Figure 1: Differential amplifier made with a 12AX7 twin triode and a 6AU6 sharp-cutoff pentode. The signal gets applied to
the grid of the triode on the left-hand side (= side 1). The capacitor on the grid of the triode on the right-hand side (= side 2)
pins the grid at ac ground.

The voltage across a triode V,,(Vy, ?) is a function of the grid-cathode voltage V;; and the current through the tube ¢. From chain
rule,
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where p is the amplification factor of the tube and r, is the anode resistance. In practice, the relevant gain of the circuit is
relative to the voltage Vi applied to the grid with respect to ground. With V;, = Vi — V¢ and the cathode voltage Vo =
Vp — Rpi — V,,
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With dV, /dVe = (dV,/dV,)(dV,/dVe) and (di/dV,)(dV,/dVe) = (di/dVe), the combination of egs. 1 and 2 yields
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From an additional application of chain rule,
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and solving for dV, /dVg results in
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Finally, the output voltage Vi, = — Ry is given by
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Figure 2: Input signal applied to one of the triode grids; 1 kHz, 1 V peak-to-peak.
So, solving for the gain has boiled down to determining di/dV,.
The necessary equations describing the voltages in the circuit are
Va1 +i1(Rr + Rg) — Voo —i2(Rp + Rp) =0 (7)
Va1 +i1(Rr + Rg) + (i1 +i2) Ry = Vp — Vi (8)
Vg =Vp = Va1 — il(RL + RE) +i9RE (9)

For eq. 9, it has been assumed that the capacitor on the grid of tube 2 places the grid at ac ground, so the grid-cathode voltage
Vg2 is equal and opposite to the cathode voltage.

Differentiating eq. 7 with respect to Vg:

diy AVyo dVis  diy
1 Ry + Rp) — 92 _ Ry + Ry) =0 10
+ qv, (Bt Re) dVy2 AV av,; o+ Ep) (10)
diy diy AV, dis
1 Ry + Rp) — (—p+ 14 - Ry +Rg)=0 11
erVal( L+ Re)—(—p+r 2dVg2)dVa1 dVal( L+ RE) (11)
diq dV,o dig dig
1 R; + R 92 _ - Ry + Rp) =0 12
T qv,, (Ret Re) T ugy —regps = gy (Bt Re) (12)

Differentiating eq. 8 with respect to V;:
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Differentiating eq. 9 with respect to V;:
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Figure 3: For the input signal shown in fig. 2, the output signals on, in yellow, the same side of the diff amp as that to which the
input is applied and, in blue, the opposite side. As expected, the outputs are 180° out-of-phase. They appear to have different
amplitudes, but that is because the oscilloscope is not calibrated correctly. When the output signals are measured individually
on the channel corresponding to the yellow trace, they are both seen to have a peak-to-peak voltage of 35 V.

By combining eqgs. 12, 15, and 14,
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For the ac resistance Ry = 1 MS2 of the 6AU6 sharp-cutoff pentode, which is much larger than all the other resistances,
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This can be inserted into eq. 6 to get an expression for the gain on the side of the diff amp to which the signal is applied:
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Here, both sides of the twin triode tube have been taken to have anode resistance r,. This answer — the gain is half of what it
would be for the analogous common cathode amplifier — is obvious in retrospect for Rg = 0. With Ry — oo, the two sides must
be completely balanced, which means the triodes must see equal signals. For this to happen, the ac voltage on the cathodes has
to rise to half the input side ac grid voltage, which drives the triode on the opposite side while lowering the grid-cathode voltage
on the input side.

For the diff amp in fig. 1, the operating point of the triodes is at a plate-cathode voltage of V, = 244 V and plate current
i = 1.02 mA. According to the 12AX7 datasheet, the anode resistance is r, = 64 k{2 and the amplification factor is p = 100.
Plugging in these numbers into eq. 18 along with Ry = 120 kQ and Rg = 0 k2 results in a theoretical gain of 32.6. This is
approximately seen in practice for the 1 kHz, 1 V peak-to-peak grid signal shown in fig. 2, which gets amplified to the 35 V
peak-to-peak signal shown in fig. 3.

With Rg = 0, for inputs on the grid of side 1, the ratio of the side 1 and side 2 gains is

dig 1 Ta +RL
— =-14+—(——), 19



where the expressions from egs. 14 and 16 have been used. The second term is small for any reasonable choice of resistors,
so the outputs are out-of-phase. Even for a modest tail resistance like 100 k€2, their amplitudes are the same to within a few
percent. For the pentode that I used with an ac resistance of Ry = 1 M{Q, the amplitudes are theoretically essentially equal.
This is seen in practice, but my oscilloscope is not calibrated well enough for it to be demonstrated in fig. 3.



