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Introduction: 

Construction of tube amplifiers is 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 I 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 requirements is the dynamic control grid input resistance of the tube. 

I constructed a tube design spreadsheet based on the papers provided by F.E. Terman (1) and others. 

Although the dynamic input resistance of the tube operation was not discussed in these papers, there was 

sufficient information to derive its value. Upon further investigation 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 

shown in figure (1) from two different decades of the handbook? The constant factor varied, 620,000 in 

one edition and 622 x 103 in another (2)!  

 

Figure 1: The equations for input impedance of the grid for a grounded cathode tube. From the ARRL The 

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 formula in 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 curves in figure (3) are provided in Wagener’s paper, IRE, Jan 1937. His plot is 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 =
𝑃𝑑

𝐼𝑑𝑐 𝑔𝑟𝑖𝑑  
(𝑚𝐴)2

 × 620,000  which is a little confusing although it may be apparent as it should read 

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

𝑅𝑔 =  
𝑃𝑑

𝐼𝑑𝑐 𝑔𝑟𝑖𝑑
2 (𝑚𝐴)

× 620,000    (1) 

The source of this confusion is discussed next. In addition, what is the nature of the correction factor, 
620,000 or 622x103 which has occurred in various editions of the handbook?  

 

Equation origin: 

What is the origin of this equation? What is the nature of this constant value? First, the dc grid 

current gives rise to a peak grid current under RF input excitation power or Pd. In Class B and C amplifiers, 

the required excitation power is 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, EC. The plate and grid currents only flow for a short period of time, 

measured by their conduction angles, p and g. This quantitative relation for a tetrode and similar tubes 

for finding EC, is determined by the screen voltage, EC2, the maximum permitted grid voltage, Emax, and the 

cutoff amplification factor of the tube, s.  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 Emax sets the 
grid current conduction angle.  
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𝐸𝑐 =  

𝐸𝑐2
𝜇𝑠 

⁄ + 𝐸𝑚𝑎𝑥 cos (
𝜃𝑝

2⁄ )

1 − cos(
𝜃𝑝

2⁄ )
    (2) 

𝜃𝑔 = 2 cos−1
𝐸𝑐

𝐸𝑐 + 𝐸𝑚𝑎𝑥
                       (3) 

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 calculations is to find a value for Emax and a value for the minimum plate voltage, Emin that permits 
maximum power output and efficiency while not exceeding tube dissipation limits.  

The excitation voltage must rise above the cutoff value to permit plate current. The required 

excitation voltage is Ec + Emax. Its calculation is provided in the tube calculator as well as spreadsheets. The 

excitation power is 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 

harmonic current is present and the DC and its fundamental value must be found. Because these current 

pulse waveforms are complex and not sine wave, their DC and harmonic components must be found using 

the Fourier series. The harmonic content solution to a pulse waveform as seen in figure (2) is provided in 

figure (3). The squared sine wave provides a better fit to the wave shape seen in power amplifiers for the 
grid and plate current.  

 

 

Figure 3: From Wagener, the squared sine wave ratio of fundamental AC grid 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 Idc grid in equation (1) along with the numeric factor 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  

𝑖𝑝 + 𝑖𝑔 = 𝐾 (
𝑒𝑝

𝜇
+ 𝑒𝑔)

𝛼

               (4) 

Where  ranges from and 𝛼 = 2  and K is a constant that depends on the tube dimensions. If the 

grid current conduction angle, for example is 140 degrees, or 70 degrees ½ conduction angle as plotted in 

figure (3), the ratio is 1.8. That is the peak fundamental grid AC to DC current ratio is 1.8. Conversion from 

peak to RMS is required and this yields a ratio of 1.27. The average grid input resistance is obtained from 
the following: 

𝑅𝑔 =
𝑃𝑑

𝐼𝑎𝑐 𝑔𝑟𝑖𝑑
2                                    (5). 

Since Iac grid = 1.27 Idc grid, substitution into (5) with current units set as mA, the ARRL Handbook equation 
results with the note that the DC grid current expressed in mA was also squared!  

Hence we have 𝑅𝑔 =  
𝑃𝑑

𝐼𝑑𝑐 𝑔𝑟𝑖𝑑
2 ×(1.27)2(𝑚𝐴)2

 . 

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

𝑅𝑔 =  
𝑃𝑑

𝐼𝑑𝑐 𝑔𝑟𝑖𝑑
2  (0.62) × (106)             (6). 

This is the handbook equation and this is its origin!  

Qualifications and Examples: 

It is key to note, equation (6) is specific to a grid conduction angle of 140 degrees, or a half 

conduction angle of 70 degrees. Hence, this formula is not a 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 20 degrees is usually the lower limit) if written as equation (7),  

 

𝑃𝑑

𝐼𝑑𝑐 𝑔𝑟𝑖𝑑
2 (0.69) × (106) ≤ 𝑅𝑔 ≤  

𝑃𝑑

𝐼𝑑𝑐 𝑔𝑟𝑖𝑑
2  (0.51) × (106)                               (7). 

 

For convenience, a plot of figure (3) is provided in figure (4) below, expressed as a RMS value required to 
calculate the dynamic grid input resistance.  
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Figure 4: Figure (3) presented in RMS values of fundamental current/DC current for ½ conduction angle in 
degrees. 

 

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

An 807 is operated at a plate supply voltage of 750 volts and the plate current is 110-120 mA. The 

application is Class C and CW. Input to the tube calculator for the 807 requires easy entry from the plate 

current and grid current curves provided by the manufacturer. Column entry for plate voltage vs. plate 
current is entered first and then a follow up entry is completed for grid 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 data for your tube designs.  

 

 

Figure 5: Plate characteristic curves and entry for an 807 tube. Further entry is required for grid 1 and 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 ½ conduction 
angle.  The handbook equation requires the constant set to 541,000.   

 

 

Figure 6: Calculated plate, grid current conduction angles and amplifier operating results. Includes RF 

power output, efficiency and drive power. The dynamic grid input resistance is not provided, however the 
information required to do so is present.  

 

Further to using the tube calculator, I wrote a spreadsheet using the work of Terman and coupled 

it to the graph of figure (3) from Wagener’s work.  The spreadsheet provides the DC and peak AC control 

grid current as well as their conduction angle. Using the ARRL handbook formula but modified to handle 

the exact grid conduction angle, I found the dynamic input Z at the grid to 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 

spreadsheet results in 9 k ohm Zin, the tube calculator with a set of similar data point inputs resulted in 

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 Calculator since the Fourier series components are calculated in the Calculator routine.  
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𝑅𝑔  =  
𝐷𝑟𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 (𝑤𝑎𝑡𝑡𝑠)

𝐺𝑟𝑖𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴)2  =  
0.478 𝑊

((6.83)𝑚𝐴))2 = 10.2 k ohm 

 

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 changes in input resistance with exciter drive are reduced by application of the same 

technique.  The 807 stage calculation resulted in approximately 10 k were shunt loaded with 2 k, the drive 

requirements can now be calculated. The increase in drive is required to overcome the current divider 

present while 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 this investment of additional drive power 

is improved stable operation and an exciter that sees a 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 buffer and the final output is 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 input resistance is dynamic and produces a range 

of input resistance values. This dynamic resistance is conduction angle dependent and the ARRL handbook 

equation must be modified to obtain an accurate result. To tame these extremes in resistance, grid 

swamping, Rshunt, is used. Another application for grid swamping is to improve stability and prevent 

negative resistance affects. Again a smaller value shunt resistor is applied to the grid in shunt with Rg. The 

consequence of this action is the need for additional drive power and the increased power required is 
calculated knowing the values of Rg  and Rshunt.  
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