate line at the second harmonic is desig-

nated at Pps the current entering the last filter section is

i i i
2 l - e l &
> -(n-l)p, + > —(n-2)cp2 LRERTIE

- B [e-j(n-l)cpz + e™d [2(0 + (n-2’)<p2] +

i

out

no

N e-JQ(n-l)CPJ (6.9)
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This finite exponential series may be summed in a manner similar to those of

Appendix A, and Equation (6.9) can be written in closed form as shown in Equa-

tion 6.10 T | 9%
o enfe] ol
: sin (%2 _ )
2
, P -
- .2_2. Fn(—?nfc-) ej[a‘”t'(n'l)(“‘*‘e—)] (6.10)
where o = 2 sin-l(a-)ij-;) and @, = 2 sin'l((%f-> (6.11)

Figure 6.2 shows Fn(a-?—)for a six-tube and a nine-tube distributed amplifier. It
(¢

can be seen from Figure 6.2 that the variation of Fy (f’-—) as a function of fre-
c

quency is not great over the major portion of the frequency range where the second
harmonic distortion is of interest. However, at the higher frequencies the phase
angles of the second harmonic component of .plate current of the individual tubes
which appears in the output cause a cancellation effect and Fy (wi) decreases.

c
The second harmonic output power can be calculated from Equation 6.12.

I, T () \@
2 ‘n :
Poout = ) 7, () (6.12)

2.2

where Z,r(aw) is the mid-shunt image impedance of the plate line evaluated at the

second harmonic frequency.

6.6 Sample Design of & Distributed Amplifier Using 4X150A Tubes

After the tube type has been picked, the first step in the design pro-
cedure is to measure the small-signal effects. Figure 6.3 shows the input resis-
tance for a UX150A as a function of frequency. The input capacity of a 4X150A was
measured as 21.2 micro-microfa.rads. If the experimentally determined values above

are substituted in Equation 4,19, the product of the angular cut-off frequency and
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;he number of tubes for a UX150A is

mw, = 189 x 108 (6.13)
'he inductance of the grid lead of the 4X150A is asbout 0.007 microhenrys. The
series resonant frequency of the grid lead inductance and the input cepacity of
che tube is 410 me. Equation 3.1l indicates a maximum cut-off frequency of about
330 me. The solution of Equation 6.13 with 330 me for the cut-off frequency yields
3 value of nine tubes. The impedance level of the grid and plate lines can be

letermined from Equation 3.3.

Rg =g, = %9
2.
abcp

for Cp = 11.8 ppf. In order to simplify the impedance matching problem the upper
put-off frequency is modified so that the grid line has a nominal impedance of 50
phms, This lowers the cut-off frequency to 300 mc and raises the nominal impedance
>f the plate line to 90 ohms,

The values of the inductances for the grid line and the plate line can be
letermined from Equation 3.2 and the coefficient of coupling of the negative mutual
20ils from Equation 3.10.

The attenuation of the grid line can be calculated for small signals from
iquation 4.3, and the results of Figure 6.3. Figure 6.4 is a plot of the attenua-
tion per section of the grid line under small-signal conditions., If the values of
y from Figure 6.4 are substituted into Equation, 4.6, the value of the various grid
roltages can be found as a function of frequency. The results of this calculation
sre plotted in Figure 6.5.

The next step in the design of a distributed amplifier is to determine the

operating voltages. Unfortunately there is no quick and easy method for graphically
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determining the proper operating conditions for the distributed amplifier. The
final operating conditions will in general represent a compromise between efficienc;
power output, frequency tolerance, and driving power. The weighting of each of
these parameters depends upon the application. One method of attack is illustrated
in the grephical analysis that follows.

A plate voltage at the Q-point, qu,of 800 volts and a screen voltage
of 400 volts were assumed. Figure 6.6 shows the plate characteristics for a
LX150A extrapolated to a screen voltage of 400 volts. This extrapolation process
is described in detail in the Eimac tube handbook. Several possible values for
the grid bias were assumed and the plate load line drawn., For this first approxi-
mation the load line is drawn with a slope of - E%; mhos (attenuation in the
grid line is neglected). The dynamic transfer characteristic is obtained from
these lines and is plotted in Figure 6.7. It will be noticed from Figure 6.7 that
the UX150A is a good approximation to a constant-current device in that all the
curves lie very close to.one another. Figure 6.8 shows the variation of grid cur-
rent with grid voltage for a 4X150A operating with a screen voltage of 400 volts.
This curve will be used to determine the equivalent loading resistance due to grid
current,

Table 6.1 shows the instantaneous values of plate current and grid cur-
rent for a bias voltage of -13.3 volts and a peak signal voltage of 33.3 volts.
Figure 6.9 is a plot of the instantaneous value of plate current as a function of
wt. From this plot the de plate current is found to be 0.86 amperes. Figure 6.10
is a plot of the instantaneous value of the plate current multiplied by cos wt.
Twice the average value of this curve is the peak value of the fundamental componen
of plate current. From this curve the fundamental value of plate current is found
to be 0.75 amps. Figure 6.11 is a plot of the instantaneous value of plate current

multiplied by cos 2wt. Twice the average vglue of this curve is the peak value of

the second harmonic component of plate current. Figure 6.12 is a plot of the
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TABLE 6.1

Instantaneous Values of Plate Current and Grid Current
Bpq = 800 v; Ecp = 400v; E,j = -13.3 volts; Egig = 53+3 volts peak

o oas i ip coswt  ipcos2wt  igma) igcoswt
0 20 1.68 1.68 1.68 64.7 64.7
15 18.9 1.6k 1.58 1.k2 57.5 55.6
30 15.5 1.56 1.%5 0.78 40.5 35.1
L5 10.2 1.k 1.0 0.0 20 1h.1
60 3.4 1.25 0.6% -0.63 L 2
75 -7 1.06 0.27 -0.92 0 0
90 -13.3 .82 0 -0.82 0 0
105 -21.9 .62 -0.16 -0.5k4 0 0
120 -30.0 A5 -0.23 -0.23 0 0
135 -%.8 .3k -0.2h 0.0 o} 0
150 -k2.1 .26 -0.23 0.13 0 0
165 -45.5 .22 -0.21 0.19 0 0

180 -b6.6 .21 -0.21 0.21 0 0
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nstanteneous value of grid current. The dc grid current is the average value of
his curve. Figure 6.13 is a plot of the instantaneous value of grid current multi-
)lied by the cos wt. Twice the average value of this curve is the peak value of
she fundamental component of grid current.

Due to the non-linearity of the dynamic transfer characteristic of the
IX150A, the load line will shift from the small-signal operating point. Each of
she load lines drawn on Figure 6.6 is drawn for a voltage at the Q-point of 800
rolts. The actual dc supply voltage, Eyy, will in generai be less than the plate
roltage at the Q-point. Ey; is easily determined from the load line as the voltage
eross the tube when the plate current has its average value. This is shown in
rigure 6.6.

Teble 6.2 summarizes the calculations and results for the 9-tube di -
,ributed amplifier Qperating under the conditions stated above.

The graphical calculations for the other operating points shown in
Figure 6.6 are given in Appendix F.

Figure 6.14 is a compilation of the calculated results for a 9-tube dis;
s;ributed amplifier operating with a platé voltage at the Q-point of 800 volts, a
screen voltage of LOO volts, and a peak signal voltage adjusted so that the grids
wre driven 20 volts positive. It will be noted from these curves that the dc input
power is in excess of the plate dissipation rating of the tubes. In order to
realize these operating conditions in a distributed amplifier it is necessary
to operate the amplifier intermittently so that the tubes remain in a safe
operating region as far as heat dissipatioh is concerned. The meximum duty
cycle for safe operation of the tubes is indicated in Figure 6.1k

The compromises which are involved in the final selection of the operating

yoint may be seen from Figure 6.1k, TFor the particular plate voltage at the Q-point
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TABIE 6.2

RESULTS AND COMPUTATTONS
Epq = 800V, Egp = 400V, gy = -13.3, Bgyg = 33.3 volts peak

Ib = 0.88 Amps.

I; = 0.75 Amps.
I, = 0.06 Amps.
I, = 12.9 Ma.

I = 23.3 Ma.
Rpeq = 1.43 K0

Oogy = 0.0175 nepers/section

—— = O. 175
Qo
Ebb = T70 volts
Power Output = U437 watts
Power Input = 6090
1 = T7.18%

Driving Power = 11.1 watts

0.9

Power Out 2nd Harmonic = 3.3 watts

Frequency Tolerance
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and screen voltage assumed, the output power peaks at a bias voltage of about =35
rolts; however, the efficiency reaches a maximum value in the neighborhood of -60
rolts bias. The cost of this increase in efficiency comes from a larger driving

»ower requirement and a decreased frequency tolerance.

Figures 6.15 through 6.19 show a graphical summary of the results of
ralculations for a 9-tube distributed amplifier using 4X150A tubes for several
ralues of plate voltage at the Q-point and screen voltage. It can be seen from
these figures that the peaks in the power output curves tend to increase with
screen voltage; however, the efficiency reaches a maximum and decreases as the
screen voltage is further increased. If curves were drawn for a constant input
yower, one would expect to find an optimum value of screen voltage from the stand-
oint of power output and efficiency. In general, the frequency tolerance de-
:reases as the operating bias increases. The driving power increases as the bias
.ncreases.

The general trends mentioned in the preceding paragraph are useful in
letermining the proper direction in which to move in assuming new operating voltages

n distributed amplifier tubes after an unsatisfactory design has been completed.
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CHAPTER VII. CONCLUSIONS

{.1 Introduction

In the preceding chapters the small-signal distributed amplifier
equations have been modified to account for the additional complications
ancountered in large-signal operation. A graphical procedure for analysis of
power distributed amplifiers operating in a non-linear region was also

oresented.

{.2 Summary of Results

1. It was shown in Chapter VI that an exact graphical analysis is
»ossible. However, this method of analysis involves a cut-and-try procedure,
vhich is long and tedious. If certain assumptions are made, it is possible to
1se an approximate graphical analysis for distributed amplifier operation.

2. It was shown in Chapter V that the maximum theoretical efficiency
f a distributed amplifier operating at low frequencies is 30 percent. It was
11lso pointed out in Chapter IV that it should be possible to increase the actual
fficiency of a distributed amplifier by about 30 percent if the low-frequency
yperation is limited so that the plate load impedance remains low over the
perating frequency range. This increase in efficiency is accomplished by
perating the first few tubes at a reduced plate supply voltage.

3. The equations for a flat frequency response for a small-signal
listributed amplifier are modified to account for the loss due to the positive

peration of the grids. Curves showing the frequency response of a distributed

Codr

mplifier for 'several values of 5
0

are presented in Chapter IV.
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4. The frequency limitations are pointed out in Chapter III. The
inductance of the grid lead is found to be the most serious limiting factor on
the upper cut-off frequency as far as the small-signal response is concerned.
A serious limitation on the large-signal frequency response is incurred by the
on-set of clipping in the plate circuit of the last few tubes in a distributed

amplifier.,

7.3 Suggestions for Further Research

During the course of this investigation several problems were en-
countered which seem worthy of investigation.

1. Power tubes designed to operate in the VHF-UHF region are not
designed for grounded cathode operation. The frequency limitation imposed
by the grid lead inductance and the plate lead inductance could be essentially
removed if tubes were 5uilt with two grid leads and two plate leads. One of
the important parameters in the determination of the proper number of tubes to
be used in a distributed amplifier is the input conductance. If the transit
time and the cathode lead inductance were decreased, it would be possible to-
use more tubes in a distributed amplifier and, therefore, present the possibility
of achieving greater output power and increased efficiency.

2. The plate circuit of a distributed amplifier is only 50 percent
efficient. If a more efficient plate circuit for a distributed amplifier could
be synthesized without incurring other serious defects, a large increase in the
efficiency should be possible.

3. Triodes operating in a grounded-grid distributed amplifier circuit
in which the impedance of the cathode line is changed at each tube in order to
match all the tubes to the input seems worthy of consideration when bandwidths

of the order of 500 mc are contemplated.



APPENDIX A

SERIES FOR PLATE-CATHODE VOLTAGE ON KTI‘I TUBE OF AN N-TUBE DISTRIBUTED AMPLIFIER

From Equation 2.3 Chapter II the voltage on the plate of the k

.s given by n
ek = Z ekj
J=1

Z
. — o 1 - -
here: ey = Gyfigy — sin [w’c - (k 1)<p]

: Zo
exk = GuPgn 3 sin[wt - (k-l)cp]

Z0 .
ek(k+l) = GmEgn --2- 61n[(nt - (k-l)cp - 2(p]

. Z
exn = GpEgn —-;— sin[a)t - (k-1)p - 2(n-k)cp] .

Therefore
7
(o) o
ey = GmEgm "'2" {k s1n[a)’c - (k-l)(p}

+ sin [wt - (k-1)p - Ecp] + sin[wt - (k=-1)p = hcp]
Foevieens # sin[a)t - (k-1)p - 2(n-1-k)cp]

+ sin [wt - (k=1)p - 2(n-k)cp]} .

Consider the series

S = sin(A - 2¢) + sin(A - bp) + ....

+ sin[A - 2(m-l)cp] + sin[A - Emcp]
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< edh L IR _ o-iA L o2y oJA o3k _ omJA . I
= +
2J 23
Foeeens + oA e'je(m'l o _ o=dA gJ2(n-1)o
2j
JA gmJomp | o =JA o Jomp
§ — S . (A.%)
2J
= -%'5' edA {e'jeq) s, emiRln-l)e e-jamcp}
- e'jA{eJQCP red¥ L Ly ej2(m-l)cp + ejm} (A.5)
Let 5 = eJ20 o Ly e~2(m-1)p , o-jomp (A.6)
Sle-chP: e"jhcP + e'j&P PSRRI e-j2(m.+l)cp (A.7)

Subtracting Equation A.7 from A.6

5,(1 - e™I20) = o720 . o=J2(m+1)o (A.8)
or
5 ",j2CP 1 - e"Jem(P
1°=°¢ R
1 - e™J29 (A.9)
Similarly if
Sp = eI20 + edh . + e.j?.'(m-l)cp + eI , (A.10)
then
o L a2
Jj2p 1 -e
S, = e* | = (A.11)
2 1 - e
Equation A.5 can be written as
gL [ 3 -ieo 1P
"2 |° — 52
1-e 99
- i o ed2m.
- emJA 20 Lo’ (a.12)
1 - oJ20
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1 o o~Jemp
Lo can be written as
1 - e~Jd2Q
e (3 - ) -ifa-l)e sinmp (4.13)
e~J? (eJcP - e-jq)) sin @
Similarly

1 . S _ eI (o=JMP _ oMy (a.1%)

1 - eJQCP eJ9 (e-JCp - eJCP)

eJ(m-l)CP sin my

sin @

So that muation A.12 can be written as

e e s i ] s [
2] sin ¢ sin @

Now S can be written as

S = sin mp sin[A,- 2 - (m-l)cp]
sin @
=R ginfa - (n+1)e] (A.16)
sin o

Identifying the terms of this series with those in Equation A.2, A.2 can be

written as
Z

ex = CpEan ‘-g' [k sin[cot - (k-l)q)]

, st (nk)y [wt-(k-l)cp - (n-k+l)qﬂ (A.17)

sin @



APPENDIX B

LOW-FREQUENCY DISTRIBUTED AMPLIFIER USING 807 TUBES

The following values were picked for convenience.

n = 6
fo = 15 ke
C, = .Ohuf
C, = Ok uf
2 2

= = - = 530 Q
R weCp 27X15X105X .044x1076
L, = 2 Bp _ 5 x—23% - 11.25m

®e 27X15%103

R = 2 = 2 7 = L"82 Q
& ®.Cg 27X15X103X .04Lx10-6
L o= 2 B8 o 53— _ 1025 m.
8 ®¢ 217X15X103

The schematic diagram is shown in Figure B.l. The 10 ohm resistors
in the plate of each tube are used in order to be able to measure the plate
current on an oscilloscope.

Table B.l shows the experimental data obtained for the plate load
impedance for the first tube in the amplifier. The method of data reduction
is also shown in Table B.l. The absolute value of the plate load impedance of
the first tube is normalized to one-half the mid-shunt impedance of the
constant-k plate line. In order to plot the experimental points on Figure 2.2,
the phase shift per section of the artificial transmission lines was calculated

from the ratio of f£/f.
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TABLE B.l

MEASUREMENTS ON TUBE NUMBER 1 OF 15 KC DISTRIBUTED AMPLIFIER

freq.(kc) Eorrs) I(may

O

l—.l
OO @I AT =W O
w1 W, N ¥

F
H O
-3

11.5
12
12.5

13.2
13.5
1L

14.5

N R RN RN SR

R TR

l__l
% B

8.5

9

9.
9.5
10
10
9.5
10
9.5
9.5
10
10
10.7
10.5
10.5
11.5
12
12
11.5
11.5
11.5
12.5
13
13

1530
1220
580
52
100
550
580
550
28k
105
250
400
467
428

217
458
666

695
348
156

924
385

f/fc

L0667
1335
2
.26
.266
333
.367
o
Y
5
533
.566
.6
667
.T34
Y
.8
834
.867
.88
9
.93k
.967

¢DEGREES

15
13.5
23
30
30.5
38.5

Z/rs2

5.7k

h.57

2.17
195

315
2.06

2.17
2.06
1.065
.39k
.938
1.5
1.75
1.605
0
.815
.72

N Sl
o\

W

05
.585
9

3.46
1.445

5.73
L.54
2.13
.19
.364
1.945
2.02
1.89
97



APPENDIX C

PLATE LOAD IMPEDANCE FOR PAIRED-PIATE

The circuit for paired-plate connection is shown in Figure C.l.

.gz ;=...
——— (ﬂ/2-l) fm (0/2) °

FIG. C.1. BLOCK DIAGRAM OF PAIRED-PLATE DISTRIBUTED AMPLIFIER.

The current supplied to the line by any pair of tubes is composed of

components which are equal in magnitude but differ in phase by 9.

I = 2|L,]| cos 2 i

I, = 2l1p| cos g - 52\0--2cp

I, = 2|Tp| cos g - 2- 4

I]; = 2|IP| cos 522 - g- (2k-2) o
B - o2l T |- 2- (a-2)o
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Voltage on kth Pair Plates

By = II | cos gzo - % -(2k-2)9
By = |IP| cos gzo g -(2k-2)p
Eg(kel) = |Ip| cos gzo - g -(2k)p~-2¢
Eg(k42) = |Ip[ cos gzo - g - (2k+2)p-lo
Ben = |Ip| cos gzo - g -(n-2)p- (3 - k)29
Now Ek ) née By
i=1
= k|Ip| cos % Z, '- % -(2k-2)g
+ IIPI cos 522 Z {l | -(2k+2)g

“+

-+

1 I- 2 - (2k6)9

1 |' 2 -(n-2)p -(n-2k)g }

Consider the series in brackets.

1 ] - (2k-2)9 -Up

+1 'L-’- g - (2k-2)¢- 8o

) l- £ - (ex-2)9 - 2(n-2K)p

-

_ -j[g +(2k-2)qﬂ [e-jhm L 38,

Let ~jho -89 -j2(n-2k)o

S= e + e + cee0 + €

-32(n-2k)¢>]
e
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-3 [2(n-2K)orhg]

hen s o -3i2(n-2k
eJLKp= J&p+...+e‘](n )CP+e .

S

o3 =d [E(n-ek)cwhcp]

S =
1 - e-Jh’cP

_ e-.jLKp e-j(n-EK)cp[Sin (n-2k)q>]

™92 [sin 2cp]

o~ (n-2k+2)9 sin [gn-ek)g]

sin 2¢

) e-‘j [g + (2k-2)q>]= e-.j(ncp + 2) siné[j(_g-gg)ﬁ]

T2 . (on.
B, = |I,| cos % 2, [k i [B (e 2)9)

, sin [(n-2k)52] e-j(nCP + 2)]
sin 2¢

2|1y| cos §|— 2 - (x-2)9

—
w
1

[{}

Ek _ —Zglk sin [(n-Ek)Q] . -J [n-2k+2] Q
.I; ) ¥ sin 2¢ )



APPENDIX D

INPUT RESISTANCE OF A VACUUM TUBE DUE TO CATHODE LEAD INDUCTANCE

Figure D.1l shows the equivalent circuit used for the determination of

input resistance.

FIG. D, |. EQUIVALENT CIRCUIT OF A TUBE
USED FOR THE DETERMINATION OF INPUT
CONDUCTANCE .

The node equations for this circuit are shown in Equation D.1l and D.2

I = Eg[ja)(Co N cg)] - Ek[jwcg] (D.1)
. . 1
&nfgx = -Eg [Jmcg] + Ek[,]w(cg + Cp) + ———} (p.2)
Joy
But Egk = Eg - Ey. Equation D.2 can be written as shown in Equation D.3.
0=- Eg[gm + Jmcg] + Ek[gm + Jo(Cg + Cp) + - } (D.3)
Joilye
Equations D.1l and D.3 can be solved for Eg as shown in pquation D.4
. 1
. Iggm+,)w(cg+cp)-hjumk
g ' (D.4)

Jo(Co + Cg)| | gy + Jo(Cq + C) + L - [ JoC + JaC
g g’ p Jol, gl [Em g
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The input admittance is given by the ratio of Ig to E‘g or

[.qu(co + Cg)] [gm + ,jm(Cg + Cp) + —J(]J;I—;_] -[chg] [gm + jcuCg]

in 7
1

Joile

gy + J(D(Cg+ Cp) + -

'he real part of Equation D.5 can be written as shown in Equation D.6

[2 - Pre, |
en20?L 2 + [P (cg + Cp )Lk--l]2

2
Gin = &nﬂ) LkCg

(D.6)



APPENDIX B

DETERMINATION OF PLATE LOAD IMPEDANCE WITH ATTENUATION IN THE GRID LINE

The grid voltages on the various tubes are assumed to be of the. form

1 = Eg Lgi_

41'
E2 = Ege -CP
(E.1)
-axl
E3 = Ege =20

= .
1

L = Eée-(n-l)al'-(n-l)p

These grid voltages will result in the following fundamental component

of plate current

| (o)
I, = Ege'“ Gml-cp (E.2)

I, = Ege'(n'lxu Gml-(n-l)w

h

The voltage on the plate of the kt tube can be written as

Ek = Z Ek (E-5)

where EkJ = the voltage that appears on the plate of the kth tube with only the

jth tube operating.

These voltages mey be written as shown in Equation E.k.
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7
o
By = Gp 3 Eg |'(k'l)CP
Zg
_ 2 -
Eep = Gy > Ege -(k=1)p

. ZO - -
2 5e” | (e (5.4)
Z -
By (ke1) = On —:- Ege ko l-(k-l)cp-Ecp

m L]
&

il
e

By, = Gm_;' Ege-(n-l)al-(k-l)cp-2(n-k)cp

Substituting pquation E.4 into E.3 the voltage on the k' tube is

Z .
E. =G - e"‘](k"l)(p [l+e-a Foeee + e-(k-l)a

k™ "m 2 ¢
r e K0 2P e~ (kL) o-dlo +oeas (E.5)
4 o~ (n-1) e-.jz(n~k)<p]
et S, indicate the series
Sy =1+ e st e-(k-l)a (E.6)
Sle'a =e %, e-2a + oo + e-(k.l)a + K (E.7)

f Muation E.7 is subtracted from Equation E.6 the result is

5,(1e®) = 17 (E.8)
r
a ko ko
-ko -k - =
5, == _e P o
1-e-a - a g - a
ez 2 - ¢3

=€ —_— (E.9)
et 82 indicate the series

S, = ek =29 [l redemd® e-(n-k-l)oc e-JQ(n-k-l)cp] (E.10)

2
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< =J2p _ ookt =320 [e-oc 320, . -(0-k-l)o -g2(n-k-1)p

L 1

S2e

4 e~(ak)a e'jz(“'k)q’] (E.11)

Subtracting Equation E.11l from Equation E.10 we have

Se(l-e-a e-J2cp) - e-kct e-JQcp [l_e-(n-k)(‘x e-jE(n-k)cp] (E.12)

or
—o~(n-k)a=j2(n-k )o
5, = ™I 1-e (E.13)
1-e 0320

ko329 -(n-k)3"i(a-k)p  sinh [(,n-k)% + J(n-k)CP]

o ,
ez = Jo sinh |3 + do]

(04
) e-(n+k-l)§' - J(m- +1)o sinh [(n-k)gg‘ + J(n-k)CP]

(E.1%)
sinh [g— + ,jcp]

Substituting pquations E.1l4 and E.9 into Equation E.5 the plate voltage on the

th

k™" tube becomes

Zo g Sl
k m o g

a .
-(k=1)3 sinh ék-a-
© — (E.15)

a
sinh 5

" (n+k-1 )% -3(n-k+1)o sinh [(n-k )% +j(n~k )cp]

sinh [% +J'q>]



The plate load impedance is given by the ratio of the plate voltage to

;he plate current or

Ek Zg - - Q sy, X
7, == _ 20 (k1) | _ (k-l)2 sinh =

=
Ik 2

a
. e-(n+k-l )2 -j(n-k+l)p

’r
z 1\ sinh &
k. e ————e—
2 sinh o
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sinh —

sinh [(n-k )% + (n-kv)@]

sinh[ge- + Aj_cp]

o,
-(n-k+l)5 -j(n-k+1)o
+e

sinh l.(n-kv)g'.. +3(n-k )CP]

sinh [g . j(p]



APPENDIX F

GRAPHICAL CALCULATION OF THE OPERATION OF

A 9-TUBE DISTRIBUTED AMPLIFIER USING AX150A TUBES

Figure F.l shows the instantaneous value of plate current for a nine-
tube distributed amplifier operating at a plate voltage at the Q point of 800
volts, a screen grid voltage of 400 volts, a control grid bias of -20 volts,
and with a peak signal voltage of 40 volts. Figures F.2 through F.5 are for
the same operating condition. Table F.l summarizes the results of the
distributed amplifier operating under the above conditions.

The rest of the figures in this appendix repeat the calculations

mentioned above for several different operating conditions on the amplifier.
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TABIE F.1l

RESULTS AND COMPUTATIONS

qu = 800v, Eqp = 400v, Eq; = -20 v, Esig = 40 v peak
Iy, = 0.76 amps.
Il = 0,77 amps.
I, = 0.10 amps.
I, = 1l1.7 m.
I.; = 2l.2m.
Rgeq = 1.89KQ
Oogr = 0.01325 nepers/section

[0
—odr - .133

%
Ep, = 74O volts
Power Output = U480 watts
Power Input = 5060 watts
no= 9.5%
Driving Power = 16 watts
Frequency Tolerance = 0.85

Power Out 2nd Harmonic = 9.1 watts
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TABLE F.2

RESULTS AND COMPUTATIONS

1}

qu = 800v, Ec2 = LOov, Eqp -26.6v, Esig = 46.6v peak
Ib = 0.685 emps

I, = 0.806 emps

12 = 0. lll- amps

I. = 10.7 m.

I, = 21.7 m.

Rgeq = 2-15 K0

Oodr = -01165 nepers/section
Qodr

o 0.117

Bpp = TX0v.

Power Output = 532 watts

Power Input = U4500 watts
n = 11.8%

Driving Power = 21.7 watts
Frequency Tolerance = 0.78

Power Out 2°¢ Harmonic = 17.9 watts
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TABLE F.3

RESULTS AND COMPUTATIONS

Epq = 800, E 5 = 40Ov, E ) = -40 volts, EBgy, = 60 v peak
I, = 0.56amps.
I, = 0.79 emps.

0.24 smps.

=
N
n

I. = 9.6 ma.

Icl = 18.7 m.

Rgeq = 3,2KQ

Oodr = 0.0078 nepers/section
Qodr

- = 078

Epp = 680 volts
Power Qutput = 530 watts
Power Input = 3425 watts
n = 15.5%
Driving Power = 36 watts
Frequency Tolerance = 0.63

nd

Power Out 27 Harmonic = 52.5 watts
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TABLE F.k4

RESULTS AND COMPUTATIONS

Epq = 800v, E,, = 40OV, E¢y = -53.3v, Egig = T3.3v peak

I, = 0.5 amps.
I, = 0.76 amps.
I2 = 0.325 amps.
I = 8.8ma.
I. = 16.6 ma.
Rgeq = L.l KQ
Opgr = 0.00567 nepers/section
%dr = 0,057
Bpp = 663 volts
Power Output = 501 watts
Power Input - 2980 watts
n = 16.8%
Driving Power = 53.7 watts
Frequency Tolerance = 0.55

Power Out 2™ Harmonic = 96.3 watts
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TABLE F.5

RESULTS AND COMPUTATIONS

Bpg = 800v, E, = koov, E,y = -66.6v, Egjg = 86.6 v peak

0.4k amps.

o
]

I, = 0.701 amps.
12 = 0.56 amps.
I = 8.3ma.

Ioy; = 15.4m.

Rgeq = 5-6 K Q

Cogr = 00445 nepers/section
Jodr _ ouy7

%o

E, = 655 volts
Power Output = U430 watts

Power Input = 2685 watts

n = 16.0%
Driving Power = 75 watts
Frequency Tolerance = 0.46
Power Out 2°¢ Harmonic = 118.1 watts
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TABLE F.6

RESULTS AND COMPUTATIONS

Bpq = 800v, Egp = hoOV, By = -80v, Bgy, = 100 v peak
Ib = 0.4 amps .
I; = 0.68 amps.
I = 0.375 amps.
IC = 7.7 m.
Icl = lh’o6 m:
Ryeq = 6:85 K 0
Opgr = 0.00365 nepers/section
Qodr
2odr - 0.0367
o)

Eyp, = 650 volts

Power Output = L4O7 watts

Power Output = 2400 watts
no= 17%
Driving Power = 100 watts
Frequency Tolerance = 0.42
Power Out 2™ Harmonic = 128 watts
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