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A Measured with the µTracer and extrapolated anode characteristics of EL84 for several
screen grid taps.

B Constructed dynamic transconductance characteristics of EL84 for several screen grid taps.
C Measured with the µTracer and extrapolated anode characteristics of EL34 for several

screen grid taps.
D Constructed dynamic transconductance characteristics of EL34 for several screen grid taps.
E Measured with the µTracer and extrapolated anode characteristics of KT88 for several screen

grid taps.
F Constructed dynamic transconductance characteristics of KT88 for several screen grid taps.
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GLOSSARY OF SYMBOLS
vp primary transformer AC voltage
ip primary transformer AC current
Zp primary transformer AC impedance
Rp primary transformer DC resistance (copper)
vs secondary transformer AC voltage
is secondary transformer AC current
Zs secondary transformer AC impedance
Rs secondary transformer DC resistance (copper)
n transformation ratio
xTURNS screen grid tap expressed as part of the turns
xTURNS-% screen grid tap expressed as percentage of the turns in %
xIMPEDANCE screen grid tap expressed as part of the impedance
xIMPEDANCE-% screen grid tap expressed as percentage of the impedance in %
Vb supply DC voltage
Vg1k control grid cathode DC voltage
∆Vg1k = vg1kp control grid cathode AC voltage amplitude (peak value)
Vg2k screen grid cathode DC voltage
∆Vg2k = vg2kp screen  grid cathode AC voltage amplitude (peak value)
Vak anode cathode DC voltage
∆Vak = vakp anode cathode AC voltage amplitude (peak value)
Ia anode DC current
∆Ia = iap anode AC current amplitude (peak value)
Ig2 screen grid DC current
∆Ig2 = ig2p screen grid AC current amplitude (peak value)
S static anode transconductance
Sd dynamic anode transconductance
S2 static screen grid transconductance
S2d dynamic screen grid transconductance
ri anode AC internal resistance (also called plate resistance)
ra anode AC external resistance (external AC load at the anode)
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1 Introduction
My first article for Linear Audio, The Ultra-Linear Power Amplifier, was published in Volume 2 [6]. One
of the sections of that article is called Practical determination of the screen grid tap. With my own dis-
covered method I thought it was possible to determine the screen grid tap with the lowest THD. That
was wrong. With my method I can achieve the most linear anode characteristic. 
A lot of measurements which show the relation between THD and the screen grid tap, have learned
me that the lowest THD is not achieved at the screen grid tap which gives the most linear anode
characteristic only. 
I also studied results of similar measurements done by great engineers like F. Langford-Smith and
A.R. Chesterman [2], and  D.T.N. Williamson and  P.J. Walker [3]. 
A nice coincidence is that the article of F. Langford-Smith and A.R. Chesterman was published in the
same month and year that I was born.

In this article I will lead you through my investigation and the hidden arguments why the lowest THD
is achieved at a certain screen grid tap. I will repeat my method followed by another method ac-
cording to an algorithm of the µTracer which was described in L|A-Volume 8 [5]. Each of these meth-
ods can derive the other one. Both methods can give a linear anode characteristic but not the lowest
THD. I will treat measurements (push pull situation) done by the mentioned great engineers as well
as my own measurements (single ended situation).

First a short review of the Ultra-Linear Power Amplifier (extensively covered in [7]).
Observe figure 1. With the triode connection, we see a gentle concave curvature. With the pentode
connection, we see a steep convex curvature and after the knee it changes into an almost horizon-
tal flat line. Anticipating what will come later, an x-axis is shown along the primary winding of the out-
put transformer. The transformer side connected to Vb is called x = 0. Because Vb is a short circuit for
AC currents, we can say that x = 0 = grounded. The side of the transformer connected to the anode
is called x = 1. 
Scale x is divided homogeneously over the geographical position of the primary transformer wind-
ing.

What do we do, when we want a linear anode characteristic in the form Ia = kultralinear∙Vak ? 
If the triode and pentode anode characteristics are concave and convex respectively, we can then
imagine that between concave and convex there is a linear compromise. Screen grid g2 connected to
the anode makes the anode characteristic concave and connected to Vb makes the anode charac-
teristic convex. 
Thus, it is obvious that the connection of screen grid g2 to the primary transformer winding, some-
where in between the anode and Vb, will give a more linear anode characteristic and that is shown
in figure 2.
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The part between the screen grid primary transformer tap x and Vb is called x∙ra and the part between
this tap and the anode is called (1−x)∙ra. Because Vb is a short circuit for AC currents, we can say that
screen grid cathode AC voltage vg2k is a tap of anode cathode AC voltage vak. The screen grid cathode
AC voltage vg2k is superimposed on the screen grid cathode DC voltage Vg2k. (Vg2k + vg2k) changes  in-
stantaneously  and because of this, the attractive force on the electrons in the electron cloud around
the cathode changes. The screen grid behaves slightly adversely as does the anode with triodes.
However, with a less attractive force on the electron cloud than with real triodes.
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Figure 1 Pentode as triode and pentode as pentode in a power amplifier.
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2 Definitions of the screen grid tap
After writing my book [7], and my article for Volume 2 [6], I still knew only one definition of the screen
grid tap. Later, after reading [2], I learned that there are two definitions of the screen grid tap. It is im-
portant to distinguish them. 
The transformation ratio is the ratio of the primary voltage and the secondary voltage: 

The transformation ratio is also the ratio of the secondary current and the primary current :

The ratio of the transformation impedances:  

Hence 

Now I give these ratios their own transformation ratio: 

Hence 

Screen grid tap x is a fraction of n (meant is here number of windings) and 0.0 < x < 1.0.
Hence 
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Figure 2 Pentode as ultra-linear power amplifier.
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The next step is rather strange but I do this because x is a part of nTURNS and a part of nIMPEDANCE.

To express xTURNS in % I need to multiply this equation with 100, hence index TURNS becomes TURNS-%.

When I multiply xIMPEDANCE with 100, then index IMPEDANCE becomes IMPEDANCE-%.

Hence
This equation can be found, without derivation, in [2].
To do this calculation in an opposite way we achieve:

When Hafler and Keroes, see reference [1], determined that xIMPEDANCE-% =18.5% gives the lowest THD,
then for those who “think in a screen grid tap in turns”, the lowest THD is at  

Table 1 shows some values of xTURN-% (per-
centage of the turns) and xIMPEDANCE-% (percentage of the impedance).
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3 The AC method (Rudolf Moers) 
Supply voltage Vb in figure 2 is a short circuit for AC currents. The amplitudes of anode cathode AC
voltage vak and screen grid cathode AC voltage vg2k start from point Vak = Vb on the Vak-axis of figure
3 (example of an anode characteristic). For AC currents and AC voltages this point is ground. With the
assumption that Ia ≈ 10∙Ig2 one can state that vg2k = xTURNS ∙vak is valid. So stay at the right side of the knee
of the anode characteristic. Further in working point W we can state that Vg2k ≈Vak ≈ Vb because
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Figure 3.   Explanation of  the method to determine the screen grid tap xTURNS
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the DC voltage drop over the primary transformer winding can be neglected with respect to the
anode AC external resistance ra.
On line xTR-TURNS = 1.00 of the triode Vg2k = Vak is always valid. To get at Vak = 175 V in point TR an anode
DC current of Ia = 14 mA, we must adjust Vg2k = 175V. By “coincidence” that is also Vak.
On line xPE-TURNS = 0.00 of the pentode Vg2k = Vb = 300V is always valid. To get at Vak = 175 V in point PE
an anode DC current of Ia = 72 mA, we must adjust Vg2k = 300 V. By “coincidence” that is also Vb.
The curves Vg1k = ½ control grid base for the triode and the pentode cross at working point W 
at Iaw = 80 mA and Vakw = 300 V. We can now draw a straight line, ultra-linear, between working point
W and the origin. We call this line xUL TURNS. 

In point UL at Vak = 175 V, we can read Ia = 47 mA. Now we must offer a certain voltage of Vg2k to get
an anode DC current of Ia = 47 mA at Vak = 175 V. In this case Vg2k = 269 V.

The anode characteristics for triode and pentode in figure 3 can be measured with the test circuit of
figure 4.

We can now determine screen grid primary transformer taps xTR-TURNS, xUL-TURNS and xPE-TURNS.

At point PE:
vg2kp = ∆Vg2k = Vb – Vg2k = 300 – 300 =     0 V  
vakp = ∆Vak = Vb – Vak = 300 – 175 = 125 V  →
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Figure 4 Test circuit for measuring all static pentode characteristics.
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At point UL:
vg2kp = ∆Vg2k = Vb – Vg2k = 300 – 269 =   31 V
vakp = ∆Vak = Vb – Vak = 300 – 175 = 125 V   →

At point TR:
vg2kp = ∆Vg2k = Vb – Vg2k = 300 – 175 = 125 V
vakp = ∆Vak = Vb – Vak = 300 – 175 = 125 V   →

If the explanation of this method is not 100 % clear, it will be soon because we now apply this method
in practice. Figure 5 shows the anode characteristics for three different values of screen grid primary
transformer tap  of specimen KT88-no.1.
Line 1 is measured in advance where the pentode is connected as a triode: xTR-TURNS = 1.00.
Line 2 is drawn afterwards with a straight ruler, but we do not know yet that:  xUL-TURNS = 0.25. 
Line 3 is measured in advance where the pentode is connected as a pentode: xPE-TURNS = 0.00.
From all lines we can read Ia for each Vak. We must now search for the necessary value of Vg2k at each point
on these lines. Therefore, we need the test circuit of figure 4 which I have used to measure lines 1 and 3.
At a certain anode cathode DC voltage Vak and at a measured anode DC current Ia, the value of screen
grid cathode DC voltage Vg2k which I have adjusted and measured to obtain Ia, must be subtracted from
Vb = 300 V. Also Vak must be subtracted from Vb = 300 V.  That gives ∆Vg2k and ∆Vak respectively.
Tables 2, 3 and 4 show the method of figures 3 and 5 explained in practice and deliver the evidence
that for all measured values, the dots on the lines, the screen grid primary transformer tap  is (al-
most) the same for each line. 
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The adjustment of Vg2k happens automatically of course, because the screen grid is connected to the
anode. The screen grid primary transformer tap xTURNS = 1.00 but that will surprise nobody, so pentode
connected as triode.

The average value of  all screen grid primary transformer taps xTURNS is 0.25. This value is mentioned
at line 2 of figure 5. For this specimen KT88-no.1 we have a straight line at xTURNS ≈ 0.25. 
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The adjustment of  Vg2k happens automatically of course, because the screen grid is connected to Vb. 
The screen grid primary transformer tap xTURNS = 0.00 but that will surprise nobody, so pentode con-
nected as pentode.

With this method you can determine screen grid primary transformer tap xTURNS or xTURNS-% for each
specimen pentode and from each curvature in Ia = f (Vak). 
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Figure 5 Anode characteristic of KT88-no.1 for different values of screen grid primary transformer tap xTURNS. The
corresponding values of Vg2,k  at each measured point are shown in the table.
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What happens when one does not distinguish xTURNS-% from xIMPEDANCE-% is that one finds a screen grid
tap value of 25% while Hafler and Keroes found in the past an optimal screen grid tap value of 18.5%. 

4 The DC method (Ronald Dekker)
In L|A Volume 8 Morgan Jones reviewed a curve tracer for valves [5]. The review investigated the
µTracer instrument offered as a bare board kit by its designer Ronald Dekker at
http://www.dos4ever.com/uTracer3/uTracer3_pag0.html. I recommend the reader to visit that site.
From the start page, select “downloads” and then select “user manual”. You will find a table of contents.
Select chapter 8, section 7:  Distributed loading (Ultra-Linear Mode).
You will find a short explanation regarding the Ultra Linear circuit with a short history of Hafler and
Keroes’ work. Then you will see equation Vs = Va + (1-k) • (Va,max - Va ) which is “falling from the sky”.
Ronald Dekker means with Vs, Va, k and Va,max what I mean with Vg2k, Vak, xTURNS and supply DC voltage
Vb respectively. Translated to my symbols we achieve Vg2k = Vak + (1-xTURNS) • (Vb-Vak).
Ronald does not distinguish k = xTURNS-% from xIMPEDANCE-% as he quotes the results of Hafler and Keroes.
Scroll slightly further on this internet page until you observe animated anode characteristics and
animated transconductance characteristics of pentodes EL84 and EL34. Very impressive. It looks like
a movie. You will see a sequence of mentioned characteristics for each 0.0 ≤ k ≤ 1.0 in steps of 0.1. 
The algorithm of the DC method is Ronald’s equation Vs = Va + (1-k) • (Va,max - Va ) or 
Vg2k = Vak + (1-xTURNS) • (Vb-Vak) in my notation but how does it work? Observe figure 6. 

Initially I did not understand his equation because I was thinking too much that the primary trans-
former winding has a copper resistance that can be neglected with respect to the anode AC exter-
nal resistance ra. In that case we have hardly any DC voltage drop so Vak ≈ Vg2k ≈ Vb. In figure 6 we see
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Figure 6 The UL circuit model that lead to  Vg2k = Vak + (1-xTURNS) • (Vb-Vak).
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a potmeter with different DC voltages. It is not really a physical potmeter, but a resistive model of the
anode external impedance that makes it possible to see how Vg2k is expressed in xTURNS, Vak and Vb

under the assumption that Ig2 is negligible with respect to Ia. So, avoid the pentode knee in Ia = f (Vak).

Let’s use                                                   with the numbers of table 3 of the previous section (AC method).

The average value of all screen grid primary transformer taps xTURNS is 0.24. The values of xTURNS from
table 3 (The AC method) and table 5 (The DC method) are similar. The next section will show why
these results are similar.

5 The relationship between the AC method and the DC method
For the relationship between the AC method and DC method we start with Ronald’s equation.
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DC voltage across the potmeter is :

DC voltage across the upper part of the potmeter is :

DC voltage across the lower part of the potmeter is :

The screen grid cathode DC voltage according figure 6 is : 

With the next isolation steps we achieve xTURNS :
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Hence the AC method and the DC method  give the same results. 

Ronald was glad that his equation gave the same results as my method.  Both methods give a straight
line in the anode characteristic for Vg1k is half of the control grid base. I told him that to achieve the
screen grid tap for the lowest THD both our methods are wrong, but that his µTracer will help me to
explain why.

6 The AC method applied for linear anode characteristics
Now I wanted to determine several screen grid taps for four linear anode characteristics, 
see figure 7. I started to draw the lines with a ruler on grid paper paper.

The first anode characteristic goes from origin 0 to working point W1 which is located at 
Iak/Vak = 72mA/300V. Increase is in steps of 6mA/25V à anode AC internal resistance ri,W1 = 4167Ω.
The second anode characteristic goes from origin 0 to working point W2 which is located at 
Iak/Vak = 70mA/350V. Increase is in steps of 5mA/25V à anode AC internal resistance ri,W2 = 5000Ω.
The third anode characteristic goes from origin 0 to working point W3 which is located at 
Iak/Vak = 64mA/400V. Increase is in steps of 4mA/25V à anode AC internal resistance ri,W3 = 6250Ω.
The fourth anode characteristic goes from origin 0 to working point W4 which is located at 
Iak/Vak = 54mA/450V. Increase is in steps of 3mA/25V à anode AC internal resistance ri,W4 = 8333Ω.

The points on the characteristic lines of figure 7 are real measurement. The anode DC currents Ia and
anode cathode DC voltages Vak were really present with the imposed screen grid cathode DC voltages
Vg2k. All of this with control grid working point Vg1k,w (middle of the control grid base) which is differ-
ent for each line of figure 7. I then applied the AC method.
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The chosen beam power tetrodes were:
1. Svetlana KT88 no.1
2. Svetlana KT88 no.2
3. JJ KT88 no.1
4. JJ KT88 no.2
5. Electro-Harmonix  KT88 no.1
6. Electro-Harmonix  KT88 no.2

Four linear anode characteristics times 6 beam power tetrodes result in 24 tables like table 3.
A lot of measurement and calculation work but without hard work no results. Table 6 gives a resume.
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Figure 7 Four hand-drawn straight anode characteristic lines, later marked with measurements.
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Some conclusions:
• Each line of Vg1k,w is the same order of magnitude for each tetrode.
• The flatter the lines, the higher Vak at a certain Ia, the more negative Vg1k,w.
• Each line of xTURNS-AVERAGE is the same order of magnitude for each tetrode.
• The flatter the lines, the higher Vak at a certain Ia, the lower xTURNS-AVERAGE.
• In these 24 measurements not once xTURNS-AVERAGE ≈ 43%  or xIMPEDANCE-AVERAGE ≈ 18.5% appeared.

It seems that a linear anode characteristic alone is not enough to achieve the lowest THD, because
measurements from the past gave result xIMPEDANCE-% ≈ 18.5% for the lowest THD. 
It’s time to study these measurements from the past and, if possible, to repeat them.

7 THD measurement results from the past
Let’s start with THD measurements from the past. Figure 8 is a part of the first page of [2].
This Ultra Linear (UL) article in Radiotronics was followed by two others in June and July 1955 but
these do not investigate the screen grid tap. This article treats subjects like the history of UL, a circuit
description, linearity, efficiency and overload characteristics and distortion. Figure 9 shows the test
circuit. The oscillator  harmonics were reduced by a filter followed by an amplifier with a lot of neg-
ative feedback. By this, THD at the control grids of the pentodes was less than 0.2%. The input trans-
former T1 was made with a C core and has an inductance of 100H, with a step-up ratio of 1:2 primary
to whole of secondary. The leakage inductance was 16mH primary to whole of secondary, and 36mH
primary to half secondary. 
A tapped inductor L1 was used in preference to a transformer, tapped at 5%, 10%, 15%, 20%, 25%, 35%,
50% and 75% of the impedance (xIMPEDANCE-%). The anode to anode inductance was 350H at low level,
500H at 240V @ 50Hz with leakage inductance of 10mH from one half-winding to the other half. 

112

Rudolf Moers

�

�

� � � � � �

�

� �� � @�# � �

� � � @�# � �

� � � � @�# � �

� � � � @�# � �

� ��� @�# � �

� ��� @�# � �

�

� � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � ��

�

������!�

�

?
�������"� ?
������� � AA4 � AA4 �

B��)���4�

5��+���0�"�

B��)���4�

5��+���0� �

�

C����

��D�;"�

�������

���D $%���

�������

���D $%$��

�������

���D �%#��

�������

���D !%���

�������

���D $%!��

�������

���D !%!��

�����������	

�
−

�����% ��

�����������	

�
−

�����% "�

�����������	

�
−

�����%  �

�����������	

�
−

�����% &�

�����������	

�
−

�����%  �

�����������	

�
−

�����%"'�

�

C����

���; �

�������

���D�&%���

�������

���D�&%#��

�������

���D� %���

�������

���D� %!��

�������

���D�&%���

�������

���D��%���

�����������	

�
−

�����%"'�

�����������	

�
−

�����% ��

�����������	

�
−

�����%"'�

�����������	

�
−

�����% "�

�����������	

�
−

�����%"#�

�����������	

�
−

�����%"&�

�

C����

���;��

�������

���D& %���

�������

���D& %���

�������

���D�'%!��

�������

���D&�%���

�������

���D& % ��

�������

���D&"% ��

�����������	

�
−

�����%"$�

�����������	

�
−

�����%"!�

�����������	

�
−

�����%"!�

�����������	

�
−

�����%"$�

�����������	

�
−

�����%"��

�����������	

�
−

�����%"��

�

C����

���;&�

�������

���D�"%���

�������

���D�"%&��

�������

���D&$%!��

�������

���D&#% ��

�������

���D��%'��

�������

���D&'%$��

�����������	

�
−

�����%"��

�����������	

�
−

�����%"��

�����������	

�
−

�����%" �

�����������	

�
−

�����%" �

�����������	

�
−

�����%"&�

�����������	

�
−

�����%"��

�

� �

� � � � � � ���	�� � � � � � � � �

� � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � ��� � � � �

�

�

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � ��

7 � � � � � � � � � � � � � � � �

�

�

Didden LA V13 rm.qxp_LA Volume  24-02-17  14:02  Pagina 112



The total copper resistance was 440Ω. The large number of taps gave a tendency towards instabil-
ity, which was avoided by use of stopper resistors on control grid, screen grid and anode and the
1nF capacitors between the screen grid and the anode.  Several load resistors simulate the anode AC
external resistance ra. The pentodes were KT66 and for more details of the measurements, please
read the article.

Figure 10 shows the output power and THD as function of xIMPEDANCE-% for a certain test.
THD lines (3) and (4) correspondence with power lines (1) and (2) respectively. The lowest THD is
achieved at xIMPEDANCE-% is 15% and 20% respectively. One can see that the anode AC resistance and
control grid cathode DC voltage Vg1k have influence on the results too. Figure 11 shows more results
with xIMPEDANCE-% = 20% for the lowest THD. For completeness see figure 12 from Hafler and Keroes
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Figure 8 First page of [2].  By coincidence, date May 1955 was the month and year that your author was born.
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(who, by the way, in contrast to what is shown in the figure, were not the inventors of this; that was
Alan Blumlein).
These measurements where applied in push pull configuration. For very good matched power pen-
todes the even harmonics are cancelled and the odd harmonics are doubled. But whether such a
matching is also valid for several values of xTURNS-% or xIMPEDANCE-% is open to discussion. I don’t think it is.
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Figure 9 Circuit used for deriving test results published in Radiotronics Volume 20 (figure 8).

Figure 10 The output power and THD as function of xIMPEDANCE-%.
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8 More recent THD measurement results
Figure 13 shows the test circuit. What immediately strikes us is the output transformer with the 10
taps. Once, before I had ever heard about the ultra-linear power amplifier, I did an investigation of the
maximum delivered anode power of a 300B triode versus the normalized anode AC external resist-
ance ra/ri. When you know that for a 300B in normal operation anode AC internal resistance ri = 700 Ω,
then it does not seem strange that the taps of the primary transformer winding (ra) of figure 13 are
a multiple of 700 Ω. Although this investigation is very interesting, it is out of the scope of this arti-
cle. See chapter 4 of reference [7] for that investigation.

For those who want to do the same experiments as I did, you can order this test output transformer
at the Dutch transformer manufacturer AE-europe. The type of this output transformer is 27844 and
its maximum DC current is 200 mA, but do not expect enough bandwidth and other qualities. But it
is sufficient for power (and later also for UL) investigations at mid-audio frequencies. 

If working point W moves slightly due to another screen grid primary transformer tap xTURNS, we then
must change Vg1k,w slightly to achieve the desired adjustment. There is a voltage drop across the pri-
mary transformer winding of (Ia+Ig2)•xTURNS•Rp+Ia•(1-xTURNS)•Rp which depends on the screen grid pri-
mary transformer tap xTURNS. It varies and is approximately 10 V.  At each value of xTURNS, the working
point needs to be adjusted again. 
Looking at the test circuit of figure 13 we would expect the following values of xTURNS: 
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Figure 12 Results by Hafler and Keroes.
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We define xTURNS-MEASURED and measurements with this test circuit have shown that
xTURNS ≠ xTURNS-MEASURED 

How homogeneously are the taps divided over the primary transformer winding? What is the influ-
ence of Ig2 and ig2 on the function of the tap? We must realize that this test transformer is not de-
signed and produced for ultra-linear applications, but it is available so let us try. 

Table 7 shows the real xTURNS-MEASURED                                                                  with use of measured values of vg2kp and vakp.

Because my results of xTURNS-% ≈ 12% .... 24% in sections 3, 4 and 6 and the result of xIMPEDANCE-% ≈ 20%⇔

xTURNS-% ≈ 43% in section 7 are so different, I selected the xTURNS of the 3rd column of table 7. The taps
are used in opposite order as shown in figure 13. The values in the range 0.06 < xTURNS-MEASURED < 0.46
of the 3rd column are the most interesting for investigation. 

The 2nd column doesn’t have enough values of xTURNS which cover the “THD-disagreement” and the val-
ues of the 1st column of table 7 are desired but not easily producible by the manufacturer of the
transformer with all these taps. 
Be aware that Messrs. F. Langford-Smith and A.R. Chesterman have used a push pull choke with taps,
see figure 9, instead of a push pull transformer with symmetrical taps at both sides. 
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Figure 13 Test circuit to determine the dependence of the anode AC amplification and the circuit AC  output
resistance as function of  the screen grid tap xTURNS (copied from [6]).
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The output power is determined by measuring the RMS voltage over RL = 5Ω/80W followed by the

following calculation:                             To achieve 1W, 2W, 3W, 4W and 5W, measure across RL the volt-

ages 2.24VRMS, 3.16VRMS, 3.87VRMS, 4.47VRMS and 5.00VRMS respectively, set by input voltage vi

at 1 kHz, see figure 13. The harmonics are measured with USB scope HS3. 

The electron tubes I have used are:
• A specimen EL84 (EL84-no.1) with working point Vak,w = 300V, Ia,w =40mA, Ig2,w ≈5mA, 

Vg1k,w ≈  −9.1V, supply Vb ≈305V and Vak,w ≈ Vg2k,w.
• A specimen EL34 (EL34-no.1) with working point Vak,w =300V, Ia,w =80mA, Ig2,w ≈10mA, 

Vg1k,w ≈−16.1V, supply Vb ≈305V and Vak,w ≈ Vg2k,w.
• A specimen KT88 (KT88-no.1) with working point Vak,w =300V, Ia,w =80mA, Ig2,w ≈ 8mA, 

Vg1k,w ≈−26.4V, supply Vb ≈305V and Vak,w ≈ Vg2k,w.

Although I measured harmonics d2, d3, d4 and d5, in the next figures 14, 15 and 16 I will limit myself
to show only THD as function of output power 1W, 2W, 3W, 4W and 5W.

What immediate strikes us in figures 14, 15 and 16,  is that the THD measurements stop before reach-
ing the value xTURNS-MEASURED = 1.0 for powers 3W, 3W and 4W respectively. For a single ended power stage
it is difficult to achieve 5W output power in (almost) triode configuration (xTURNS-MEASURED → 1.0) when
Vak,w ≈ Vb is just 300V. Especially for an EL84 with Ia,w = 40mA at Vak,w ≈ Vb is 300V it is hard to achieve
3W or more.
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Figure 14 THD = f (xTURNS-MEASURED) for specimen EL84-no.1.

Figure 15 THD = f (xTURNS-MEASURED) for specimen EL34-no.1.
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Further conclusions:
• For small output powers (like 1W) the lowest THD is at xTURNS-MEASURED ≈ 0.3.
• For the other output powers the lowest THD is at 0.35 <xTURNS-MEASURED < 0.45.
• The lowest THD at 0.35 <xTURNS-MEASURED < 0.45 is similar for single ended and for push pull output

stages (compare the THD results with THD results of the previous section).
• These recent THD measurements give the same results as THD measurements from the past.
• The AC method and DC method do not result in a screen grid tap which gives the lowest THD.
• Why the AC method and DC method do not result in a screen grid tap which gives the lowest

THD will be investigate in the next sections. 

Figure 17 is a part of the first page of [4] and shows that in the past some have tried to get better un-
derstanding  of the behavior of the “ultra-linear” circuit.

Figure 18 is a part of the last page of reference [4] and shows a call for more understanding.
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Figure 16 THD = f (xTURNS-MEASURED) for specimen KT88-no.1.
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9 The animated UL anode and static transconductance characteristics
As noted before, go to http://www.dos4ever.com/uTracer3/uTracer3_pag0.html, Manual, chapter 8,
section 7: Distributed loading (Ultra-Linear Mode); and continue down to the animated anode and
transconductance characteristics of pentodes EL84 and EL34. Notice the sequence of mentioned
characteristics for each 0.0 ≤ k ≤ 1.0 in steps of 0.1 with k = xTURNS.
This “movie” goes rather fast so I measured all these graphs separately for specimen of  EL84, EL34 and
KT88. The applied values for k = xTURNS I have chosen are the numbers from the 3th column of table 7.
That gives the possibility to compare the results of figures 14 thru 16 with the linearity of the anode
characteristics (and later the linearity of the dynamic transconductance characteristics).

Figures 19 thru 21 give a first impression of some UL anode characteristics of the mentioned pen-
todes with a k = xTURNS of 0.23, 0.30 and 0.36  respectively. Why the horizontal scale is 0V < Vak < 600V
while the graphs go no further than Vak = 300V will be explained in the next section. The shown load
line (anode AC external resistance ra) is 7000Ω which is the transformer impedance (with all these
taps).
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Figure 17  First page of reference [4].

Figure 18 Last page of reference [4].
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Load line for EL84-no.1 goes through working point Vak,w = 300V, Ia,w =40mA and Vg1k,w ≈  −  9.1V.
Load line for EL34-no.1 goes through working point Vak,w = 300V, Ia,w =80mA and Vg1k,w ≈  −16.1V.
Load line for KT88-no.1 goes through working point Vak,w = 300V, Ia,w =80mA and Vg1k,w ≈  −26.4V.

The anode characteristics for all these tubes, for each value of k = xTURNS (values from the output trans-
former), are shown expanded in appendices 13.A, 13.C and 13.E respectively. There you can observe
that in a wide middle range of k = xTURNS the anode characteristics are rather linear. It’s not easy to dis-
tinguish in that wide middle range which “curve” is more linear and more parallel to another.

Let’s investigate which pentode characteristic is so much curved that it will cause distortion, see Fig-
ure 22.

In figure 22a both anode and transconductance characteristics are linear. Therefor a perfect sine sig-
nal  vg1k will cause a perfect sine wave signal ia which will cause a perfect sine signal Vak.

In figure 22b the transconductance characteristic is linear and the anode characteristic is curved.
Therefor a perfect sine signal vg1k will cause a perfect sine wave signal ia which will cause a distorted
signal Vak.

Figure 19 Anode characteristic for EL84-no.1 at xTURNS = 0.23.
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Figure 20 Anode characteristic for EL34-no.1 at  xTURNS = 0.30.

Figure 21 Anode characteristic for KT88-no.1 at xTURNS = 0.36.

Didden LA V13 rm.qxp_LA Volume  24-02-17  14:02  Pagina 123



124

Rudolf Moers

In figure 22c the transconductance characteristic is curved and the anode characteristic is linear.
Therefor a perfect sine signal vg1k will cause a distorted signal ia which will cause a distorted signal Vak.

When both anode and transconductance characteristics are curved, ia and vak are also distorted.
Be aware that all transconductance characteristics of figure 22 are static transconductances.

Except for small signal pentodes, manufacturers give (almost) never transconductance characteris-
tics for power pentodes or power tetrodes. I don’t like that but I must accept it. It is possible to con-
struct a transconductance characteristic from an anode characteristic with Vg1k-curves. It is also
possible to construct an anode characteristic from a transconductance characteristic with Vak-curves.
Chapter 4 of reference [7] but also other text books explain how this can be achieved. All transcon-
ductance characteristics discussed so far are static transconductances because they are measured
in static conditions. When you put a load line through the working point of an anode characteristic
then you can construct dynamic transconductances. Figures 23 and 24 show how to construction
dynamic transconductances for a triode and pentode respectively.

The construction of dynamic transconductances is as follows. Draw the load line of the anode im-
pedance through the working point in the anode characteristic. This load line crosses the Vg1k-curves
of the anode characteristic. Draw horizontal lines from the points of intersection between the load
line and the Vg1k-curves to the Ia-axis. Read the values of anode DC current Ia which belong to a cer-
tain Vg1k-curve. When you have Ia and Vg1k value pairs, you can create curve Ia = f (Vg1k) which is called
the dynamic transconductance because a load line has been used. 
Normally dynamic transconducances are more linear than static transconductances.
The difference between the static and dynamic transconductance is larger for power triodes than
for power pentodes because triodes have a significant lower anode AC internal resistances ri while the
anode AC external resistance ra is a few kΩ with transformer load. Let’s look closer to the relationship
of the static and dynamic transconductance. See figure 25.

For Ra = 0 the anode current is:
For Ra > 0 the anode current is:

The current source equivalent diagram of figure 25 delivers   
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Figure 22 Curved and straight anode and (static) transconductance characteristics.
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Figure 23 Dynamic transconductance (line x-w-y) in Ia = f (Vg1k) for a triode.

Figure 24 Dynamic transconductance (dashed line) in Ia = f (Vg1k) for a pentode.
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Combined we achieve:

The measurement results of the UL anode characteristics for a specimen of EL84, EL34 and KT88 are
shown in appendices 13.A, 13.C and 13.E. There you can see that for several values of k = xTURNS the
anode characteristics are quite linear. It is difficult to distinguish differences in their linearity. 
But how linear are the dynamic transconductances for different values of k = xTURNS? 
That’s the subject of the next section.

127

An investigation of the screen grid tap

Figure 25 Voltage source and current source equivalent circuit diagram of a triode with anode resistor.
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10 The forgotten dynamic transconductance
Figure 3 shows that working point W on the Vak-axis of the anode characteristic lies at supply voltage
Vb = 300V. The external anode load, not shown in figure 3, is a resistive AC load like a transformer
with its secondary connected to a resistor load. We neglect a few volts voltage drop caused by the
anode and screen grid DC currents through the transformer copper resistance.
The positive  part of sine wave vak moves between Vb = 300V and Vak = 425V → +∆Vak = 125V 
The negative part of sine wave vak moves between Vb = 300V and Vak = 175V → −∆Vak = 125V 
The pentode, UL and triode curves of figure 3 do not go beyond 350V. In figure 3 an AC load line (not
shown here) through working point W would start at Ia = 160 mA and terminate at Vak = 600V.

The anode characteristics of figure 19 thru 21 do not go beyond 300V while the AC load lines and
+∆Vak occupy the region between Vb = 300V and Vak = 600V. Ronald’s µTracer can measure anode
characteristic up to 400V but we need to limit at Vb = 300V. Figure 26 will show why.

In figure 26 at Vb = 300V we have the anode region 0 < Vak < 300V for −∆Vak and the anode region
300 < Vak < 600V for +∆Vak. However in region 300 < Vak < 600V we have no measured anode charac-
teristic. Figure 27 is a copy of figure 26 with extensions of the anode characteristic in the region
300 < Vak < 600V. I have drawn these extensions by hand with extrapolation. I admit that this is a
weak part of my investigation. The anode characteristics in region 0 < Vak < 300V are measured ex-
actly and in region 300 < Vak < 600V the anode characteristics are rather well extrapolated but not
100% exactly. However, figure 27 makes it possible to create a complete dynamic transconductance. 

Is there a better way to determine a dynamic transconductance? Figure 28 shows a part of the data
sheets of a KT88 from Svetlana, the UL anode characteristic at xTURNS-% = 40%. This figure shows two
horizontal axes, a Vak-axis and a Vg2k-axis. These axes are correct. You can determine a certain ∆Vak with
a corrsponding ∆Vg2k. Divide everywhere ∆Vg2k by a corresponding ∆Vak and you achieve 0.4 = 40%. 
However this anode characteristic is rather useless when you want to design a UL power amplifier
stage. There is just one point where the values of Vak ≈ Vg2k ≈ a certain Vb and that is at approximately
420V. This value forces an anode current of approximately 290mA when you extrapolate the curve 
Vg1k = −25V. No KT88 can handle the anode dissipation caused by these values. And be aware that the
small copper resistance of the output transformer causes less voltage drop and by this Vak ≈ Vg2k ≈ Vb.
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Figure 29 shows an escape from this problem. There exist output transformers with a separate screen
grid winding at the primary transformer side. By this you can give Vg2k its own value but still Vak ≈ Vb.

Figures 30 thru 32 show the transconductances determined for all values of xTURN in one transcon-
ductance characteristic Ia = f (Vg1k) for EL84-no.1, EL34-no.1 and KT88-no.1 respectively.
The shown values xTURN in these figures are from column 3 of table 7.

What immediately strikes us is that all dynamic transconductances cross in a single point. It will be
no surprise that this is the working point. Which dynamic transconductance Sd is the most linear one
(at which xTURN) is difficult to distinguish in these figures. In appendices 13.B, 13.D and 13.F you can
see the dynamic transconductances separately for all values of xTURN and for each pentode. The only
thing you need to do is put a ruler near each dynamic transconductance. Then you find the most lin-
ear one.

Figure 28 UL anode characteristic of KT88 from Svetlana datasheets.
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I have already done this and the result will be no surprise.
For EL84-no.1 the most linear dynamic transconductance is at xTURN = 0.36 → xTURN-% = 36%
For EL34-no.1 the most linear dynamic transconductance is at xTURN= 0.46 → xTURN-% = 46%
For KT88-no.1 the most linear dynamic transconductance is at xTURN= 0.46 → xTURN-% = 46%

11 Summary
In appendices 13.A, 13.C and 13.E, one can see that the difference in linearity of the anode charac-
teristic (with xTURNS values from column 3 of table 7) is hard to distinguish for values of xTURNS between
0.23 and 0.56. I admit that the curves at the right side of Vak = 300V are the result of extrapolation
which may not be as accurate as measurements. In appendices 13.B, 13.D and 13.F, one can see that
the difference in linearity of the dynamic transconductance characteristic (with  values from column
3 of table 7) is hard to distinguish for values of xTURNS between 0.30 and 0.46. 
Of course, the mentioned extrapolations have influence on the accuracy of the determined dynamic 
transconductances. 
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Figure 29 Separate screen grid winding at the primary transformer side.
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Figure 30 EL84-no.1 dynamic transconductance Sd :  Ia = f (Vg1k)  for 0.00 ≤ xTURNS ≤ 1.00.

Figure 31 EL34-no.1 dynamic transconductance Sd :  Ia = f (Vg1k)  for 0.00 ≤ xTURNS ≤ 1.00.
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The overall most linear of the anode characteristics and the most linear of the dynamic transcon-
ductance characteristics lies at 35%  < xTURNS-% < 45%  or 12.25%  < xIMPEDANCE-% < 20.25%. 
THD measurements from the past and recent measurements substantiate these results. I did not find
a more optimal xTURNS-% or xIMPEDANCE-% for the lowest THD but it was fun to do this investigation. 
I believe I have found a technical explanation of the THD behavior due to the position of the screen
grid tap on the primary winding of the output transformer (load line) which also determines the dy-
namic transconductance. Despite the notable mechanical differences between EL84, EL34, KT88 and
other power pentodes, and by this the notable differences of their internal electrical fields, the low-
est THD will be achieved at xTURNS-% ≈ 43% or xIMPEDANCE-% ≈ 18.5%. The interesting question why elec-
trons behave in these electric fields in such a way that the currents, cause by these electrons, give the
lowest THD at xTURNS-% ≈ 43% or xIMPEDANCE-% ≈ 18.5% may be answered by physicists.
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Figure 32 KT88-no.1 dynamic transconductance Sd : Ia = f (Vg1k) for 0.00 ≤ xTURNS ≤ 1.00.
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13 Appendices (can be found on http://linearaudio.net/downloads)

Note: the screen grid taps xTURNS referred to in these appendices are the values from column 3 of table 7.

A Measured with the µTracer and extrapolated anode characteristics of EL84 for several screen
grid taps.

B Constructed dynamic transconductance characteristics of EL84 for several screen grid taps.
C Measured with the µTracer and extrapolated anode characteristics of EL34 for several screen

grid taps.
D Constructed dynamic transconductance characteristics of EL34 for several screen grid taps.
E Measured with the µTracer and extrapolated anode characteristics of KT88 for several screen

grid taps.
F Constructed dynamic transconductance characteristics of KT88 for several screen grid taps.
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