Excitation to the Grid and Driving Impedance of the Grounded Cathode
The Origin and Background of the ARRL Radio Amateur’s Handbook Equation

Introduction:

Construction of tube amplifiersis partly renovation, partly innovation, improving on prior work,
modification of other designs to fit your inventory or starting from the ground up. Of course it could be
all of the stated and more! Such is the case of a tube amplifier | started in late 2019-2020 period and
through the course of its development stumbled upon some interesting tidbits.

The design utilized several beam power tetrodes and control grid swamping was desired for
improved stability and no need for amplifier neutralization. The amplifier operates Class C. Key to the
amplifier drive and input matching requirementsis the dynamic control grid input resistance of the tube.
| constructed a tube design spreadsheet based on the papers provided by F.E. Terman (1) and others.
Although the dynamicinput resistance of the tube operationwas not discussed inthese papers, therewas
sufficientinformation to deriveits value. Upon furtherinvestigation and consulting my trusty ARRL Radio
Handbook also provided an equation that fit the bill to the tee. However, upon applying this equation to
my design and comparing the output from my spreadsheet, the values were significantly different!
Additional digging into other years of the ARRL Handbook provided different formulas and a myriad of
typos that baffled me. The desired equation appears to have originated for the first time in the 1951
Handbook. In addition, there was no reference to be found. What is the origin of this mystical equation
shownin figure (1) from two different decades of the handbook? The constant factor varied, 620,000 in
one editionand 622 x 10° in another(2)!

Figure 1: The equations forinputimpedance of the grid fora grounded cathode tube. From the ARRLThe
Radio Amateur’s Handbooks, 1950 and 1970 editions.

Background searches:

Significant digging into the literature and inspection of documented design procedures (3)
provided insight. The formulain the ARRL handbooks is based on the work presented by Wagener and
not Terman. However, the results are similar. Both assume pulse like current wave forms as shown in
figure (2) and the curvesinfigure (3) are provided in Wagener’spaper, IRE, Jan 1937. His plotis normalized
to the dc grid current, unlike Terman which used normalization to the peak space current. The plots
provided in Wagener are peak and not RMS. Hence the need to multiply the ordinate values by 0.707
when computing the average input resistance of the grid.
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Figure 2: Tube plate, grid current pulses and plate voltage swing from a Spice simulation of a Class C tube
operation

The equation provided by the Handbook although varied between editions is;

Rg = Ipﬁ X 620,000 whichis a little confusing although it may be apparent asit should read
dc grid

as follows with the grid current expressedin mA and its value is squared:

Iczic grid (mA)

The source of this confusion is discussed next. In addition, what is the nature of the correction factor,
620,000 or 622x10° which has occurred in various editions of the handbook?

Ry X 620,000 (1)

Equation origin:

What is the origin of this equation? What is the nature of this constant value? First, the dc grid
currentgivesrisetoa peakgrid currentunder RF input excitation poweror P4 In Class B and C amplifiers,
the required excitation poweris a consequence of the fixed grid bias voltage forcing the tube into cutoff.
The required input RF voltage is needed to provide the desired plate current to overcome this grid bias
control voltage controlling cutoff, E.. The plate and grid currents only flow for a short period of time,
measured by their conduction angles, 0, and 0. This quantitative relation foratetrode and similar tubes
forfinding E¢ is determinedby the screen voltage, E¢,, the maximum permitted grid voltage, E ..., and the
cutoff amplification factor of the tube, . The plate conduction angle is one free variable available and

controls tube efficiency. It in turn dictates the grid bias cutoff potential and together with E,, sets the
grid current conduction angle.
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6
ECZ/HS + Emax cos( p/z)

E. = 2 (2)
1- cos( 2”/2>
E
0, = 2cos l—— (3)
g EC + Emax

These parameters are available from the tube data sheet. Tube calculators or various
spreadsheets are used to understand the tradeoffs in power and efficiency for a chosen value of plate
conduction angle and maximum assigned grid voltage (4). A key aspect in running Class B and C tube
amplifier calculationsis tofinda value for E,., and avalue for the minimum platevoltage, E, that permits
maximum power outputand efficiency while not exceeding tube dissipation limits.

The excitation voltage must rise above the cutoff value to permit plate current. The required
excitationvoltage is E. +E,.. Its calculationis providedinthe tube calculatoraswell as spreadsheets. The
excitation poweris calculated as an RMS product hence the grid excitation voltage and the excitation
current must be converted to their RMS value. However, the current is pulse like and not sinusoidal so
harmoniccurrentis presentand the DC and its fundamental value must be found. Because thesecurrent
pulse waveforms are complexand not sine wave, their DCand harmoniccomponents must be found using
the Fourierseries. The harmonic content solution to a pulse waveformasseeninfigure (2) is provided in

figure (3). The squared sine wave provides a betterfitto the wave shape seenin poweramplifiers for the
grid and plate current.
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Fig. 5—Principal components of simple pulses.

Figure 3: From Wagener, the squared sine waveratio of fundamental ACgrid current normalized to its DC
value. The curves are peak response with the squared sine wave curve appropriate to describe the grid
current pulse current waveform.
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Details of the Handbook Equation:

The term lyc g in equation (1) along with the numericfactor 620,000 originates from the graph of
figure 3. The graph of 3 provides the required ratio of peak fundamental current, either grid or plate as
compared to its DC value for a squared sine wave, top plot. The squared sine wave approximation
originates from describing the total tube current dependence on the plate and grid voltages as

ep a
ip+ig:K<;+eg) (€))

Where o, rangesfroma = 3/2 anda = 2 andKis a constant that depends on the tube dimensions. If the
grid current conduction angle, forexample is 140degrees, or 70 degrees % conduction angle as plotted in
figure (3), theratiois 1.8. That is the peak fundamental grid ACto DC current ratiois 1.8. Conversion from
peakto RMS isrequired and this yields aratio of 1.27. The average grid input resistance is obtained from
the following:

Rg =" 5).

acgrid

Since lycgrig = 1.27 lyc g, Substitution into (5) with current units set as mA, the ARRL Handbook equation
results with the note thatthe DC grid current expressed in mA was also squared!

Pq
I3c gria*(127)2(mA)?”

Hence we have Rg =

The resulting simplification is the handbook equation for a specificconduction angle of 140 degrees or

P
Rg = d

= 7 (0.62) x (10°) (6).
dc grid

Thisis the handbook equationandthisisits origin!
Qualifications and Examples:

It is key to note, equation (6) is specificto a grid conduction angle of 140 degrees, or a half
conduction angle of 70 degrees. Hence, thisformulais nota generalized apply to all design case tool and
needs to be used as a best approximation. Inspection of figure (3) after converting the plot to RMS, see
figure (4), says formula (6) will cover the Class B half conduction angle or 90 degrees to Class C tube
amplifier cases or zero degrees (although 20degreesis usually the lower limit) if written as equation (7),

P P
- ©—(0.69) x (10°) < Rg < - “— (0.51) x (109) ).
dc grid dc grid

For convenience, aplotof figure (3) is provided in figure (4) below, expressed asa RMS value requiredto
calculate the dynamicgrid inputresistance.



Figure 4: Figure (3) presented in RMS values of fundamental current/DC current for % conduction anglein

degrees.

Consider an application example using the handbook equation as well as directly from the tube
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calculator.

An 807 is operated at a plate supply voltage of 750 volts and the plate current is 110-120 mA. The
applicationis Class C and CW. Inputto the tube calculatorfor the 807 requires easy entry fromthe plate
current and grid current curves provided by the manufacturer. Column entry for plate voltage vs. plate
currentis entered firstandthenafollow up entryis completed forgrid 1 and 2 currents vs. plate voltage.

Calculations are automatic and return the parameter results on the right side as well conduction angle

plots. Very useful and easy to obtain datafor your tube designs.
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Figure 5: Plate characteristiccurves and entry for an 807 tube. Further entryis required for grid 1and 2

current prior to amplifier calculations, see figure 6.
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The grid conduction angle, bottom most curve of figure (6) is 85 degrees or 43 degrees % conduction
angle. The handbook equationrequires the constant set to 541,000.
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Figure 6: Calculated plate, grid current conduction angles and amplifier operating results. Includes RF

poweroutput, efficiency and drive power. The dynamicgrid input resistanceis not provided, however the
informationrequiredtodosois present.

Furthertousingthe tube calculator, | wrote aspreadsheetusing the work of Terman and coupled
it to the graph of figure (3) from Wagener’'swork. The spreadsheet providesthe DCand peak AC control
grid currentas well as their conduction angle. Usingthe ARRL handbook formula but modified to handle
the exact grid conduction angle, | found the dynamicinputZ at the gridto be 9 k ohm. A tube calculator
provided by John Stanley, K4ERO, provides the input Z directly for the grounded grid configuration but
not the grounded cathode (5). However, the information is there to get a reasonable assessment of its
value. The data required is listed as Grid Current (mA) and Drive Power (Watts) rows. While the
spreadsheetresultsin 9 k ohmZin, the tube calculatorwith a set of similardata pointinputsresultedin
10.2 k ohm. The DC grid current if reported would be ~ 5 mA. Quite close and the difference is easily
attributed to not reading the tube curves with proper precision. The application of the corrected
handbook equation would also return 10.2 k ohm. Note, a correction factor is not needed in using the
Tube Calculatorsince the Fourier series components are calculated inthe Calculator routine.
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_ Drivepower (watts) ~ 0478W
9 7 Grid current (mA)?  ((6.83)mA))?2

= 10.2 kohm

Grid swamping represents an application where this calculation is useful. Grounded cathode
operation without neutralization and improved stability is possible by shunt resistor loading the input.
Furthermore, large changesininputresistance with exciter drive are reduced by application of the same
technique. The 807 stage calculation resultedin approximately 10k were shuntloadedwith 2 k, the drive
requirements can now be calculated. The increase in drive is required to overcome the current divider
presentwhile providing the same fundamental grid current tallied in the tube calculator data output, 6.83
mA. Hence, 6 times or 2.86 W of drive is needed. The return on thisinvestment of additional drive power
isimproved stable operation and an exciterthat seesa more stable termination resistance. Of course, the
ability of designing inter-stage matching networks is a benefit of the calculation. Now the required LC
network between the plate of the exciter stage, VFO or bufferand the final outputis readily determined.

Conclusions:

The grid excitation voltage moves from a positive value forcing grid current to flow to a cutoff
value, a negative extreme excitation voltage. The grid inputresistance is dynamicand producesa range
of inputresistancevalues. This dynamicresistanceis conduction angle dependent and the ARRL handbook
equation must be modified to obtain an accurate result. To tame these extremes in resistance, grid
swamping, Rnhunt, i Used. Another application for grid swamping is to improve stability and prevent
negative resistance affects. Againasmallervalueshuntresistorisapplied to the gridin shunt with R,. The

consequence of this action is the need for additional drive power and the increased power required is
calculated knowing the values of R; and Rghynt.
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