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To all valve enthusiasts

“A valve and a piece of wire - and the whole stuff will play!”

My friend Otto, 1971 -
after a valve amp crash

“Math is for solid-state; poetry is for tube audio™"

Tube Cad Journal, Nov. 2004

“God doesn’t play at dice”

Albert Einstein

Worth reading: “Science versus subjectivism in audio engineering”, Douglas Self,
Electronics & Wireless World, July 1988, p. 692 ff



Preface

The today’s (2008) audio (or low-frequency) amplifier world is nearly 100% “contaminated” by
silicon solid-state components that ensure proper amplification for any signal from any source
(CD, DVD, Vinyl, MP3, Radio, TV, etc.) to ones ears. A broad range of design supporting
literature® and other information sources and tools like eg. the internet or component producer’s
applications help design engineers world-wide to come up with the right products at the right
time on the right markets - hopefully.

The percentage difference between 100% and nearly 100% is filled with gain making elements
that are far away from silicon: vacuum valves and audio transformers. It’s an interesting fact
that still many CD and/or DVD producing studios work with valve and transformer driven
equipment like eg. the compressor types Teletronik LA-2A or UREI 1176LN or they bring into
action valve driven microphones (eg. Neumann U47 or Rode Classic II) and mixers at the front-
end of the recording chain. Not to forget all the valve powered measurement equipment (from
eg. Briiel & Kjer, Tektronics, etc.) still in use.

Because of their outstanding sound quality (eventually mainly caused by an even harmonics
distortion effect) most of the involved valves in pre-amp stages are triodes or pentodes
configured as triodes. I won’t debate whether silicon or vacuum sounds better - this would be
purely subjective. But the world-wide growing sales revenues for vacuum based sound and
reproduction equipment is an astonishing thing for me and gives a sound related answer by
purse or credit card. And another thing surprises me as well: despite the totally different
analogue world there are enough young engineers (and senior ones - of course) of our totally
digital era that are willing to struggle with such an old fashioned technology by creating superb
sounding electronic instruments.

Although it might look as if - but it has nothing to do with Black Art! It’s simply the transfer of
a specific know-how into life by enthusiasts. A know-how that seems to be no longer part of
training courses of universities and colleges, that is threatened to get lost if we don’t work hard
to stop this evolution by bringing out ready and easy to use modern literature and software tools.

Therefore, the following chapters offer formulae to calculate certain building blocks of valve
amplifiers - but for pre-amp purposes only. In nearly all cases detailed derivations are also
given. All what’s needed are the data sheet figures of the triode’s (;) mutual conductance gy,
the gain factor p, and the internal plate resistance r,,. To calculate frequency and phase
responses of gain stages the different data sheet presented input and output capacitances have to
be taken into account as well.

Inter alia: “Electronic Circuits”, U. Tietze, C. Schenk,
2nd edition, Springer 2008, ISBN 978-3-540-00429-5



VIII How to Gain Gain

It must be pointed out that all formulae are based on certain assumptions. The most important
one is the one that defines the DC biasing conditions of these active devices. The conditions
were assumed to be those of the A-class operating point settings: the plate DC current never
switches off for positive and negative parts of the input signal. In other words: the A-class
operating point is located in the (~middle of the) most linear part of the V,/ I, versus plate
voltage V, diagram of the respective valve. This is the only way to guarantee that the triode’s
data sheet figures for mutual conductance g, , gain , and internal plate resistance r, can be
taken as so-called constants (always valid: p, = gm X I,;) and can be used for our calculation
purposes.

Other biasing classes (B = total plate/cathode current switch-off for negative signal parts or AB
= a tiny quiescent current is allowed to flow through plate and cathode for negative signal parts)
or the use of other operating points on the V,/ I, versus plate voltage V, characteristic plot need
certain additional measurements or graphical approaches to get the right values for the above
shown valve constants. Having gone through these processes the newly generated gmtnows Henew
and r, ew figures should be used for further calculation purposes. The given formulae won’t
change and will look the same.

I do not dive into the valve’s DC biasing mechanics because they can easily be studied with the
help of a broad range of literature’. But in that range of books and magazines® I miss a summary
of all the gain producing possibilities of triodes on one spot. That will be the only matter of the
following pages. The respective formulae were derived from equivalent circuits by application
of Ohm’s® and Kirchhof’s” laws. It will be demonstrated in detail in Chapters 1... 4. These
approaches lead to certain amp building blocks around one valve. The formulae for gain stages
that incorporate more than one valve (eg. SRPP or cascoded gain stages, etc.) will mostly be
derived from these building blocks.

In addition, MathCad® (MCD) worksheets as a part of each chapter allow easy follow-up and
application of the respective formulae for any kind of triode. The calculations show results with
3 digits after the decimal point. The only reason for that is to demonstrate - from time to time -
(tiny) differences with other calculation results. In reality, even a calculation result of one digit
after the decimal point wouldn’t present the whole truth because the tolerances of valves are a
magnitude away from precision. But this fact didn’t - nor doesn’t it today - prevent engineers
from designing extremely precise working analogue amps and other electronic valve driven
devices. That’s why, on the other hand, the calculation approaches offered are not far away from
reality. For fast estimations many rules of thumbs are offered too.

I’'m sure I only did treat a limited selection of possible building blocks for triode driven amps.
That’s why all readers are invited to not hesitate to send to the editors their know-how on
additional triode amp stage solutions - including the mathematical derivations that are needed to
understand how they work (a la the presented MathCad worksheets). This book should become
the collection of everything what’s of interest on this specific design field. The next edition will
come out with these additional designs.

in contrast to respective “on dit(s)” a change of the bias point also means a change of p; it is
not a constant at all (see also Chapter 16 plots!)

4 Inter alia: “Valve amplifiers”, Morgan Jones, Newnes, ISBN 0-7506-2337-3
5 Inter alia: “Tube Cad Journal”
6 a) 1Q *1A =1V or - generally spoken - R*I =V

a) The sum of all currents in a circuit’s node equals zero;

b) The sum of all voltages (= potential differences) in a circuit’s closed loop equals zero.
MathCad is a registered trademark of MathSoft Engineering & Education Inc.,

since 2006 part of Parametrics Technology Corporation (PTC), Ma., USA



Preface IX

To sum-up the aims of this book:

»

building up a collection of triode amp stage alternatives with satisfactory mathematical
demonstration on how they work via derivations and transfer functions,

to make things less complex the transfer functions are derived from rather simplified
equivalent circuits, thus, saving a lot of energy by paying for it with tiny frequency and
phase response errors, especially at the ends of the audio band,

it’s always better to calculate first - and spent money for expensive components later -
instead of playing around with dice-type trial and error.
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Chapter 1 The Common Cathode Gain Stage (CCS)

1.1  Circuit diagram

v.a.c

Figure 1.1 Basic design of the Common Cathode Gain Stage (CCS)
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1.2 Basic formulae (excl. stage load (R )-effect)

1.2.1 gain G¢
\%
G =--"2 (1.1
Vi
in terms of g, and p; G;becomes:
r, {R
Gi=—8mi ala
e+t Ry +Re (1+ g ra.t)
(1.2)
R,
=—Ht
L+ Ry +Re (1+p)
rule of thumb (rot):
with
p R >>r  +R, (1.3)
Gyt becomes:
R
Girot =— =2 1.4
t.rot Rc ( )
1.2.2 grid input resistance R,, input capacitance Ci and input impedance Z; 4(f):
Zi.g (f)zRg I Ci.tot (1.5)
Ci tot =(1+‘Gt‘)CM +Cg.c +Cstray (1.6)

1.2.3 plate output resistance R, , and output impedance Z, ,(f) (by ignoring tiny R -effects):

Roa=Ry 1t (1.7)
Toat =Tat +(I+R)Re (1)
Zoa (£)=Roa [ Cotor 1.9
1.2.4 cathode output resistance R, :
Roc=tet [IRe (1.10)
o= (i

e +1
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1.3 Derivations

1.3.1 Equivalent circuit for derivation purposes

}R‘L

node A
\ i.o
i3 i.2 i1
v.g.c rg.t i rat v.a.c
i5 g.mt*v.g.c R.a V.0
v.i Rg| [ \
v.R.c Rc node C
i4 '
© e !

Figure 1.2 Equivalent circuit of Figure 1.1
1.3.2 Derivation
1.3.2.1 gain G¢:

sum of currents at node A:
iO =i1 + iz + i3

without Ry we can set i, = 0, hence

_il :i2 +i3
. \'%
11 =—9
Ra

Vac — Vo “ VR

Tat Tat
I3=8my¢ Vgc=8m.t (Vi - VR‘c)
sum of currents at node C:
iy =iy +i3 +15
rg can be assumed as infinite, hence we can set is = 0, thus

- _VRec_ VYo~ VRe
iy=— =L+ g (Vi-VRe)
R Iyt

C

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)
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rearrangement leads to:

i4 =— 11
Vo
G =—-2
Vi
c
Vo TV, v
gm.t(Vi+Vocj+ az—R—o
a Lt a
R
1+=¢
1 R, R,
Em.tVi=" Vo R +8m.t R +
a a Lt
Tt Ra

= Gy=—8my
" ¢ +Ry ¥R (1 *+8m.t ra.t)

with the general triode equation G; in terms of p; becomes:

Zm.t Ta.t =Ht

R,
Li+tRy R (1+P-t)

= Gy=—u

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

(1.24)

(1.25)

R..rrreplaces R, in all calculations that include R, as gain stage output load!

Raeff =R, IRp

Ta.t Ra.eff

Gieff == 8mt

Ra.eff
Lt + Ryef T Re (1 + “t)

Giefr =— Mt

1.3.2.2 the grid input impedance Z; ,(f) becomes:

Zi.g (f):rg.t I Rg I Ci.tot

Lt +Roerr T Re (1 +8m.t r.ait)

(1.26)

(1.27)

(1.28)

(1.29)
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15 =0
= rgy=e (1.30)
= Zig (f)zRg I Ci. ot
1.3.2.3 the effective plate output resistance R, , orr and impedance Z, , () become:
.. . \%
14 =1 +13=8m ¢ Vgc t ra.c
at (1.31)
Vo — VR.
l4 Zm.t ( —VR. C) +0—
Tat
setting v; = 0 leads to:
Ll =Vo— (1 + K¢ ) VR.c
v
Lot =T°-(1+ut)R
4 (132)
\%
hat™ -
14
=Tat +(1+Pt)Rc
Ry, =T, IR,
o oat (133)
= Zoa(f)=Roa [Co
Roaeff roatHRaeff (1.34)
Zy aeff ( ) o.a.eff I Co.tot
1.3.2.4 the effective cathode output resistance R, ¢ cfr looks as follows':
r,; +R
1 =2l 2 (1.35)
T+
Roce=rct IR (1.36)
r,+ +R
= T gepr =i —aefl (1.37)
T+
= Rycefr =l et I Re (1.38)

detailed derivation see Chapter 4 “The common grid stage (CGS)”



How to Gain Gain

1.3.2.5

Cga=CM

Cgc

total input capacitance C;, total output capacitance C, o and Miller
capacitance Cy:

\al

g

C.M*{(1+G.t)) Cgc
T T

Figure 1.3 Valve capacitances

Data sheet figures:

C between grid and cathode (rather often expanded by
additional heater and shield capacitances for the CGS gain
stage situation - see respective chapter)

C between grid and plate

C between plate and cathode (rather often expanded by
additional heater and shield capacitances for the CGS gain
stage situation - see respective chapter)

Calculation relevant figures:

Cu

Ci.tot

Co.tot =

Cstray =

C,. = Miller capacitance

sum of several different capacitances (to be guessed)’
total input capacitance

total output capacitance

Citot = (1+|G¢|) Cga IICqc I Cstray (1.39)

Co.tot =Cac ICMm (1.40)

Guessed input sum of stray capacitances plus all other existing valve capacitances that

were not specifically mentioned in the calculation course, eg. capacitances from grid or
plate or cathode to heater or screen or to both or to the equivalent points of a second
system of a double triode
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1.4  Gain stage frequency and phase response calculations

Ro.a C.out

T v.g v.a CAototT R.L V.0
. . * 0

Figure 1.4 Simplified® equivalent circuit of Figure 1.1 - including all
frequency and phase response relevant components

R.S C.in R.gg

1.4.1 gain stage input transfer function T; (f) and phase @; (f) - including source
resistance Rgand an oscillation preventing resistor Rg,<<R,:

()= (141)
Vo
~ Im|[ T; (f) ]
(101 (f) =arctan {w} (1 42)

-1
1 1
Zz(f)[kg * Ry + zz(f)j

Ti(f)= - (1.43)
1 1
(Rgg +Z2(f))| R +Z1(f) +(+J
g8
{ Rg Rgg +72 (f)
. -1
Z1(f)=(2jnf C;
(=) -
72 (f) = (ZjTl', £C ot )
1.4.2 gain stage output transfer function T, (f) and phase ¢.(f):
T, (f)=—2 (1.45)

Va

0, (f)=arctan {m} (1.46)

“Simplified” because of footnote 2 of this chapter and the fact that the insertion of C,
the way I do it “ignores” the existence of R.. But this makes the calculation less complex
and will also lead to results not far away from the audio band reality.
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T, ()= Z3(f) | (z4(f)+Ry) Ry an
° Roq +[Z3(F) [ (24(f) +Ry )| |\ Re +Z4(f) '
. -1
Z3(f)=(2JnfCo.tot) (148)
. -1 ’
Z4 (f) = (2_]75 fCout )
1.4.3 fundamental gain stage phase shift @g(f):
0G.¢ (f)=—180° (1.49)
1.4.4 gain stage transfer function Ty (f) and phase @y (f):
Teot (F)=T; () To (F) Gy (1.50)

0 ot(f)=0i(f) + 9 o(f) + 0 ¢ (f) (1.51)
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> MCD Worksheet I:

CCS calculations

Page 1

1.5 Example with ECC83 / 12AX7 (83):

Figure 1.5 CCS example circuitry

1.5.1 Triode bias data:

—3
I g3=1210 AV, g3=370V V, g3 = 250V
1.5.2 Triode valve constants:
—3
&m.g3 = 1.6:10 ~-S pg3 = 100
—12 —12
Coog3:= 16510 °F Cgagyi= 1610 °F
1.5.3 Circuit variables:
3 3
R, g3 = 100:10°Q R, g3 = 1.6:10°Q
3 6
Rg = 1-10°Q R =1.10°Q
—12 -9
Cstray.83 =10-10 °F Cin.g3= 100-10 "F

1.5.4 Calculation relevant data:

frequency range f for the below shown graphs:

1.5.5 Gain G;and effective gain G . :

o m =i Rq.83Ta.83
83 = ~8ms83
Ry 83+ o83+ (1 + 8mg37a 83) Re 83

Gg3e = 20-log( |C‘83|)

V.83 =2V

ty g3 = 625-10°Q

12

Chcg3=03310 F

a.c.8

R

083 = 110°

Ryg 83 = 2210°Q

-9
Cout.83 = 100:10 F

f:= 10Hz,20Hz.. 20000 Hz
h := 1000Hz

0
Ggy = —30.855 x 10

0
Gg3e = 29.786 x 10° [dB]
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CCS calculations

Page 2

R ) L !
a.83.eff = o
Rys3 Rp

Ry 83.eff
R, 83 cfft Ta g3+ (1 +1g3) Re g3

Gg3ff.c™= 2070g(|Gg3.e1q)

Gg3.eff = ~Hg3'

15.6 Gain G
g3 R, g3 = 160X 10°Q

R, 83

Gg3pof = ——
83.rot
R: 83

1.5.7 Specific resistances:

T0a.83 = Ta83+ (Mg3+ 1) Ro g3

R ) L1 -t
a.83 =
o8 a8 Rags

-1
1 1
Ry a.83.eff = i R
%0.2.83 2.83.eff

83t Ry g3
1+ 183

-1
1 1
Roc.83 = +
¢ 83 Regs

Ta.83 t Ry 83 eff
1+ g3

=i
R g ! + !
0.c.83.eff =
To.83eff Reg3

Tc.83 =

Tc.83.eff =

1.5.8 Specific capacitances :
Citor.83 = (1+]Gg3|) Cga.83* Cgc.83* Cotray.83

Co.tot.83 = Cac.837 Cga83

Ry 83 off = 90909 x 10°Q

0
Ggs off = —28.859 % 10

0
Gg3 off o= 29206 x 10" [dB]

gt Ry gy = 1625x10°Q

0
Gg3 ot = —62.5% 10

this result contradicts equ. (1.3), thus, a gain calculation via G; ,; makes no sense!

Toags = 241x10°Q
R . or = 69.145x 10°Q
0.2.83 = 09-145 X

3
Ry 5 83.0ff = 64673 % 10°Q

rog3 = 1.609x10°Q
Ry g3 = 802222 x 10

fo g3 = 1:519% 10°Q

0
Ry c.83.0ff= 779-198 x 107 Q

- 12
Citor.g3 = 62617x 107 °F

=12
Cotorg3 = 193X 107 °F
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»  MCD Worksheet I: CCS calculations Page 3
1.5.9 Gain stage frequency and phase response:
V‘Ul
Figure 1.6 = Figure 1.4
ZI(f) = ———— 72(f) = S S—
T 2 mfCy g3 C2mfC 83
1 1 -
PO PR +22() Tm( T(F)
83 83 i 1
T(H = E e o(f) = ata :
1 1 -1 Re(Ty(£)
Z2(f)+ | Rg+Z1(H) + —
( Regs3) | Rs (Rg& Ryg 83+ Z2(f)]
T, o(f) = 20-log( |Ti(f)|)
0 20
-0.25 _ e
= 8 0. 10
2 TieM-0.5 5 Vit
i deg 5
-0.75 Q L
-1 =5
10 100 1-1f03 110* 110 10 100 1<1f03 110* 110
[Hz] [Hz]
Figure 1.7 Transfer of i/p network Figure 1.8 Phase of i/p network
z3(f) = ———— z4() = ————
2jm-£Co to1.83 2j - FCout 83
[; . ;j‘l
Z3(f)  Z4(f)+ R R
T (f)= 0 20, L 1in( T, ()
© . —1 Ry +ZA(f) ¢o(f):= ata m
Roa.83+ [_ + —] ©
Z3(f)  ZA(f)+ Ry
Ty (D)= 20-1og( |T0(f)| )
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0 20
-0.25 _ 1
= 8 10
E TyuD 05 g %0
- 1 5, deg 5
-0.75 0 =
-1 -5
10 100 1-1f03 110" 110 10 100 1-1f03 110" 110
[Hz] [Hz]
Figure 1.9 Transfer of o/p network Figure 1.10 Phase of o/p network
Tiot g3() = T(£) Ty (£)-Gg3 0 .g3(f) = —180deg
Tiot,83.¢(f) = 20-log( | Tyoq g3(F) ) O101.83(5):= 04D+ (D + 0 g3(F)
1.5.10 Frequency and phase response plots:
30
_ 29.6
% Tiot.83 ()
29.2 —
28.8
10 100 110° 110* 110°
f
[Hz]

Figure 1.11 Frequency response of the whole CCS gain stage

-160
-165
iﬁu Otot,83()7170
'E. deg -175
- M ~\‘_
-180 R
-185
10 100 1 -1f03 1-10* 1-10°
[Hz]

1.6

=3
Iy 830= 0510 "A Vee.83.n = 200V

2m.83.n = 09107

R, g3 = 200:10°Q

Figure 1.12 Phase response of the whole CCS gain stage

With changed circuitry components and valve constants the same calculation course
as above leads to an overall gain improvement of appr. 1.5dB (n = new):

Va.g3.n = 100V Vg.83.n =-1v

3
Hg3p = 95 I, g3 = 10510°Q

Reg3n = 210°Q
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1.7

1.7.1

1.7.2

1.7.3

1.7.4

1.7.5

Additional remarks

Valve constants change with changing plate DC current I, and changing plate-
cathode DC voltage V,. Many data sheets of modern valves offer specific charts*
that demonstrates these changes:

> “constants vs. I,” for a selection of different V,s

Plate currents lower than the one for the A-class biasing point produce
higher plate resistances r,;, thus, valve noise will increase as well - and vice verca.

The oscillation prevention resistor Ry, (mostly to be found fixed between the valve’s grid
and grid resistance R,) also plays a negative role when talking about noise, especially in
amplifiers for tiny signals, such as signals from cartridges for vinyl records or from
microphones.

For further information on noise in audio amplifiers in general and - specifically -
a deeper view into the valve noise problems please consult the author’s book

>  “The Sound of Silence” (= TSOS)’.

For C;, and C, a change from 100nF to 1uF will drastically improve the frequency and
phase response of the amp stage.

see example valve constants charts in Chapter 16
TSOS see Chapter 17, Section 17.1



Chapter 2 The Common Cathode Gain Stage with grounded Cathode (CCS+Cc)

2.1 Circuit diagram

Figure 2.1 Basic design of the Common Cathode Gain Stage with
grounded Cathode via C, (CCS+C,)
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2.2 Basic formulae (excl. stage load (R, )-effect)
2.2.1 gain G, (C; acts as a complete short-circuit):
v
G =——2 .1
Vi
gain G, in terms of g, and 1, becomes:
r,{ R
Gt=—gmt et
T t+R,
: (2.2)
R,
i A ——
Iyt + Ra
2.2.2 grid input resistance R,, input capacitance C; and input impedance Z; ,(f):
Zig (f)=Ry [ICi ot 23)
formulae for C;: see Chapter 1
2.2.3 plate output resistance R, , and output impedance Z, ,(f):
Roa=fit IRy (2.4)
Zoa (f): Roa I1Co.tot (2.5)
formulae for C,: see Chapter 1
2.2.4 cathode output resistance R, .:
Roc=tc¢lIRe
Lt tR, (2.6)
ct—
I+ py
2.2.5 capacitance C, for a specific hp corner frequency f; opi:
1
C.= 2.7)

n fc.opt Roe



The Common Cathode Gain Stage with grounded Cathode (CCS+Cc) 17

2.3 Derivations
2.3.1 Equivalent circuit for derivation purposes:

node A

.

v.i Rg

v.R.c node C

Figure 2.2 Equivalent circuit of Figure 2.1

2.3.2 Derivations:

With C, of a size that acts as a short-circuit for vg . in Byg, we can use all the respective
formulae of Chapter 1 with R, = 0, hence:

23.2.1 the gain G, and effective gain G become:
Gt =—gmit (ra.t I Ra) (2.8)
Raeff =Ry [IRL (2.9)
Giefr == 8m.t (fa.t | Raefr) (2.10)

2322 the grid input impedance Z; 4(f) becomes:

R
Zi.g (f):‘—g 2.11)
1+ 2JTE f RgCi.tot
2323 the effective plate output resistance R, , ¢ and impedance Z, , ei(f) become:
R,.= IR
o0.a a.t a (2‘12)
= Zy, (f) =Rya [ Co.tot
R = IR
o.a.eff —fa.t a.eff 2.13)

= Zoaeff (f): Roaett [ Co.tot
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Roaeff |
Zo acff (f):‘ Py (2.14)
‘1 +2jnf R 4erCo ‘
2324 cathode resistance r.qs ! and effective cathode output resistance R, . become:
Ltet Ra eff
T, = - (2.15
c.teff 1+ i )
Roceff =Teteff | Re
Gt Ra.eff R
T (2.16)
Gt Ra.eff + Rc
1+
MCD symbolic evaluation “simplify” leads to
_ (ra.t + Ra.eff ) Rc
Ro.c.eff = 2.17)
Lt +Ryefr + (1 + 1y ) R,
2.3.2.5 cathode capacitance C, for a specific hp corner frequency f.:

The audio band B, spreads from 20Hz to 20kHz. To ensure a flat frequency
response in By (+0.1dB) as well as a phase response deviation of less than 1°
at f, = 20Hz the C, calculation should be based on a corner frequency f. . that is a

100" of f..
f,=20Hz
20Hz (2.18)
copt = 100 =0.2Hz
1
Co=r—F7"7 (2.19)
n fc.optRo.c.eff
23.2.6 total input capacitance C; and total output capacitance C, o

see respective equations and footnote” in Chapter 1 - 1.3.2.5

detailed derivation see Chapter 4 “The common grid stage (CGS)”
see footnote 2 in Chapter 1
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2.4  Gain stage frequency and phase response calculations

Ro.a C.out

lv.a C‘O‘IDIT RL| lv,c
. o

Figure 2.3 Simplified® equivalent circuit of Figure 2.1 - including all
frequency and phase response relevant components

2.4.1 gain stage input transfer function T; (f) and phase ¢; (f) - including source resistance Rg
and an oscillation preventing resistor Rg,<<R,:

see Chapter 1 - 1.4.1
2.4.2 gain stage output transfer function T, (f) and phase ¢.(f):
see Chapter 1 - 1.4.2

2.4.3 gain stage cathode transfer function T.(f) and phase ¢(f):

T.(f)= Roceft 1 (2.20)
R —
o.c.eff 2inf Cc
m| T, (f
o, (f)=arctan [T ()] (2.21)

Re[ T, (f)]
2.4.4 fundamental gain stage phase shift @g(f):

0G.¢ (f)=-180° (2.22)
2.4.5 gain stage transfer function Ty (f) and phase @ (f):

Tiot (()=Ti(£) T, (f) Te(f) Gy (2.23)

¢ tot(f) =0 i(f) +o¢ o(f) + P (f) + (pG.t(f) (2~24)

“Simplified” because of footnote 2 of Chapter 1. In addition: The simple C. and R, . network after
the +1 amp V1, works correct the shown way only in the frequency range of f; ., minus one
octave. In lower frequency ranges than that the gain of the whole gain stage will reach the gain of
a CCS gain stage with the same components but without C,. But this frequency range lies far
outside Bogy.
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2.5 Example with ECC83 / 12AX7 (83):

Figure 2.4 CCS+Cc example circuitry

2.5.1 Triode bias data:

—3
I g3= 1210 AV g3=370V V, g3 = 250V
2.5.2 Triode valve constants:
-3
Eamm = 1.6-10 ~-S Mgy = 100
—12 —12
Cgcg3= 16510 °F Cgagy= 1610 °F

—12
Co.tot.83 = Cac.831 Cga.83 Cotot.g3 = 1.93x10 °F

2.5.3 Circuit variables:

R, g3 = 100-10°Q R, g3 = 1.6:10°Q

3 6
Rg = 1-10"Q Rp = 1-10Q

12

- 9
Cytray.83:= 10107 °F

Cin.g3:= 10010 F

2.54 Calculation relevant data:

frequency range f for the below shown graphs:

2.5.5 Gain G; and effective gain G .4 :

Ggs = - R, 837a 83
83 = “8m83 ..
Ryg3+1ag3

Vg.83 =2V

1, g3 = 625:10°Q

—12
Cycg3=033-10 °F
6
Ry g3 = 110°Q
R =22 1039
gg.83 T <47
9

Cout§3 = 10010 F

f:= 10Hz,20Hz.. 20000 Hz
h := 1000Hz

0
Gg3 = —61.538 x 10
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G83e = 2010g(|G83| )

1 1\7!
Rog3eff=| o+
¢ Rigs Rp

Ry 83.eff

Gg3eff = Mg3 o . .
Ry 83.eff* Ta.83

Gg3.eff.c = 20log( | Gg3 e )

2.5.6 Specific resistances:

T ( L, j‘l
a.83 =
8 Rags

R ; L1 -!
0.2.83.eff =
.83 Ragieff

831 Ry g3

T =
c.83 1+ pg3

R (L, 1 j_ !
0.c.83 =
o83 Regs

Ta.83 * Ry 83eff
1+ Hg3

1 1 \!
Ry c.83.eff= ( i j

To83eff Ros3

Te.83.eff =

2.5.7 Capacitance C,:

o"’)
_
g|e

fo = 20Hz

1

B O —
27§ optRo.c.83.eff

2.5.8 Specific other capacitances:

Citot.83 = (1+|Gg3|) Cga.83+ Coc.83* Cstray.83

0
Gg3 o = 35783 x 10" [dB]

R, g3 off = 90909 x 10°Q

0
Gy off = —59:259 % 10

0
Gg3 off o= 35455 x 10" [dB]

3
Ry, g3 = 38462 % 10°Q

Ry a g3.0fr= 37037 % 10°Q

ro g3 = 1.609% 10°Q
0
Ry o g3 = 802222 x 10 Q

ro g3fr= 1:519% 10°Q

0
Ry ¢ 83 0= 779:198 x 10" Q

. opt = 200 107 Hz

C, = 1.021x 107°F

=172
Cirorg3 = 111712107 °F
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2.5.9 Gainstage frequency and phase response calculations:

Figure 2.5 = Figure 2.3

Z1(f)y = —— ! 2(f)= ————— !
2jm-£Cip g3 2j 1 FC ot 83

1
1 1
zz(f){— + 7]
Ryg3  Rgegs+Z2(1)

e Im(Ti(f))
| ” T
)

3+ Z2(f

Ti(f) =

(Z2(0)+ Ry g3) { Rg+Z1(H) + [R o R
g gg

T, ()= 20»10g( |Ti(f)|)

0 20
-0.25 _ lle
—_ 8 o, 10
8 TieD-05 ) WA
= S deg 5
-0.75 0 S8
,I 75
10 100 1»1f03 110" 110 10 100 1<1f03 110" 110
[Hz] [Hz]
Figure 2.6 Transfer of i/p network Figure 2.7 Phase ofi/p network
1 1
B — zZ4() = ————
2jm£Ch 11,83 2jm£Coyt 83
[; N 1)1
Z3(f) Z4(f)+ R R
T (f)= O 24O+ Ry — iin( Ty )
© —1 Ry + ZA(f) 9,(f):= atan) ———-=
R | S— Re(Ty(f)
0283 % 736" Zamr 1
L

Ty, ()= 20-log( | To(£)])
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0 20
~0.25 [T _ Ll
= 8 10
g ToeD-0.5 5 %D
S deg 5
-0.75 0 =
-1 -5
10 100 1-1f03 110" 110 10 100 1-|fo3 110" 110
[Hz] [Hz]
Figure 2.8 Transfer of cathode network Figure 2.9 Phase of cathode network
R
c.83.eff
Ty(f)= | ——= Im(Te())
R I S 0o(D)= ata
0.c.83.eff 2jm£C, Re(Tc(f))
T, o(£):= 20-log( | T (f)])
0.01
2
0.005
g Tee® 0 Zéu @
<, deg
-0.005 —
-0.01 0 s
10 100 1-1fo3 110" 110

10 100 110 110" 110
f

[Hz]

Figure 2.10 Transfer of o/p network

Tior.83(5) = Ty(F) To (£)- T (F)-Gg3

Tiot,83.0(F) = 20-log( | Tyoy g3(F)])

[Hz]

Figure 2.11 Phase of o/p network

0G.g3(f):= —180deg

Otot.83(0) = 0i(H) +¢ () + 0. () + ¢ G g3(F)
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2.2.10 Frequency and phase response plots:

36
35.8
P 35.6
2 Tiot.83.4H
= 35.4
352
35
10 100 1-10° 110 1-10°
f
[Hz]
Figure 2.12 Frequency response of the whole CCS+Cc gain stage
-160
7 -170
g) P10t.83D §
= dee 150 =
- [T
-190
10 100 110° 110" 110

f
[Hz]

Figure 2.13 Phase response of the whole CCS+Cc gain stage




Chapter 3 The Cathode Follower (CF)

3.1 Circuit diagram - simple version CF1

R.L V.0

Figure 3.1 Basic design of a Cathode Follower gain stage (CF) with gain G < 1
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3.2 Basic formulae (excl. stage load (R, )-effect)
3.2.1 Gain G expressed in terms of g, and

Vo
Gepr=—
Vi

o= Zm.t (ra.t [ Rc)
¢ L1+ gmt (ra.t I Rc)

RC

Gopy =My ———
= el utrautJr(lﬁLMt)Rc

3.2.2 Grid input resistance R,, input c:alpacitancel Cio and input impedance Z; o(f):

Zi.g (f) = Rg I Ci.tot

Ci.tot :Cg.a I Cstray [ (1 -Ger1 ) Cg.c

3.2.3 Cathode output resistance R, ¢;:

Te.t Rc
Roci=tet [IRc= R
Lt tRe
T,
—_at
Let=
e +1
rot = rule of thumb: with pe >>1

Ietrot DECOMES:

1
Tetrot =
m.t

Consequently, to get gains close to 1 g, or R, must be increased.

G.1)

(3.2)

(33

3.4)

(3.5

(3.6)

(3.7)

(3.8)

3.9)

gm: always has certain limits set by the given valves on the market, thus, R, will be the
target to get gains close to 1 (see 3.2: CF - improved version, further down these pages).

! see footnote 2 of Chapter 1
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3.3 Derivations

i.3 i.2 i1y
rg.t l rat v.a.c
i.5 g.m.tv.g.c i.o
R.S
node C /(V.R.C Rc R.L V.0
i.4

Figure 3.2 Equivalent circuit of Figure 3.1

Vgc=Vi~VRe

VRc=Vo
Vo==8mt (Vi = Vo) (Re [ Ta)
\%
T?ng.t (1_Gcf1)(Rc ”ra.t) (3.10)
i
(Re lIma.)
Gef] =E€mt——
cf1 = 8m.t 1+gm¢ (RC ”ra.t)
Mt =8m.t fat
R
Gepr = 1y £

Tyt +(1+“t)Rc
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3.4 Gain stage frequency and phase response calculations

RS C.in R.gg Roc1 C.out

il
v.0 l{ T{ Vi R.g C.i.tot T v.g v.R.c RL V.0
. O

Figure 3.3 Simplified® equivalent circuit of Figure 3.1 - including all
frequency and phase response relevant components

3.4.1 Gain stage input transfer function T;; (f) and phase o;; (f) - including source
resistance Rgand an oscillation preventing resistor Rg;<<R:

from Chapter 1, paragraphs 1.4.1 & 1.4.2 we’ll get T; (f) and o; (f)° :

T (F)=Ti(f)

3.11)
@i (H)=¢;(f)
3.4.2 Gain stage output transfer function T,; (f) and phase @, (f):
v R
Ty (f)=—2-= L 3.12
01( ) VR.c RL +R0.Cl +Z4(f) ( )
Z4(£)=(2jmf Cope) ™" (3.13)

@o1 (f)=arctan {iin[nl(f)]} (3.14)

3.4.3 Fundamental gain stage phase shift @g . (f):

0G.cr1.¢(F)=0° (3.15)
3.4.4 Gain stage transfer function Ty, (f) and phase @y (f):

Tior.1(H) =T;1 () To1 () Geg (3.16)

0 to1.10) =0 ;1 (H) + @ 1 (F) + OG 1 (F) (3.17)

See footnote 2 of Chapter 1
to get C; ot for the CF1 see equation 3.5 of this Chapter
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3.5 Circuit diagram - improved version CF2;, and CF2,

C.in

R.S

v.R.c2 R.c2

) Vo k1 ]
O

b = R.c1 bypassed with C.c1
u = R.c1 un-bypassed

Figure 3.4 General CF gain stage with gain G.p = 1
and bootstrapped input resistance
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3.6 Basic formulae (excl. stage load (R, )-effect)

Assumed that

e for the bypassed version (b) C,, is an AC short-circuit for R;; in By

e DC biasing is properly set by Ry, R, Re, to the A-class biasing point

e C,yand Ry are of a size that does not significantly influence the gain in the audio band By
the basic formulae to calculate the gain of the Figure 3.4 CF look similar to the ones of Figure
3.1 and as follows:

3.6.1 Gain Gpy of the bypassed version (b) in terms of g, and p:

v

Gerab=—" (3.18)
Vi
r, R
Geppp =t (ot I1Re2) (3.19)
L+ 8mt (ra.t l RCZ)
Reo
Gerab =Mt € (3.20)
¢t (1 + 1 ) Reo
3.6.2 Gain G.p, in case of absence of C; (= un-bypassed version u):
gm.t [rait l (Rcl +Rep ):|
Gerou = (3.21)
1+ [ra.t | (Rcl +Rep ):|
R 1t R 2
Gefa.u =Mt e (3.22)
’ ra.t+(l+ut)(Rcl+R02)
3.6.3 Input resistance R; 4, and input impedance Z; ;»(f):
R Ry (3.23)
iLg2b=7 <~ .
£ 1-Gepap
Zig2b (f)=Rig2p I Citor (3.24)
Rg
Rigou= R (3.25)
1- Gcf2.u -2
Rcl + Rc2

Zig2u (f)=Rig2.u I Citof (3.26)
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3.6.4 Cathode output resistances® Rocp & Rocou:

3.6.5

3.6.6

I,

t
[ =—2 (3.27)
T
1
rule of thumb: Tetrot = (3.28)
m.t
Rocob=tet [IRe2 (3.29)
Rocou=re |l (Rcl + RCZ) (3.30)

C,; calculation:

The audio band B,y spreads from 20Hz to 20kHz. To ensure a flat frequency response in
Baok (£0.1dB) as well as a phase response deviation of less than 1° at f, = 20Hz the C,,
calculation should be based on a corner frequency f. o that is f/100:

Cy = ! (3.31)
2n fc.opt (rc,t ” Rcl)

f

f = 3.32
c.opt 10 ( )

Total input capacitance C;
calculation relevant valve capacitances:
C,. = grid-cathode capacitance

C,a = grid-plate capacitance = Miller capacitance
Cqray = sum of several different capacitances (to be guessed)5

Ci tot =Cg.a I Cstray I (1 - Gcf)cg.c (3.33)

4

detailed derivation of r., see Chapter 4 “The Common Grid Stage (CGS)”
see footnote 2 of Chapter 1
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3.7 Derivations

Figure 3.5 Equivalent circuit of Figure 3.4 (without C,)

3.7.1 Gain Gp} (bypassed version R;; = 0 for AC):

R¢i =
Vo
Gerab .
i
Vo =8m.tVg.c (ra.t l RC2)
=VR.2
Vi=VRg T VR.2

=Vgct8m.tVge (ra.t I RZ)

Zm.t (ra.t [ RCZ)

= Gepap=
¢ I+ gmt (ra.t I Rc2)

3.7.2 Gain Gp, (un-bypassed version):

Vo
Gcf24u =
Vi

Vo =8m.tVg.c (Rcl +Rc2)
Vi=Vg +gmtng(Rcl+R 2)

gmt[ tH cl+Rc2)]

= Gf2. =
e 1+gmt|: t“ c]+Rc2)]

(3.34)

(3.35)

(3.36)

(3.37)
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3.7.3 Input resistance R gy
(bypassed version [R,; = 0 for AC] and its bootstrap effect):

is=0 = 1y =eo

= Vge __ Vi
Rg Ri.g‘b
Vi=Vo_ Vi (3.38)
Rg Ri.gb
vi(1=Gefap) _ vy
Rg R,-.g b
R Re (3.39)
= Rigvh=7—= — :
8% 1-Gepap
3.7.4 Input resistance R;
(un-bypassed version and its bootstrap effect):
VgcTVRel Vi
Rg Ri.g.u
Vi (1=Gepau) + VRl _ V5
Re Rigu (3.40)
Rcl
VRel=Vor 5
Rcl + Rcz
Rei
=viGera g Ry,
cl c2
R
Vi (I_GcfZ.u)+Vi Gerau R CR
= o ¥ Rer Vi (3.41)
Rg Ri‘g.u
R
= Rigy= R : (3.42)
c
1- Gcf2.u R R
el TRe2
consequently:

Ri.g.b >..>> Ri.g.u (3.43)
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3.8 Gain stage frequency and phase response calculations

Ro.c2p Cout

Figure 3.6 Simplified® equivalent circuit of Figure 3.3 (bypassed version) - including all
frequency and phase response relevant components

et Ro.c2u C.out

RL v.0

Figure 3.7 Simplified’ equivalent circuit of Figure 3.3 (un-bypassed version) - including all
frequency and phase response relevant components

3.8.1 Gain stage input transfer function T;; (f) and phase o;; (f) - including source
resistance Rg and an oscillation preventing resistor Ry, <<R,:

from Chapter 1, paragraphs 1.4.1 & 1.4.2 and with replacement of R; by R g5 &
Rig2uwe’ll get Ti(f) and ¢; (f)8 :

Tip p(£) =T o (D) =T (f)

(3.44)
Qi b () =0j0y (£)=0; ()

3.8.2 Gain stage output transfer functions Toyy (f), Tozu (f) and phases @o21(f), @o2.6(f):

T02,b(f): Vo :( Rcl ”rc.t ][ RL J (3.45)

VRe2 Rt It +Z3(F) )\ RL +Rgcap +Z4(F)
73(f)=(2jnf Cgy)™" (3.46)
74(f)=(2jnf Cope) ™" (3.47)

Typu(f)=—2 Re (3.48)

VRez RL+Rgcay +24(f)

6 see footnote 2 of Chapter 1 and footnote 3 of Chapter 2

see footnote 2 of Chapter 1
to get C; o for the CF2 see paragraph 3.6.6 of this Chapter
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(Poz.b(f)=arctan{ % :iz 11: ﬂ (3.49)
_ Im[TOZu (f)]
Po2.u(f)=arctan {w (3.50)

3.8.3 Fundamental gain stage phase shifts ¢g.cn.(f) and @g.cp.u(f)

0G.cr1.p(H)=0°

(3.51)
PG cf1.u(f)=0°
3.8.4 Gain stage transfer functions T2 (), Twor2 (f) and phases G2 (), Prorza (F):
Tiot2.u(F) =Tz 0 (F) Toz 4 (F) Gerau (3.52)
Tiot2.6(F) =Ti2.p () Toa 5 (F) Gega b (3.53)
? t0t.2.6(F) =@ 12 5(F) + @ 52 () + O 2.6 (F) (3.54)

0 tot2u(D) =0 i2 () + @ 02 u(F) + 96 cr2.u () (3.59)
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3.9 CF1-Example with ECC83 / 12AX7 (83):

3.9.1

-3
I g3 = 12:10 "A

Figure 3.8 CF1 example circuitry

Triode bias data:

Vees

a

pg3 = 100

12

Cyagy=1.610

g.a.8

3
R, g3 = 1.6:10°Q

4
Ry =1:10'Q

3.9.2 Triode valve constants:
-3

£m.83 = 1.6-10 ~-S

—12
Cgeg3= 16510 °F
3.9.3 Circuit variables:
R, g3 = 0.001Q

3

Rg:=1-10"Q

—12
Cytray.g3 = 1010 °F

-9
Cings = 10010 F

3.9.4 Calculation relevant data:

frequency range f for the below shown graphs:

395 GainGyy:

gm‘83'[

.83+ Re g3

.83 Re 83 }

Gef1.83 =
I+gmg3

[ .83 Re 83

83+ Rc.83]

3= 250V V,.83 = 250V

F

Vgg3= -2V

1, g3 = 625:10°Q

12

Cacg3=03310 °F

a.c.8

Co.83 = Cac.83

Ry g3 = 110°0
3
Rygg3 = 0.22:10°Q

-6
Courg3 = 100:10 F

f:= 10Hz,20Hz.. 20000 Hz
h := 1000Hz

Gef).83 = 0.714
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Gef 83.¢ = 20-lg(Gefy 53) Gefl 83.0= 2926  [dB]

3.9.6 Cathode outputresistance R :

. _ a3
c83 7 Kg3 1, g3 = 618.812Q
R = L + L 1
0.¢1.83 - i Rogs Ry c1.83 = 446.229 Q
c.8.rot * 283 o 830t = 625Q

3.9.7 Total input capacitance G :

—12
Citot.83 = Cg.a.83* Cstray.83+ (1~ Gef1.83) Cg.c.83 Citor.83 = 12072x 10 °F

3.9.8 Gainstage frequency and phase responses:

v.0

Figure 3.9 = Figure 3.3

Z1(f) = - Z2(f) = !

2jm-FCip g3 2j 1 FC ot 83

-1
Zz(ﬂ'[R — R, 1+ zz(f)]
83 83
Ty (0= g ge.

-1
(Z2(5)+ Rgy 33) { Rg+ Z1(H) + [R L, é)j }

o83 Regg3t Z2(F

e Im( Ty ()
Tip o(f) = 20-log(|Ty; ) #1020 Rl @)
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0 R 10
-0.25 _
= 8 0.(f
8 TireD-0.5 & I
= -E deg 0
-0.75 -
-5

10 100 110> 1-16* 1-10°
f

10 100 1-10° 1-10* 110°
f
[Hz]

[Hz]

Figure 3.10 Transfer of i/p network Figure 3.11 Phase of i/p network

Ry

1
T, (f)= ———
ol
Ry + Ry 1,83+ Z4(f)

2jm 'f'Cout. 83

Im( Ty ()
001D = am{ReETZl(f);} Top. ()= 20-log( |To; (F))

ZA(f) =

-0.25 _
-
BT (D g
S Tore®-0.5 &
= [l |
-0.75

-1
10 100 110 1-10* 1:10°
f

10 100 110> 116" 1-10°
f
[Hz]

[Hz]

Figure 3.12 Transfer of o/p network Figure 3.13 Phase of o/p network

Tiot. 1.83(D = Tiy (0-To 1 (D-Gefy 83 0G.cf1.83(F) = 0-deg

Tiot, 1.83.¢(D) = 20-log( |Tyoq 1 83| ) Otot.1.83(5) = 01 (D + 041 (O + 0G ¢ £1.83(F)
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3.9.9 Frequency and phase response plots:

-3

32
= 3.4
8, Trot.1.83.e()
= 3.6
3.8
4
10 100 110° 1-10* 110°
f

[Hz]

Figure 3.14 Frequency response of the whole CF1 gain stage

10
w 5
8 Oor.1.83(D
oy — ™~
—é deg 0 [
s
10 100 1-1f03 1-10* 1-10°

[Hz]

Figure 3.15 Phase response of the whole CF1 gain stage
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3.10

CF2,-Example with ECC83 / 12AX7 (83):

Figure 3.16 CF2, example circuitry

3.10.1 Triode bias data:

-3
I, g3 = 12:10 "A

3.10.2 Triode valve constants:

g3 = 161078

Cg.g3:= 16510

12

F

3.10.3 Circuit variables:

R, g3 = 0.001Q

3
Rg = 1-10°Q

—12
Cstray.83 = 1010

F

Vic.83 = 370V V, g3 = 370V
g3 = 100
—12
Cg.a.83 =1610 °F
6

Rg.83 =110 Q

— SQ
Ry = 10-10

-9
Cin.g3 = 100-10 F

3.10.4 Calculation relevant data:

frequency range f for the below shown graphs:

Vgg3 = 122V

1, g3 = 625:10°Q

12

C 3=033-10 °F

a.c.8

Co.83 = Cac.83
= 1.6.10°Q
Re183 = L6
3
Ry g3 = 100-10°Q
_ 6
Cout.83 = 10010 °F

3
Rygg3 = 0.22:10°Q

f:= 10Hz,20Hz.. 20000 Hz
h := 1000Hz
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3.10.5 Gain Gy,

. .83 Re2.83
83 T e
.83 T Reogs

Ge.b.83 = -
g Ta.83'Re2.83 Gepo b.g3 = 0.984
83T ®
T, 83t Reo g3
Gof b.83.c = 200g(Gep b 83) Gep bhg3e=—0-14  [dB]

3.10.6 Gridinputresistance R; ;¢

Ry 83

= 6
Ri.g.2.b.83 62.538x 107 Q
1=Gepr b 83

Rig2b.83=

3.10.7 Cathode output resistance R, ,}:

_ a3
Tc.83 = i s . g3 = 618.812Q
R, 0 S !
.c2.b.83 - .83 Roogs Ry c2.b.83 = 615.006 Q
c.83.rot - £m 83 o 83 rot = 625Q

3.10.8 C, calculation:

£
T = fc.opt = 100 t;:.opt = 0.2Hz
Coyg3: L s
P E T _ _
27-% optRo.c2.b.83 Colg3 = 1:204% 10 °F
3.10.9 Total input capacitance C; :
=2
Citot.83 = Cga.83+ Cstray.83* (1~ Ger2b.83) Cgc.83 Citor.83 = 11626 X 10 °F

3.10.10 Gain stage frequency and phase response :

Roc2b Cout

Figure 3.17 = Figure 3.6




How to Gain Gain

42
»  MCD Worksheet I11-2 CF2, calculations Page 3
1 1
Z1(f) = —— 2(0) = ——————
2jm-£Cip g3 2 m£C o1 83
=il
zz(f){R1 L, - 1+ ZZ(f))
122.b.83 83
Tpp)= . =

(zz(ﬁ + Rgg'83) { Rg + Z1(f)+ [

Tp o) = 20»10g( |T]»2'b(f)|)

10 100 110° 1-10* 110°
f
[Hz]

Figure 3.18 Transfer of b-i/p network

1

()= —
2jm-fCey 83

Rp

[degrees]

Re183

Toop(D = [RL +Ry o2 pg3+ Z4(f)] [

To2b.e(D) = 20-og(|Toa p (D] )

0

-0.25

a To2b.e(D-0.5

-0.75

=i
10 100 1-10° 1-10* 110
f

[Hz]

Figure 3.20 Transfer of b-o/p network

Ryp83+ Z3(f)]

[degrees]

1 | L
+
Rig2b.83 Rgggz*Z2(D

_ Im(Tiz'b(f))
Oppd = aw{Re(TiZ.b n D)J

10 100 116 1-10* 110
f
[Hz]

Figure 3.19 Phase of b-i/p network

1

Z4(f) = ————
2im£Cout 83

o [(Im(To ()
do2p (D)= atzu{ Re(Toz_b(f)) J

10 100 1-10° 1-10* 1-10
£
[Hz]

Figure 3.21 Phase of b-o/p network
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Tiot.26.83(0 = Tp p D Toop (D Gepbg3  9G.em.b.g3() = 0-deg

Tiot, 26.83.¢(D) = 20-log( | Tyoq 2.1, 83(D| ) P10t.26.83(0)= 0p p(O) + 02 b (1) + G 2 b.83(F)

3.10.11 Frequency and phase response plots:

0
0.2
= 0.4
g Tiot.20.83.¢(F) |
0.8
=i
10 100 1-1f03 110 110

[Hz]

Figure 3.22 Frequency response of the whole CF2, gain stage

2
7 n 1
8 9tot.2.6.83(D
oy — T~
ﬁ deg 0 MmN

-1

10 100 110° 1-10* 110
£

[Hz]

Figure 3.23 Phase response of the whole CF2, gain stage
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3.11 CF2 -Example with ECC83 / 12AX7 (83):

Figure 3.24 CF2, example circuitry
3.11.1 Triode bias data:

-3
Lg3=1210 A V

g3 = 370V V, g3 = 370V

a

3.11.2 Triode valve constants:

2m.83 = 1.6410_3»8 g3 = 100

12

= 12
Cgogyi= 16510 °F

Cgagy= 1610 °F

3.11.3 Circuit variables:
= 0.001Q =1 1069
Ry 83 =0 Rog3 =1
3 4
Rg:=110"Q Ry = 1-10°Q

-12 -9
Cytray.g3= 10107 °F Cin.g3:= 100-10° F

3.11.4 Calculation relevant data:

frequency range f for the below shown graphs:

3.11.5 Gain G, :

o 1 . 1 =t
83| Tt
83 RepgztReigs

Gep.u.83 =

l+g 1 + S S— 1
m.83°
.83 ReogstReiss

V.

083 = 12V

T, 83 = 62.5-1039
Cy o83 = 03310 g

Co.83 = Cac.83

R.jg3 = 16-10°Q
. 3
R.pg3 = 100-10°Q
= 10010~ °F
Cout.83 = 10010

R,

0083 = 022:10°Q

f:= 10Hz,20Hz.. 20000 Hz
h := 1000Hz

Gepou.g3 = 0.984
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Geprug3.e = 2010g(Gep y 83) Gef ug3.e= 0139 [dB]

3.11.6 Grid input resistance R; ,, ,:

Ry g3

6
Rigou83= Ri .7 483= 31.855%10°Q
¢ Re2.83 =

1-G —
cf2.u.83
Re283tRei83

3.11.7 Cathode output resistance R, , ,:

_ fas3
.8 T I g3 = 6188120
R, Y
OB T r gy Reaga* Rerss Rocrugs = 015060
c.83.rot * 2 83 To 83.rot = 625 Q2

3.11.8 Total input capacitance C; (:

12
Citot.83 = Cga83+ Cotray.83* (1~ Ger2.u83) Cgo.83 Citot.83 = 11.626x10 °F

3.11.9 Gain stage frequency and phase response:

Figure 3.25 = Figure 3.7

)= —— L

- 22(f) = —————
2jm£Cy g3 2j 1 £Cj ot 83

(s ).
72(f) *
Rigoug83 RggsstZ2(h)

=i
1 1
(220 Rege) [ ST (Rigz u.83 " Rog 83+ ZZ(ﬂJ }

Tp u(H) =
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Im( Ty (D))
Tip ()= 20-log( | Tip (D)]) Op o= atan(ReETZ'“(f)))]
u

0 2
-0.025 _ 1
g Ti u.e(D -0.05 = w 0
S, deg
-0.075 =l
0.1 2
10 100 1:10° 1-10* 1-10° 10 100 1:10° 1-10* 1:10°
f f
[Hz] [Hz]
Figure 3.26 Transfer of u-i/p network Figure 3.27 Phase of u-i/p network
R 1
iL Z4(f) = —————
o2u [RL+ RIS Z4(f)} S ECout 83

Im( T02.11(0)
Oopu(M= ata'{Re( Toz.u(f)) ]

’ il
-0.25 L
s | Il
o2.u 0

S Tuzudos ; i
cg

o . LI

10 100 1-1fo3 110* 1-10°
[Hz]

Top.u.e(D = 20-log( | To 4 (9] )

[degrees]

=i
10 100 1»1f03 1-10* 1.10°

[Hz]

Figure 3.28 Transfer of u-o/p network Figure 3.29 Phase of u-o/p network

Tiot.2.u.83(0= Tp u(M Tooy( Geppugs  ¢G.cr2.u83M) = 0-deg

Tiot,2.u.83.¢(F) = 20-log( | Ty 2.u.83(F)|) Dtot.2.u.83(F) = 0 )+ 052w (O 0G 2 . 83(H)
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3.11.10 Frequency and phase response plots:

1-10°

0
-0.2
— 0.4
=) v (f)
o, ‘tot.2.u.83.¢ 06
0.8
-1 "
10 100 1 »1fo3 110
[Hz]

Figure 3.30 Frequency response of the whole CF2, gain stage

110

2
g Otot.2u.83(D
P ~HLL
= e 0 i
-1
10 100 1-1f03 1-10*
[Hz]

Figure 3.31 Phase response of the whole CF2, gain stage




Chapter 4 The Common Grid Gain Stage (CGS)

4.1 Circuit diagram

R.S C.in

v.Ol o Rec v.Rc

Figure 4.1 Basic design of a Common Grid Gain Stage (CGS)
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4.2

42.1

422

423

424

425

Basic formulae (excl. stage load (Ry)-effect)
Gain G, expressed in terms of g, and p:

R

Gi=(gmiTat +1) ﬁ
a.t a

R
Go=( +1)

Lt +R,
Internal cathode input resistance r;:
Lt +R,
Lt=
el

Plate output resistance R, , and impedance Z, ,(f):
Roa =Ry [I[ta1 + (1 +1)(Rs [ R )]

Zoa (£)=Ry It + (1e +1) (Rg [IR¢) |1 Co o

Cathode input resistance R;.and impedance Z; ():

o R, +1,¢ I

1.C “t +1

R, +1,
Zio (F)==""2L | R¢ || Cipor
e +1
Input capacitance Ci,:

1

Cin =2t
TUIc opt Ric
£ == 202 o ohy

Pt =100~ 100

4.1)

4.2)

4.3)

(4.4)

(4.5)

(4.6)

@.7)

(4.8)

(4.9)
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4.3 Derivations

Figure 4.2 Equivalent circuit of Figure 4.1

4.3.1 Gain G; and G

sum of currents at node A:

o o i s
R + +8m.t Vge =lo
a Ta.t
AC voltage situation at node C:
Vge="Vi

we set ip = 0 and do not take into account Ry, Rg and R, hence,

v Vo —Vj
=g v
R, Ta.t
rearrangement leads to the stage gain Gy:
8mtt—
G, =-9= a.t
! 11
1 _—t
Tat Ra
R
= Gy=(u+1)—a
¢ +R,
R

a

= Gy =(gmt fat + l)ﬁ
a.t a

(4.10)

4.11)

(4.12)

(4.13)

(4.14)

(4.15)
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Ra.srreplaces R, in all calculations that include R,, as gain stage load!
Raerf =R, IR (4.16)
RaIRL
Giefr =(n+1) . (4.17)
i+ (R IRL)
Ra IR
Geff =(8m.t Tat +1) 7 (4.18)
et (Ra H RL)
4.3.2 Internal cathode input impedance r.; and r. s
at node C we find:
v
Lt = -1 (4.19)
14
at node A we find:
il——i4 Z—(iz +i3) (4.20)
thus,
i = Yo _ Vi
R I,
a R“ @.21)
v
=-2=G,=—%
Vi Lot
_Ra
c.t G,
(4.22)
Lt +R,
Lt=—
: p+1
R
I teff = Ga'Eff (4.23)
teff
4.3.3 The inclusion of R, and Rg into the calculation course:
Iy becomes ;. .ir the following way:
(4.24)

Licteff =le.t [ R I Rg
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4.3.4 Total input and output capacitances C; o and Co o

As long as the valve is suitable for cascoded operation (eg. 6922 / E88CC, etc.) the
input capacitance C; of the cathode can be found in data sheets under cathode input
capacitance C; in CGS mode:

Ci= Cc‘g (4.25)
hence, C;, becomes:
Citot =Ci | Cstray (4.26)
The data sheet output capacitance C, in CGS mode becomes:
Co= Ca_g 4.27)
hence, C, . becomes:
Co.tot = Ca.g ICac (4.28)
Input and output capacitances in data sheets:
C; = CGS input capacitance between cathode and grid =Ceg
= CCS input capacitance between grid and cathode =Cqe
C, = CGS output capacitance between plate and grid =Cay
= CCS output capacitance between plate and cathode =Cye
4.4 Gain stage frequency and phase response
RS C.in ‘ Vi Roa C.out
[ — . | a o]
V~°l vi Re C.itot ret v.a C.o.tot RL v.0
L [ T 1!
Figure 4.3 Simplified' equivalent circuit of Figure 4.1 - including all
frequency and phase response relevant components
4.4.1 Gain stage input transfer function T;(f) and phase ¢i(f) - including source
resistance Rg:
v
T; (f)=—" (4.29)
Vo

see footnote 3 of Chapter 1
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—1
1 1
—+—|+2jnf C;
|:(rc¢ R, ] ] 1.t0t:|

T, (f)=

-1
RS+#+ L+L +2jnf C ot
2jnf Ciy e Re .

4.4.2 Gain stage output transfer function T,(f):

T,

(o]

(f):{R Z1(F) [ (22(F) + Ry )

+z1(6) 1 (22(F) + Ry )] ]RHZZ

Z1 (f) (2Jnfco tot)
Z2(f)=(2jmf Coye) "

4.4.3 Fundamental gain stage phase shift gg(f):

0g ¢ (f)=0°
4.4.4 Gain stage transfer function Ti(f) and phase @(f):

Tiot (F) =Ti (£) To (£) Gy

0 1ot (D) =0 (1) + ¢ (1) + ¢ ¢ (1)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)
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4.5 1%t example with EC92 / 6AB4

92):

Figure 4.4 CGS example circuitry

4.5.1 Triode bias data:

-3
Ia.92 =10-10 "A Vcc.92 = 370V Va.92 =250V Vg.92 = -2V
4.5.2 Triode valve constants:

=3 3

gmop =5.6:10 °-S Hgp = 60 I 9 = 10.7-10°Q

—12 —12 —12
Cigp = 4610 °F Cgaop:= 1810 °F Cooqp =210 °F
4.5.3 Circuit variables:

3 3 6
R, g = 12:10°Q R, gy =0.2:10°Q Ry = 1:10°Q

— i _ -12 1106

Rg = 50 Cytray.gp = 10-10° °F Cout.02 = 11107 °F

4.5.4 Calculation relevant data:

frequency range f for the below shown graphs:

455 GainGg:
Ry
T2t Ryop

Ggy e = 20-log(Goy)

Gop = (Hgp +1)-

h := 1000Hz

Goy = 32.247

Gy = 30.17

f:= 10Hz,20Hz.. 20000 Hz

[dB]
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4.5.6 Internal cathode input resistance r:

.92 Ry 0n

T =
c.92 Hgg + 1
4.5.7 Plate output resistance R, ,:

1 -1

-1
L +(p92+l)~i+ !
a.92
Rg Reop

Roao =

—+
Ry

4.5.8 Cathode input resistance R; .:

=il
1 1
Ri.gy=|—+
i.c.92
[Rc.92 rc.gzj

4.5.9 Inputcapacitance C;,:

f. = 20Hz fc.opt = ﬁ

1

C. =
in.92
27mfc optRic.92

4.5.10 Total input and output capacitance C; (, and C, ,:
Cit0t.92 = Cstray.2+ Cig

Cot0t92 = Cga. gt Co.02

4.5.11 Gainstage frequency and phase response:

w1

RS C.in Roa

u o

4

fogp = 372.131Q

3
Ry 490 = 6272%10°Q

R; .02 = 130.086 Q

f

c.opt — 0.2Hz

-3
Cinor=6.117x10 "F

-12
Cior.on = 146x10° F

=12
Cotor02 = 3-8% 10 °F

C.out

Co tan RL lv,u

Figure 4.5 = Figure 4.3

1 1 =
+ +2)m£C; ot 92
[[%.92 Rc.92]

-1
] t2m ‘f'citot.921|

Ty(f) =

1 1
Rg+ —— + 4
2 fChop [Tz Reop
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T, o(f) = 20-10g( |Ti(f)| )

[dB]
S
A W N = o

10 100 110° 116" 1-10°
f
[Hz]

Figure 4.6 Transfer of i/p network

Z1(f) = (2j«n~f-C0't0t'92)71

T, ()=

[degrees]

e Im( ()
PO Ref0)

10 100 1~1f03 1-10* 110
[Hz]

Figure 4.7 Phase of i/p network

Rp

72(f) = (2j«n~f«C0m'92)71

1 1
R +|—+
0.2.92 [Zl(f) 72(f)+ Ry

Ty o() = 20-log( |T0(f)|)

10 100 110> 1-16* 1-10°
f
[Hz]

Figure 4.8 Transfer of o/p network

Tiot.02(F) = Ti(f) To(H-Gop

Tiot,92.¢(D) = 20-log( | Tyoy 02(1)] )

1 R
[%+ 72()+ RLj [
)]

Ry + ZZ(QJ

[degrees]

10 100 110> 1-10* 110
f
[Hz]

Figure 4.9 Phase of o/p network

0G.92(f):= Odeg

Otot.92(F)= 0i(D)+ ¢ (F)+ 0 G 92(F)
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28

27.75

8 Tior.92.¢(f) 275

27.25

27
10 100 110° 1-10* 110°
f

[Hz]

Figure 4.10 Frequency response of the whole CGS gain stage

10
£ 900020
g Ttot.927
S deg 0 T~
-5 "
10 100 1.10° 110 1-10°

f
[Hz]

Figure 4.11 Phase response of the whole CGS gain stage
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4.6 2"dexample with EC92 / 6AB4 (92) with changed circuitry
components and valve constants:

4.6.1 Triode bias data (n = new):
=3
Ligpn=210 "A Vi gp,=370V Vaorn= 250V Vo= —44V

4.6.2 Triode valve constants:

2m92n = 16:107°-s Hop g = 45 T e = 28.10°Q

=12 —12 —12
Cigppn=46:10 °F Cg.a.92.n =1810 °F Coopp =210 °F
4.6.3 Circuit variables:

3 3 6
R 0ot SH60R1070 Re 9o i=2.2:10°Q Ry = 1-10°Q
Rg = 50Q

—12 _6

Cstray.92.n= 1010 F Coutozn:= 110 'F
4.6.4 Calculation relevant data:
frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 20000 Hz

4.65 ff:

same calculation course as above leads to an overall gain improvement of appr. 2dB
- mainly because of a higher R ., (130R1 vs. 1k023)




Chapter 5 Constant Current Generators (CCG)

Constant current generators as of Figure 5.1 ... 4 ensure stable DC current conditions for any
kind of load impedance Ry, . 4. This might be a resistance as well as another valve - including
its associated components.

5.1 Constant Current Source (CCSo-lo) - low impedance version

V.cc V.cc
A
V.ail R.so.1 l.a1 l R.s0.1
TN
V.R.c1
l.a1 l.a1
V.11
R.L1 R.L1

i

Figure 5.1 CCSo-lo that generates a lower impedance than the Figure 5.3 case
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5.1.2 CCSo-lo:

With a rather low-valued R, (depending on the valve’s bias settings) in Figure 5.1 a less
complex version of the Figure 5.3 CCSo-hi leads to a lower valued Figure 5.1 resistance
Ryo.1 and impedance Z, ().

Based on the derivation course and formulae found in Chapter 1.3 and the following
equivalent circuit (see also Figure 1.2) Ry, ; and Z, ;(f) become:

v.a.c.

v.R.c1

Figure 5.1-1 Equivalent circuit of the Figure 5.1 current source

Ryo.1=Tav1 +(1+“vl)Rcl (5.1)

Zso.l (f)=|:(ra.vl | Ca.c.1)+ (1+“V1)(Rcl I Cg.c.l )j| [ Cg.a.l [ Cstray.l (5.2)

5.1.2 DC voltage and current settings:

To get the required anode current I,; R.; sets the right gate voltage V,; according to the
following steps:

step 1 choose I
step 2 choose V,; at a given V,
step 3: take Vg, from the valve’s 1./V, vs. V, characteristics diagram, hence,
VR.e1 == Vg (5.3)
R¢ = M (5.4)
Ial

thus, Vi, becomes:

VL1 =Vee = Val = VReel (55)
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5.2 Constant Current Sink (CCSi-lo) - low impedance version

V.L2 R.L2

V.a2

1)

R.si.2

l.a2 l R.si.2

V.R.c2

Figure 5.2 CCSi-lo that generates a lower impedance than the Figure 5.4 case
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5.2.1 CCSi-lo:
With a rather low-valued Ry, in Figure 5.2 (depending on the valve’s bias settings) a less
complex version of the Figure 5.4 CCSi-hi leads to a lower valued Figure 5.2 resistance

Ri» and impedance Zg;(f).

Based on the equivalent circuit of the previous section and on the derivation course and
formulae found in Chapter 1.3 R;; and Z; »(f) become:

Rgip=tyv2 +(I+py2)Rer (5.6)

Zgio (f) 2[(ra.v2 Cac2 ) + (1 TUy2 ) (RCZ [ Cg.c.Z ):| l Cg.ai2 ” Cstray.Z (5.7)

5.2.2 DC voltage and current settings:

To get the required anode current I, R., sets the right gate voltage V, according to the
following steps:

step 1 choose I,
step 2 choose V; at a given V,
step 3: take V, from the valve’s I,/V, vs. V, characteristics diagram, hence,
VR.c2== Vg2 (5.8)
Rep= Voo (59
Ia2

thus, Vi, becomes:

VL2 =Vee = Va2 = VRe2 (5.10)
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5.3 Constant Current Source (CCSo-hi) - high impedance version

R.s0.3

iy
— la3 l Rs03

- g3 R.c3.2 {V,R.ca.z

i 12.3 PUEE

R.L3 V.L3 RL3

Figure 5.3 CCSo-hi that generates a higher impedance the Figure 5.1 case




66 How to Gain Gain

5.3.1 CCSo-hi:

Basically, this rather complex CCG uses the same mechanics like the Figure 5.1 version.
Additionally, because of the inclusion of C,; the whole arrangement has to fulfil certain
requirements concerning its frequency bandwidth. Otherwise, it would work like the
Figure 5.1 version - but with much higher impedance Ry, 3 and Z, 3(f). The following
equivalent circuit shows why.

Based on the derivation course and formulae found in Chapter 1.3 and the below shown
equivalent circuit (see also Figure 1.2) Ry, 3 and Zg, 3(f) become:

vacs v.ac3

g.mtv.gc3

o ] / l —

Re31 v.R.e31

Rc32 LV.REZH

T

Figure 5.3-1 Equivalent circuit of Figure 5.3 - and its change
into a Figure 5.1 type of CCG

v.R.c3.1

Ryo3 =3 +(1+1y3) (Re31 +Re3a | Rg3) (5.11)

Zs3 (f)z[(ra.v3 I Ca.c.3) + (1 + Mv3) ({Rc3.1 +Re32 [ Rg3} I Cg.c.3 )j| [ Cg.a.3 [ Cstray.3
(5.12)

= A high valued R.; automatically leads to a very high valued Ry, ;

= A high valued Cqyy 3 automatically leads to a heavy decrease of Z, 3(f) at
frequencies > 1kHz (see MCD Worksheet V-3)

5.3.2 DC voltage and current settings:

To get the required anode current I3 R sets the right gate voltage V,; according to the
following steps:

step 1 choose I3
step 2 choose V,; at a given V,,

step 3: take Vg3 from the valve’s 1./V, vs. V, characteristics diagram, hence,
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VR.e3.1== Vg3 (5.13)
Resg =M (5.14)
IaS
step 4: choose R, hence, Vi 3.2 becomes:
VRe32=Ta3 Re32 (5.15)
step 5: calculate Vis:
Vi3=Vee = Va3 = VRe31 = VRe32 (5.16)

! A voltage V13 too low or too high has to lead to an adaptation of V. and /

or ch,,z !
step 6: calculate Cg;, the gain Gecesoni and Ry 3:
C 71 (5.17)
3= -
& o fc.opt Rin3
f. =20Hz
_20Hz (5.18)
AT

Basically, the CCSo-hi equals a cathode follower type CF2,. But its input is
connected via the input capacitance C,; to the bottom lead of R.3,, which
acts as an input short-circuit for the CF2,.

Consequently, R;, 3 can be calculated with the respective formulae of
Chapter 3.6.2 ... 3.

Rgs (5.19)
(Res2 Rg3)

R+ (Rc3.2 I Rg3)

R

in3=

1-Geeso.hi

Res +(Rc3.z I Rg3)
L3t (1 TUy3 ) (Rc3.l + |:Rc3.2 I Rg3:|)

Geesoni =Hv3 (5.20)

It’s obvious that at frequencies below f; o the impedance of Cy3 will steadily
increase, thus, turning this kind of CCG more and more into a CCSo-lo type
of CCG.
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5.4 Constant Current Sink (CCSi-hi) - high impedance version

R.g4.2

P
Rsid — lad l Rsi4

Figure 5.4 CCSi-hi that generates a higher impedance than the Figure 5.2 case
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5.4.1 CCSi-hi:

Based on the equivalent circuit of the previous section and on the derivation course and

formulae found in Chapter 1.3 Ry; 4 and Zg; 4(f) become:

Zgiq (f) = |:(ra.v4 [ Ca.c.4) + (1 + “v4) (Rc4 I Cg.c.4 )} I Cg.a.4 l Cstray44 (5.22)

Rgi4 =Ty yv4 +(1+1y4)Req (5.21)

A high valued R4 (in conjunction with the right values for Ry ; and Ryy5)
automatically leads to a very high valued Rg;4.

A high valued Cyyay 4 automatically leads to a heavy decrease of Zg, 4(f) at
frequencies > 1kHz (see MCD Worksheet V-4)

5.4.2 DC voltage and current settings:

To get the required anode current Io4 Res, Res 1 and Ry, set the right gate voltage Vs
according to the following steps:

step 1:
step 2:

step 3:

step 4:

step 5:

choose 1,4
choose V4 at a given V,
choose Vg4 and calculate R4 and V4
Ryy= VReed (5.23)
Ia4
VL4 =Vee =Vag = VRee4 (5.24)

! A voltage V4 too low or too high has to lead to an adaptation of V. and /

or Vres and / or Ry !

take Vg4 from the valve’s I./V, vs. V, characteristics diagram and
calculate Vg4

Ve.ga=VR.ca + Veu (5.25)

calculate voltage divider Ry and Rgs»:

Vega _ Rgan
Vee Rg4.1 + Rg442

(5.26)
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Rgaz | Ve |

Rga1 Vega

Rg41 | Rg42 < max. allowed

grid resistance of the valve

5.4.3 Calculation of Cg4:

1
2TCfc.opt (Rg4,1 I Rg4.2)

Cgs =

f. =20Hz
_ 20Hz
¢OPL™ 100

(5.27)

(5.28)

(5.29)

(5.30)

Z; 4(f) wouldn’t be touched negatively at the lower end of B, as long as C,4’s value is
high enough, hence, ensuring a flat frequency and phase response of <0.1dB and <1° at
20Hz. If this would not be the case, than, the noise voltage produced by Rg4.1|| Rgs> would
become a growing negative factor at the output of the current sink. It would be multiplied
with the valve’s gain and added to the noise voltage of the valve. The amount of noise
voltage depends on the Ip (formed by Cgs and Ryy || Res2) corner frequency f,oisc and on

the size of the two resistors.

Therefore:

f,

noise < c.opt

(5.31)
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»  MCD Worksheet V-1 CCSo-lo calculations Page 1

55 Constant current source (CCSo-lo)
Example with EC92 / 6AB4 (92):

W.al Ruso.1 lat l Risod

VRel

Figure 5.5 CCSo-lo example circuitry

5.5.1 DC voltage & current:
step 1 - choose I ,;:
=3
I =510 "A
step 2 - choose V,  at agivenV :
V,1 = 100V Voo =370V
step 3 - determine Vg, calculate R.; and Vy;:

Vg1 = =07V VR 1=V,

gl
\%
) | g1|
Ropi= R, = 140Q
al
V1= Vee= Va1~ VRl V=203V

5.5.2 Impedances:

Determination of triode valve constants at L; and calculation of
Rso.l and Z so.l(f):

#nop = 51078 gy = 66 rop = 132:10°Q

=172 —12 12
Cg.c.92 =2210 °F Cg.a.92 =1510 °F Chogp=024-100 °F

—12 .
Cstray.1= 10-10 °F Xa.g 1 = 2J‘TE'f‘(Cg.a.92+ Cstray. 1)
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Other calculation relevant data:

frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz

h = 1000-Hz

R 22.58 x 103(2

Ry 1= Tyop+ (14 Hop) R 0.1

-1 -1

-1 -1
) 1 :
Zgo 1 (D)= +2mECy | +(1+mop)- =+ (ZJ‘TE <f-Cg‘C‘92) + X, g 1(0)
T3.92 cl
_ 3
|Zg0.1(0)| =2258x 10°Q
2310*
2.25-10* —1

g |Zs0.1(0)] 2:2:10"

2.15-10*

2.1-1¢*
10 100 110°

Figure 5.6 Frequency response of the impedance of the CCSo-lo
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5.6 Constant current sink (CCSi-lo)
Example with EC92 / 6AB4 (92):

la.2

—
Rsi2 s \.azi Rsi2

VRc2

Figure 5.7 CCSi-lo example circuitry

5.6.1 DC voltage & current:

step 1 - choose I,,:
=3
Iy =510 “A
step 2 - choose V,, atagivenV . :
Vo = 100V Ve = 370V

step 3 - determine Vj,, calculate R, and V »:

Vgp = ~0.7V VRe2= Vg
\Y
_ Vel
2= Ry, = 140Q
a2
VL2= Vee= Vaz = VRe2 Vi =293V

5.6.2 Impedances:
Determination of triode valve constants at I, and calculation of

R, and Z ,(f):

#nop = 51078 gy = 66 ty o = 132:10°Q

12

— —12 —
Cgoop=22110 °F Cgaop= 15100 °F Cyo.02 = 024:10

—12 .
Cstray.2= 1010 °F Xga.2(f)=2jm ‘f'(cg.a.92+ Cstray42)

12

F
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Other calculation relevant data:

frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz
h := 1000 -Hz
3
Rgp=T, o+ (1 + ugz) Rgp Ry, =2258%10"Q
. =i
il . -1
Zg ()= [ra o 2 ~f»CaAC‘92] + (14 ngp) {R_cz +(2im <£Cg_c_92):| + Xg 4 o)
5 3
|Zgi. (0| =2258x10°Q
2.3-10*
2.25-10* =
£ |76.20] 22:10"
2.15-10*
2.1-10*
10 100 %-103 1-10* 110°

[Hz]

Figure 5.8 Frequency response of the impedance of the CCSi-lo
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5.7 Constant current source (CCSo-hi)
Example with EC92 / 6AB4 (92):

Va3 Rs0.3

Py
&
-—

V.R.c3.1

V.Rc32

Figure 5.9 CCSo-hi example circuitry

5.7.1 DC voltage & current:
step 1 - choose I ,5:

-3
I,3:=510 "A

step 2 - choose VzatagivenV:

V.,

a3 = 100V

step 3 - determine V3, calculate R 3

Vg3 = ~0.7V
Rezn= 7|vg3|
la3

step 4 - chooseR 3 ,:

3
R 3, =332:10°Q

VR.e3.2=1a3Re32

Rs0.3

Ve =370V

0
R 3 =140x10°Q

VR c3.2= 166V
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step 5 - calculate V;;:
VR.e3.1= Vg3
VL3= Voo~ Va3~ VRe3.17 VRc3.2

5.7.2 Impedances & capacitances:

5.7.2.1 Determination oftriode valve constants at L ;:

292 = 51070 Hgy = 66

12

= 12
Cgcop=2210 °F

Cgagpi= 15100 °F

—12
Cytray.3= 10-10° °F
Other calculation relevant data:

frequency range f for the below shown graphs:

5.7.2.2 step 6 Calculation of C 3:

f.:= 20Hz fc.opt:= 1.-0.01

=il
1 1
Resat| o+t
Rezn Ry

Geeso.his = Moy =
1 1
Tt (1+Ho)| Rez 1 | o +—
( ) Rezo Ry

RgS

1 7!
P
Re32 Rgs

-1
R(:3.1 + - + L
Rezn Ry

1= GCCSo.hi.3'|:

1
Cp=——
27 -f opt Rin.3

Vi3=1033V

1y p = 132:10°Q
Cacopi= 02410 12

6
Ry3:=1-10°Q

f:= 10Hz,20Hz.. 100000 Hz

h:= 1000-Hz

f

c.opt= 0.2Hz

Geesonis = 0979

7
Rjy3=3.976x 10'Q

=9
Cg3 =20.013x10 "F
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5.7.2.3 Calculation of R ;3 and Z, 5(f):

1

-1
1
Rez=Reg it | o+
Re3n Ry

X3(f):=2jm 'f'(CgAaA92+ Cstray43)

6
Reo.3 = Ta.00 + (1+op) Re3 Ry 3 = 2176 x 10°Q

=1

-1
-1 -1
1 . 1 .
Zgo3(D) = {[r " + 21‘"‘f'ca4c.92j + (1 +”92){R 3 t2jm 'f'Cg.c.92j :| +X3(f)
a. c

|Z503(0)| = 2.149 10°Q

6

310
_ 2:1¢° ==
g
E |Zso.3(f)| .

110

\\
. 1]
10 100 1-f103 1-10* 110°

[Hz]

Figure 5.10 Frequency response of the impedance of the CCSo-hi
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58 Constant current sink (CCSi-hi)
Example with EC92 / 6AB4 (92):

VL4 RL4

o~
Rsi4 f— Iadi Rsid

V.R.c4

Figure 5.11 CCSi-hi example circuitry

5.8.1 DC voltage & current:

step 1 - choose I ,4:

= 5107 °A

step 2 - choose V 4atagivenV :

Vo4 = 100V Vg = 370V

step 3 - choose Vi 4 and calculate R and V1 4:

VR c4 = 100V
V;

R.c4

Ryyi= —— Req=2x10'Q
lag

VL4 = Voo~ Va4~ VR.c4 Vpg =170V

step 4 - calculate V¢ 44:

Vg4 = 0.7V

Voot = VR cat Vs Ve ga= 993V

step S - calculate Ry | & R 445:

6
Ryqpi=1-10°Q

. Vee 6
Rygp = Ryg - Vg 1 Rygp =2726x10°Q
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5.8.2 Impedances & capacitances:

5.8.2.1 Calculation of Cy:
f, = 20Hz fc.opt = 0.01-20Hz

1

Cgs =

_1
1 1
2 f | —— ¢ ——
c.opt

& (Rg4.l Rg4.2j

5.8.2.2 Determination of triode valve constants at I,,:

gm0 = 510778 Hgy = 66

12

= 12
Cg.c.92 =22-10 °F

Cgaon = 1410 °F

12

Cytray.4= 1010 °F

stray.

Other calculation relevant data:

frequency range f for the below shown graphs:

5.8.2.3 Calculation of R;; yand Z; 4(f):

R 4= 1000+ (1+ 1) Rey

Ta.92

£, opt = 02Hz

6
Cgq = 1.088x 10 °F

I, = 1.241039

~12
Cacop=024:10 °F

Xga.4® =21 'f'(cg.a.92+ Cstray.éo

f:= 10Hz,20Hz.. 100000 Hz

h = 1000-Hz

R 4= 1341x10°0Q

—1
—1 =1
1 ‘ 1 A
Zsiq(h) = [7 +2jm 'f"CaAC.()Z] +(1+ o) {Ri‘t + (2 ~f‘CgAcA9z)} } +Xg a4

C:

|Zgi.4(0)| = 1.335 10°0

1.5-10°
_ 110°
=
= |Zsi.4(f)|
5100
N
0
10 100 1f~103 1-10*
[Hz]

110°

Figure 5.12 Frequency response of the impedance of the CCSi-hi




Chapter 6 The Cascode Amplifier (CAS)

6.1 Circuit diagram

v.a.cl

b =R.c1 bypassed with C.c1
u = R.c1 un-bypassed

Figure 6.1 Basic design of the Cascode Amplifier Gain Stage (CAS)
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6.2 Basic assumptions
Generally, the whole CAS gain stage consists of a CCS or CCS-Cc gain stage (V1 with
gain G1) of Chapters 1 or 2 with a CGS gain stage (V2 with gain G2) as the plate load
(alternatively, the gain of V1 can be increased by adding a resistor parallel to V2 plus
Ra», thus, increasing the DC current of V1 as well).
V,2 sets the V2 biasing DC voltage, thus, defining the DC plate current I, of both valves.
R, has to be chosen adequately.
To get all relevant formulae shown further down these lines the following assumption
were made:
. V1 equals V2 (ideal case: double triode)
. plate current V1 = plate current V2
L4 gm.vl = gm.v2 = gm.l
hd Tavi =Tav2 = Tay
° Hvi = Hv2 = He
L R =Ry =R,
. bypassed version (b): R, = bypassed by C,
. un-bypassed version (u): R.; = un-bypassed
6.3 Basic formulae (excl. stage load (R )-effect)
Geas =G1G2 (6.1)
6.3.1 bypassed version - gain Geyp:
R
Geasb == My (“t + 1) e 6.2)
(P«t + 2)ra.t +R,
rule of thumb for Gy p:
Geas.b.rot == 8m.t Ra (6.3)
6.3.2 un-bypassed version - gain G,
R, +r,
Geasu =~ Hy a_al 2 6.4)
Ry +1,¢ (Ht + 2) +Rg (“t et 2)
6.3.3 V2 plate output resistance R, ,; and impedance Z, ,»(f):
-1
R ! + _ (6.5)
0a2b~| 5 .
R, 1yt (Ht + 2)
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1 1
Roa2u=|5—* ) (6.6)
Ra ro(ie+2)+ (1 +1) Ry
Zoa2b (f)zRa | Ca.gZ I |:(ra.t I Co.l) + (ut + 1) (ra.t ICo2 ):| (6.7)

([ra.vl + (“vl + 1) Rc1:| ICo.1 ) +

Zoaru (F)=Ry [Caga | o
o.a2.u ( ) a a.g2 |:(ra.v2 + (},lvz + 1){ra_vl + (“Vl + 1)R01 }) ” C0'2:|

6.4 Derivations

V.0

(e . _ O
Figure 6.2 Simplified equivalent circuit of the CAS gain stage
6.4.1 Gains:
We do not need a rather complex equivalent circuit to describe the gain mechanics of the
CAS gain stage. Without big extra derivation efforts all gains can be derived from Figure
6.2 plus the respective formulae given in the previous chapters.
Gl, is a CCS+Cc gain stage with AC-grounded cathode a la Chapter 2. G1, is a CCS gain
stage a la Chapter 1. G2 is a CGS gain stage a la Chapter 4. As the V1 plate load the
internal cathode resistance of the CGS (V2) gain stage sets the gain G1.

6.4.1.1 bypassed version:

the internal cathode resistance r., of the upper valve V2 becomes:
(6.9)

the gain of a CCS+Cc gain stage becomes':

see Chapter 2
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Gly=—gmv1 (ra.vl [ rc.VZ) (6.10)
T,
Gly =—py —=Y2 — (6.11)
Lav2 Tlev2

thus, G1, becomes:

+R
Gly=—p, — -t T %a (6.12)
b t 5 R
(“t + )rat +Ra
G2 becomes®:
R
G2= +1)——2— 6.13
(g )ra.t Y (6.13)
hence, G, becomes:
Geasb =Gl G2
R (6.14)
== (n +1) 2—a
(Mt + )ra.t +R,
rule of thumb for Geusp:
R 1
Geas.b.rot =~ Mt aR > I+ <«<1
L +—2 t
Ul (6.15)
R
~—p
Iyt
Geasbrot == 8m.t Ra (6.16)
6.4.12 un-bypassed version:
the gain of a CCS gain stage becomes®
I
Gl =—py c.v2 (6.17)
! Y Lyl tlva + (le + 1) R
thus, G1, becomes:
+R
Gl, =—u fat ™ Ra - (6.18)
Tt (Mg +2) + Ry + (e +2) Rep +1¢ Ry
j see Chapter 4

see Chapter 1
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hence, Geas.u becomes:

Geasu =Gl, G2

cas.u
t Ry +14 (6.19)
2
Ra+1¢ (“t + 2) +Rg (P«t +ue + 2)

=—u

rule of thumb for G,.: 0. a.

6.4.2 Specific resistances and impedances:
6.4.2.1 bypassed version - output resistances and impedances at the plates of V1 and V2:
V1&V2 o/p resistance Roary and R, 10 and V2 o/p impedance Z, ,(f):

Roalb =Tavl (6.20)

According to Chapter 4 the o/p resistance R, at the plate of V2 becomes:

Roa2p=Raz |l |:ra.v2 + (P-VZ + 1) ra.Vl] (6.21)
Roa2b =Ry [l [ e (1 +2) ] (6.22)
Zoa2b (f)zRa [ Ca.g2 ” |:(ra.t ICo ) + (Ht + 1) (ra.t ICo2 ):| (6.23)

since Cy | = Co2=C, Zga20() becomes:

Zoa2b () =Ry [ (e 1Co) (ne +2) ] (6.24)

6.4.2.2 un-bypassed version - output resistances and impedances at the plates of V1
and V2:

V1&V2 o/p resistance Roaio and R, 4, and V2 o/p impedance Z, ,,.,(f):

Roalu=tavi + (1 +1yR¢g (6.25)
According to Chapter 4 and with the respective equation from Chapter 1 R, 4.
becomes:
Roa2u=Raz | [ra.VZ + (MV2 + 1) ro.a.vl:| (6.26)
4 see Chapter 2
5

see Chapter 1
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Toavl =lavl t (“vl + 1) Re (6.27)

2
Roa2u=Ry | [ra.t (R +2) + (g +1) Rcl:| (6.28)

([ra.vl +(uy1 +1) Rc1:| 1Co1 ) +

Zoaou (T)=Ry [|Cy, + C
o ( ) ” . | |:(ra.v2 +(|“lv2 + 1){ra-V1 (HVI 1) RCI}) | 0'2:|
(6.29)

since Cy 1 = Cy2=Cy  Zg.a2.u(f) becomes:

[ra.t + (”t + 1) Rcl] ICo +

Zoa2u (f)=Ry [ Caga |l 5 (6.30)
0.a2.u all*ag [ra,t(”t+2)+(ut+l) Rcl:|HC0

6.4.3 Role of Ry:

In the above given formulae it is assumed that R;>>R,,, thus, not disturbing significantly
the above shown calculation course. But a relatively small value of R;, should lead to
new calculations of all formulae by replacing R, with R, ¢

Rax Rp
Razett =5 z TR, (6.31)
a
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6.5 Total input capacitance C;, total output capacitance C, . and cathode
capacitance C,

6.5.1 Input capacitances:

One of the advantages of the CGS gain stage is the rather low value of the input
capacitance because of the very low gain |G1| of V1°. Hence’,

Ci.l.tot.b = |:(1 + ‘Glb D Cg.a.v1:| H Ci.vl ” Cstray.l (6.32)
Cil.totu :|:(1 + ‘Glu‘) Cg.a.vl:| [ Civi [l Cstray.l (6.33)
Ciztot =Civ2 | Cstray.Z (6.34)

6.5.2 Total output capacitance C,

Cot.tot =Co.1 1Cgat (6.35)

Co2.10t=Co2 |l Cg‘az (6.36)

6.5.3 Input and output capacitances in data sheets:

C;  =CGS input capacitance between cathode and grid =Cqe
= CCS input capacitance between grid and cathode =Cqe
C, =CGS output capacitance between plate and grid Cea
= CCS output capacitance between plate and cathode =Cac

6.5.4 Capacitance C":
Ca becomes’:

1

Cig=—""—" 6.37
“l 2n fc.opt Roel ( :
Roc1=ter [Rep (6.38)
+
oy =2V T2 (6:39)
By + 1
+R
Ty = Ta.v2 a2 (6.40)
Hyp +1

see MCD Worksheet VI - 6.7.8

for Cyyray.1 and Cyray (also Ci o and Ci, 1) see footnote 2 of Chapter 1
see MCD Worksheet VI - 6.7.7 & 6.7.8

see respective formulae of Chapters 2 and 4

© ® a9 o



88 How to Gain Gain

6.6  Gain stage frequency and phase response calculations

6.6.1 Bypassed version

RS Cin Vie V“ Roalb Roazb G
G1b
"'UL\\% ,i\ Rgl i 1 an va a1 cunm vle <:oz|m

cwztot

Figure 6.3 Simplified'® equivalent circuit of Figure 6.1 (bypassed version)
- including all frequency and phase response relevant components

6.6.1.1 1% stage (V1 = V1+V1,) input transfer function T;,, (f) and phase i, () -
including source resistance Rg and an oscillation preventing resistor Rg,<<Rg;:

T p(f el 6.41
i.1.6(F) (6.41)
Vo

-1
1
724 (f _—
b )[Rgl Rgg +22y (f)]
T 1p()= = (642)
1 1
R + 22y (F))| Rg +Z1(f S
( &8 |: [Rgl Rgg1+ZZb(f)]
. |
Z1(f)=(2jrf C;
( ) ( J m) (6.43)

. -1
72y (f)=(2jnf Cij torb)

_ B Im[ T (f) ]
¢;.1.p(f)=arctan {Re[Tl]b(f)} (6.44)

6.6.1.2 1* stage V1, cathode transfer function T ,(f) and phase @c1(f):

R

T, p(f) =0 ; (6.45)
Rocr + Y fC
JrfCy
Im[Tc 1.b (f):|
Q¢ 1 p(f)=arctan{ ——————= (6.46)
ol {Re[Tc.l.b (f):|

concerning C,, see footnote 3 of Chapter 1, concerning “simplified” see footnote 3 of
Chapter 2
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6.6.1.3 1* stage output transfer function T, , (f) and phase ¢, (f):

Torn (f) =2 (6.47)
__ ()
To1p()= Rowp+23(0) (6.48)
Z3(f):[2jnf(co.l.tot + Ci.2.tot):|_l (6.49)
Im| T, f
©, 1.p(f)=arctan {M} (6.50)

6.6.1.4 2nd stage output transfer function T, ,, (f) and phase ¢, ():

T, 0 (F)= Vo (6.51)
Va2
Z4(1) (25(F) + R ) Ry
f)= '
Top (F) {Ro.a.z.b{m(f) I(z5(F)+ Ry )] \ R +25(F) (6.52)
—_ 1 _1
Z4(f)—(ZJTEfCoztot) (6.53)

Z5(f)=(2jnf Cou) ™"

(pohz.b(f):arctan{ [ 02b (f)]} (6.54)

Re[ Tozp (F)]

6.6.1.5 1 stage fundamental phase shift ¢g.,;(f):

DG.vi (f):(pG‘cas.b (f): -180° (6.55)

6.6.1.6 total gain stage transfer function Ty}, (f) and phase Qs (f):
Tiorb (£)=Ti.16 (F) Te.tb (F) To.rb (F) To2b (F) Geas (6.56)

D tot. b( ) (pllb( )+(pc.l.b(f)+(p0.1.b(f)+(po.2.b(f)+(PG.cas.b (f) (6.57)
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6.6.2 Un-bypassed version

RS

£

val| Coltot v.6.2
T -Fiz‘lm

AT

C.out

Figure 6.4 Simplified'' equivalent circuit of Figure 6.1 (un-bypassed version)
- including all frequency and phase response relevant components

6.6.2.1 1™ stage (V1) input transfer function T, (f) and phase ;. (f) -
including source resistance Rgand an oscillation preventing resistor

Rge<<Rg:
A%
Ti.l.u(f)zi.l
Vo
1 1 !
Zzu(f)[+
Rl R 1+ZZ (f)
Tipu(h)= R -
1 1
Roo) +22,(f))| Rg+Z1(f)+| —+————
(gg u ){ Ry Rggy +72,(f)

21(6)=(2jm5 )
. -1
72, (f)z(zjnfci.l.tot.u)

) Im [Ti,1.u (f)J

6.6.2.2 1™ stage output transfer function T, (f) and phase @, (f):

\%
Toiu (f) = Vci
a.

73(f)

T, (=’
Ohl'u() Ro.al.b+Z3(f)

. —1
Z3 (f) :[ZJTE f (Co.l.tot I Ci2 0t ):|

concerning C,; and C,, see footnote 3 of Chapter 1
concerning C; ;o and C;, o see footnote 2 of Chapter 1

(6.58)

(6.59)

(6.60)

(6.61)

(6.62)

(6.63)

(6.64)
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Im[To l.u (f):|
©o.1 y(f)=arctan{ ————= (6.65)
o Re[To‘l.u (f):|
6.6.2.3 2 stage output transfer function T, ,, (f) and phase ¢, (f):
Topu(f)=—"2 (6.6)
Va2
Z4(£) 1 (25(£)+ Ry ) R,
Toou (f)= (6.67)
Ro.aZ.u + |:Z4(f) I (ZS(f) +Rp )J Ry +75 (f)
. -1
Z4(f)=(2jnfC
(f)=(2j 0.2‘t(it1) (6.68)
Z5(f)=(2jnf Cyyt)
Im[To 2.u (f):|
@2y (f)=arctan —————= (6.69)
o Re[ Ty (F)]
6.6.24 1 stage fundamental phase shift g ,1(f):
PG.v1 (f)z(pG.cas.u (f)= -180° (6.70)
6.6.2.5 total gain stage transfer function Ty, (f) and phase @y, (f):
Tiot.u (f)zTi.l,u (f)To.l,u (f)To.Z.u (f) Geas.u (6.71)
¢ tot‘u(f) =0 i‘l.u(f) T0 o‘l.u(f) o 0.2.u(f) T PG.cas.u (f) (6.72)
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6.7

Example with EI88CC/ 7308 (188):

b = R.c1 bypassed with C.c1
u =R.c1 un-bypassed

Figure 6.5 CAS example circuitry

6.7.1 Triode bias data:

=3
La1.188 = la2.188 = 1010 ~A

Vee.188 = 370V

6.7.2 Triode valve constants:
—3
2 158 = 10410 7S Hygg = 32
- - 12 »
Cgcl.188 = 31110 °F Cgal.188 =
— - 12 —
Cizigg =610 °F Cga2.188
Co.1.188 = Cacl.188
6.7.3 Circuit variables:
3
Ra.188 = 12.667-10°Q Re1188
3
Rg = 110°Q R =1
_12
Cstray. 188.1 = 10-10 °F
1010~ %F

Cstray. 188.2 =

-10°Q

Val.188 = 90V

Vg1.188 = ~1.65V

=165Q

6
Cin 188 = 1010 °F

Va2.188 = 90V
Vg 188 = 90V
3
I, 188 = 3.1-100Q

—12
Cacr1g8 = 17510 °F

12

Caco.1g8 = 01810 °F

—12
Coo.188 =310 °F

Ry 1gg = 47.5:10°Q
3
Regl 188 = 02100

—6
Cout.188 = 1-10 °F
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6.7.4 Calculation relevant data:

frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz
h:= 1000-Hz

6.7.5 Gain Gy, :

T, +
Gl = peg a.188 * Ra2 188 Gl = —4273%10°

188.b 188 o). " 1886
(m8g *2) o188+ Ra2.188
0

Glygg . = 20-log( |Gl g p|) Gliggpe = 12615% 10 [dB]

Ra2.188

0
G285 = (mgs + 1) G2)gg = 26.512% 10

1,188 7 Ra 188

0
G213 ¢ = 20-log(|G2)gg|) G265 = 28469 x 10 [dB]
- _ 0
Geas.188.b = O1188.5"G2188 Geas.188.p = ~113.295 x 10
0
Geas.188.b. = 20-log( |Gcas.188.b|) Geas.188.b.c = 41.084x 107 [dB]
— _ 0
Geas.188.b.rot = ~2m 188 Ra2.188 Geas.188.b.rot = ~131.737 x 10
0
Geas 188.b.rot.e = 20<10g< |Gcas.188.b‘rot|) Geas.188.b.rot.e = 42394 % 10
G, G =-131x10° [dB]
cas.188.b.e ~ Ycas.188.b.rote = 121 X

6.7.6 Gain Gcas.lss.u :

Ta.188 + Ra2 188

2
T 188(Migg +2) + Ryn 188+ (Mss +gg + Z)RCI.ISS

Glyggu = —Migg

0
Glyggy =—1.724x10

0
Glygg y = 20-log( |Glygg y[) Glygg ye = 4731 %10 [dB]
0
Geas.188.u= Cl1gg.u'G2188 Geas. 188.u= —45.71 x 10
0
Geas.188.ue = 20’10‘5( |Gcas.188.u|) Geas.188.u.e = 332 % 10 [dB]

6.7.7 Specific resistances:
Ry al1.188.b = Ta.188
Ta.188 * Ra2 188

0
Iy=—"———— r.» = 477.788 x 10" Q
c2 mgg + 1 c2
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—1 -1

Ta.188 T Tc2 1
Rocl = |~ =+ R, o) = 65427 % 10°Q
Hgg * 1 Re1188
3

Ry a1.188.u = Ta.188 * (M18s + 1) Re1 188 Ro.al.188.u = 8:545x 107Q

1 1! 3
R, = " R, = 11.308x 10°Q

0.a2.188.b 0.a2.188.b
|:ra.188'(“188 +2) Ra2,188:|
=1
1 1
Ro.22.188.u = 2 3
1 188 (Mg +2) + (migs + 1) Ry gy 22188

3
Ry a0 188y = 12128 x10°Q
6.7.8 Specific input and output capacitances:

CiLot.188.b = (1+ [Gl188b|) Coal.188 + Cocl.188 + Cstray. 188.1

Ci1tot.188.u = (1* |Gligg.u|) Cga1.188 + Cgc1.188 + Cstray. 188.1

—12 —12
Ci1tor.188.b = 20483 x 10 °F Ciltor.188.u = 1691410 F
=12
Ci2tot.188 = Ci2.188 T Cstray.188.2 Citot.188 = 1610 F
&= =3.15%10 %R
Co.1.t0t.188 = Co.1.188 T Cg.al.188 Co.1.tor.188 = 3-15x10
- _ ~12
Co2.101.188 = C0.2.188 * Cg.a2.188 Co2.tor.188 = 44x 10 °F
— _ fe _ _3
f, = 20Hz fopt = Tog foopt = 200X 107 "Hz
S E— 3
Ce1 = Cop=12163x 107 °F
2m ‘fc‘opt'Ro‘cl

6.7.9 Gain stage frequency and phase response
- bypassed version:

. w1 .
RS Cin Ragal © Gel Raoatb

R ﬂ\ il [\
e @) “L Reit [j@l.n tomi lv.m//) R0t [b lv R /‘ﬁ l c‘a '.ux‘i
Al T T

e Ma \\VE Ruoazn Cout

weZ
Ciztat

b
2 > Tl | o
L

val | Gozlo e RL va

Figure 6.6 = Figure 6.3

Zi(f) = — 72(f) = !

2jm£Cypy 1383 2 F£C 1 101.188.b
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CAS calculations

1

-1
Z2(D- ! +
Ro1.188  Rggl.188+ 22 (f)

Ti1p(D=

T; 1.b.e() = 20log(|Tj 1 p(D)])

0

-0.25

[degrees]

8 TilbeD-0.5

-0.75

=i
10 100 1-1f03 1-10* 110

[Hz]

Figure 6.7 Transfer of b-i/p network
R
o.cl
Te.1p®)= :
R dp =
oCl T gim -t

Te 1b.e= 20-10g( |Tc.l.b(f)|)

0.01

0.005

g Te1be® 0
-0.005

-0.01

10 100 1-%03 1-10* 1.10°
[Hz]

Figure 6.9 Transfer of V1 cathode network

1

Z3(f) = —
2mF(Co. 110188 + Ci2.ot.188)
Z3(f)
Ty 1pD = R oo+ Z3(F)
R; a1.188b * Z3(H)

To.1.b.e() = 20-log( |T0.1.b(f)|)

=i
1 1
72 (f) + R {1 Rg + Z1(f)+ +
(22 ggl'lgg){ S (Rgl.ISS Rgg1.188+22b(f)] }

B Im(Ti' l'b(f))
0i1p(0):= ata'{ke(q l.b(f))]

10 100 1-1f03 1-10* 110
[Hz]

Figure 6.8 Phase of b-i/p network

3 Im( Tc'l'b(f))
0c.1.6® = am.{Re(Tc'l'b(f))]

2
_ 1
g ocro® | il
3 el
S deg
-1
-2

10 100 1-1f03 1-10* 1-10°
[Hz]

Figure 6.10 Phase of V1 cathode network

. Im(To.l.b(f))
00160 = ata,{Re(To,l,b(f))J

Ty 1 belh) = 604234 x 107 [dB]
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0.1
|
= 0.02 g Hu
& To.1.b.D a i
T e g Al
-0.06 m
-0.1
10 100 1-1f03 110" 110 10 100 1-1f03 1-10* 1-10°
[Hz] [Hz]
Figure 6.11 Transfer of V1 b-o/p network Figure 6.12 Phase of V1 b-o/p network
1 1
Z4(f)= ————— Z5(f) = ——————
2jm£C 2 tot. 188 2jm£Coyt 188
1 1 -l
ZA(f) - 75(f) + R, R
Ty p(D) = iL 5 i Im(To.z.b(D)
0= =1 Ry +Z5(f) 00.2.p(1) = atan —————=
1 1 i Re(T, 5 1 ()
Roaissbt | oomt oo 0.2.b
0-as.10¢. ZA(f)  Z5(f)+ Ry,

To.2.b.e(F) = 20-log( | Ty 2 ()| )

: |
-0.05 _

. |

g To.2.b.e)-0.1 & i |

_— o

-0.15 H#H

0.2
10 100 1-10° 1-10* 1:10°
f

10 100 110° 116" 110°
£
[Hz]

[Hz]
Figure 6.13 Transfer of V2 b-o/p network Figure 6.14 Phase of V2 b-o/p network

Tiot. 188.6(D = Ti 16D Te 1.6 To.1.6(M To.2.6(DGeas.188.b

Tio, 188, be (F) = 20-log( |Tt0t‘ 188.b(f)| ) 9G.188(f):= ~180deg

Dot 188.6(1) = 03 1 p(D+ 0¢ 1 b+ 0461 6E+ 062 B+ 0G.188(F)
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6.7.10 Gain stage frequency and phase response
- un-bypassed version:

1| Cotiot ve2
CiZtot

Figure 6.15 = Figure 6.3

1
2,0 = T —————
2jm-£C 1 tor.188.u

1 1 =l
Fa® '[R TR zzu(f)j
1.188 1.188
T pu ()= £ -

=1
1 1
2 1
(720 Reg.1s5) {RSJrZ (m(Rgl.lss ' Rggl.188+Z2u(f)j }

Im 11u(f)
05 1.u(0) = ata ‘{Re Llu(f)

Z3(f) Im Gl u(f)
T, H=—""— H=
olu Ro.al.188.u* Z3(f) Po.u '{Re To.1.u(P)
1 R
[24(f)+ Z5(f)+ R j R, I ()
+ KL L m 0.2.u
)= f
To2u(® | L\ R+ Z5() Po2uD:= I{Re ozu(f)j
Ro.a2.188.u (_24(f)+ Z5Or R, RL)

To2ue)= 20410g( |T0.2.u(f)| )
Tiot. 188.u(f) = Ty 1.0 To. 1.u® To.2.u(D Ceas.188.u
Tiot 188.u.e(f) = 20-log( | Tyo 188, u(D)| ) ¢G.188(f) = ~180deg

Dot 188.u(0) = 04,100 + 06 1 u(0) + 04 24D + 0 188 (0
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6.7.11 Frequency and phase response plots:

42
40
= Tiot. 188.b.e(f) 35
o
= Tiot.188.u.e(f) 36
34
32 7
10 100 1-1fo3 1-10 110
[Hz]

Figure 6.16 Frequency responses of the bypassed and un-bypassed CAS gain stage

=170

9tor.188.6(D717

P SN

L — -180 T o= —

2 Ptot.188.u(D ity

deg g5 [
-190
10 100 110° 110* 1-10°

f
[Hz]

Figure 6.17 Phase responses of the bypassed and un-bypassed CAS gain stage
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6.7.12 Inputimpedances:

-1
Z () =||R + ! ]_1 + ! + !
b\t = ggl 188 7 7. -
2im£Cj 1 tot.188.b Rg1.188 2jm-FCip 188

=1l -1
z. () =||R + ! P + !
inu(f) = 1188+ -
£ 2jm-£Ci 1 tot.188.u Ro1.188 2jm-£Cyp, 188

5.10*

4.8-10"

|Zin 6] 4.6-10*

|Zinu®]4.4-10* |——-FHH— T

4.210*

410

10 100 110° 1-10* 110°

f
[Hz]

Figure 6.18 Input impedances for the bypassed and un-bypassed versions




Chapter 7 The Shunt Regulated Push-Pull Gain Stage (SRPP)

7.1  Circuit diagram

V.cc

A

b = R.c1 bypassed with C.c1
u = R.c1 un-bypassed

Figure 7.1 Basic design of the Shunt Regulated Push-Pull Gain Stage (SRPP)
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7.2  Basic assumptions

Generally, the whole SRPP gain stage consists of a CCS or CCS+Cc gain stage (V1 with
gain G1) of Chapters 1 or 2 with an active constant current source of Chapter 5.1 as the
plate load (CCSo-lo with V2 and gain G2). This active load also acts like an improved
cathode follower CF2, of Chapter 3.5. In this connection the impedance of the Figure 7.1

V1 plus R.)/C,; form the resistance R, of Figure 3.4.

To get all relevant formulae shown further down these lines the following assumption

were made:

. V1 equals V2 (ideal case: double triode)

. plate current V1 = plate current V2

b gm.vl = gm.v2 = gm.t

i Tavi =Tav2 = Tat

L4 Hvi = 'J'VZ = ut

° RcZ = Rcl = Rc

. bypassed version (b): R.; = bypassed by C,
. un-bypassed version (u): R.; = un-bypassed

7.3  Basic formulae (excl. stage load (R, )-effect)

Ggp =G1G2

SIrpp
7.3.1 bypassed version - gain Ggpyyp in terms of g, :

Garppb =Glp G2p

Tat |:ra.t + (1 T 8m.tlat ) Rc:l

Glp=—8my

2ra.t + (1 + Em.tla.t

-
LS S
gm.t L, Re+s,

)R

C

G2, =

1 1 N
1+gmt P

bypassed version - gain Ggpp in terms of p:

o o

+(1+py) R]R +1,¢)

SIPP-b [2 + (14 R, [ 2n,

+(1+p) Re +pyry t:l

(7.1)

(7.2)

(7.3)
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rule of thumb for Gy p:

sz.rot =1
¢ +(1+p)Re (7.4)

G =
P b0t a 2ra.t + (1 + p-t) Rc

7.3.2 un-bypassed version - gain Gy, in terms of g, and p:

Gsrpp.u =Gl, G2,
1
Gl =_§gm.tra.t (7.5)

1 1 -
Cmt| — vt 5o
G2 " (ra.t T3t +(2+”t)RcJ

u

-1
1+g —+;
mt Iyt Tyt + (2 + ut) Rc

rule of thumb for Ggpp.u:

G2

wrot =1

1 (7.6)

Gsrppiu.rot == 2 Lt

7.3.3 bypassed version - V2 cathode output resistance R, cv2:

r, +R
R _ a.t c 7.7
0cv2b =Tat {(2+ut)ra,t +(1+Mt)RC:| o

7.3.4 un-bypassed version - V2 cathode output resistance R ¢y

Ltet (2 + Mt)Rc

R 2
(21 tag (2430 + 1R

Tyt

(7.8)

o.c.v2u =

7.3.5 V1-R,, bypass capacitance C,,:

To get a flat frequency response in B, as well as a phase response deviation of < 1° at
20Hz C,; should be calculated as follows:

1 R
Cy = 1 [rait +( + “t) c:| (7.9)

L fc.opt [zra.t + (1 1y ) R¢ :| R

f opt =0.2Hz (7.10)
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7.4  Derivations

node A1

i R, gﬂ|:

v.R.c1

v.alel

¢l node C1

(5) !_F‘“'\(UJ

-5 3.2
v.g.02 rg.t2 v.R.c2 Rc2 Node c2
i0
........ o
. 2
g.m.t2 v.g‘CZT rat me) AL

v.a2.c2

i2.2 i.1.2

Figure 7.2 Equivalent circuit of Figure 7.1

Figure 7.3 Simplified equivalent circuit of Figure 7.2

7.4.1 Gains:

Instead of producing a lot of equations derived from Figure 7.2 to get the respective gain
formulae we take the much easier to handle Figure 7.3. It shows that the SRPP gain stage
is made of two gain blocks G1 and G2.

G1, is a CCS+Cc gain stage with AC-grounded cathode a la Chapter 2. G1, is a CCS gain
stage a la Chapter 1. G2 is an improved cathode follower CF2, a la Chapter 3.5 as well as
a constant current source (CCSo-lo) a la Chapter 5.1. The impedance of the SRPP’s V1
plus its components form the CF2,’s lower cathode resistance R, whereas R, of the
Figure 7.1 SRPP forms the CF2,’s upper cathode resistance R.;.

Without big extra derivation efforts the respective formulae of the chapters mentioned
can be used to calculate the gains Gyypp OF Gerpp.u-

74.1.1 bypassed version:

with the upper valve’s active AC resistance Ry, (seen from node Al):

Ryr=r¢ + (1 + gm.tra,t) R

(7.11)
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in terms of g Gyrpp.» becomes:
Gly =—8my (Rv2 I ra.t) (7.12)
1 e
Gly=—8gmnt {-i—j (7.13)
Rv2 Tyt
¢ Tt (14 gmitar) R
Gly=—gm+ fas T o e (7.14)
2r, t+(1+gmt at)R
-1
. ( L1 J
mt| 5 .
_ Tat Rc + Tat
G2y, = — (7.15)
I+g [ ! + ! j
mt| T .
Lt R+
Gsrpp.b =Gl G2y, (7.16)
2
G _ Ta.t |:ra.t + (1 *+8mitlat ) R :| (Rc + ra.t)
srpp.b — 2
[2 At (14 gmity t)Rc:||:2ra‘t +(1+ gm Tt ) Re + Em.iTat }
(7.17)
Since [ = gm*ry in terms of p; Gyppp becomes:
G o2 (oo +(1+n) R [(Re +1, ) 18
srpp. .
PP [25 ¢ +(1+ ) Re [ 25 ¢ +(1+ 1) R +ptery ¢ |
7.4.1.2 un-bypassed version:
in terms of g Gyrpp.u becomes:
r, { R
Gly=—gm¢ ot vz (7.19)
! " Lt t RvZ +(1+ gm.t ra.t)Rc
Gl =- 5 gm.t Tat (7.20)
since W = g *1,; in terms of p, G1, becomes:
1
Gly =21 (721)
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1 1 -
Cmt| —t 55
Ga = " [ra.t Tat +(2+”t)Rc]

u

-1
I+g ! + !
Al T T A\
" Lt Tatt (2 + Uy ) R

Gerppu =Gly G2,

srpp.u

7.4.2 Specific resistances and capacitance C,:

7.4.2.1 bypassed version - V1 plate output resistances R ,v1b:

R

oa.vl.b Tlat
7422 bypassed version - V2 cathode output resistance R, ¢ v2:
V2 cathode resistance r.:

I,

a.t
Lv2=
Be t+
V2 cathode load resistance R1y:
Rlp=r,; +R,

output resistance R, ¢vop:

Rocvab=Rly Iy
-1
= —+
Rl 1oy2

Lt + R
Tat (2+Ht)+Rc(1 + 1)

Rocvab =Tat |:

7.4.2.3 V1 bypass capacitance Cq;:

sine Ry, is:

Ryr=r¢ + (“t + 1) R

(7.22)

(7.23)

(7.24)

(7.25)

(7.26)

(7.27)

(7.28)

(7.29)
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V1 cathode resistance r.,; becomes:
Lt Rv2
=S < (7.30
Lyvl= 1+ I )
V1 cathode resistance R ,;becomes:
Revi=Tev IR
{ 1 }‘1 (7.31)
= ——+ —
eyl Rc
and capacitance C.; becomes:
C ! (7.32)
cl= .
n fc.opt Revi
1 +(1+py)
= Cy = [ R ] (133)
e opt [2 +(1+ R:|R
742.4 un-bypassed version - V1 anode output resistance R, ,.y1.4:
Roaviu=lat* (1 + Uy ) R (7.34)
7.4.2.5 un-bypassed version - V2 cathode output resistance Ry ¢ o
V2 cathode resistance r. ,:
Iy =t (7.35)
c.v2 W+ 1 .
V2 cathode load resistance R1,:
Rl =r ¢ +(2+p)R, (7.36)
output resistance R cyop:
Rocvau=Rly [Itey2
[ 1 1 ]‘1 (7.37)
= —+
Rlu Iev2
+(2+p)R
Rocvau=Tat (7.38)

(2+;,1t)ra‘t+(2+3ut +|J,t2)Rc
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7.5 Input capacitances C;,; and C;,,
Output capacitances C,y; and C,,,

data sheet figures:

to be guessed:

to be ignored':

C,cvi = grid-cathode capacitance of V1
Cgavi = grid-plate capacitance of V1
C,.cv1 = plate-cathode capacitance of V1
C,cv2 = grid-cathode capacitance of V2
C,.av2 = grid-plate capacitance of V2
C,.cv2 = plate-cathode capacitance of V2

Citray.1= sum of stray capacitances around V1
Ciiray2= sum of stray capacitances around V2

Co.cv2 = cathode capacitance of V2

Note: the Miller capacitance of the input depends on V1’s gain G1 only?!

Civiv= (1 + ‘Glb ‘)Cg.a.vl I Cg.c.vl I Cstray.l

Civiu =(1 + ‘Glu‘)cg.a.vl [ Cg.c.Vl [ Cstray.l

Civap= (1 -G2y, ) Cg.c.v2 I Cg‘a.v2 [ Cstray‘Z

Civou= (1 -Gz, ) Cg.c.v2 [ Cg.a.v2 [ Cstray.2

7.6 Input impedance Z;,

Cov1=Cacv | Cg.a.vl [ Cg.a‘v2

Cov2=Cacv2

Ziy (f)zRgl ICivi

Inclusion of Ry, and Cj, into the calculation course leads to:

Ziny (f)=

Zinu (f) =

[R
[R

gl

gl

output impedance is rather low

Miller capacitance effects on C; and C,: see Chapter 1.3.2.5

-1
oo +% +— +%
2jnfCivip R 2jnf Cyy

-1
o TS U B U R
2jnt Ci vy R 2jnt Gy,

(7.39)

(7.40)

(7.41)

(7.42)

(7.43)

(7.44)

(7.45)

(7.46)

(7.47)

to be ignored in By only because - compared with the size of the corresponding capacitances - the
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7.7  Gain stage frequency and phase response calculations

7.7.1 Bypassed version:

cct ~Via Roalb va RoCYZD  Caut
[ G1b Gz

1 Rc\ﬂ[ Jvmw va1l mnT \vngc_._vz_h VaZJ RL vo

Figure 7.4 Simplified® equivalent circuit of Figure 7.1 (bypassed version)
- including all frequency and phase response relevant components

7.7.1.1 1% stage (V1 = V1+V1,) input transfer function T;, , (f) and phase ;5 () -
including source resistance Rsand an oscillation preventing resistor Ry, <<R:

. Vel (7.48)
Vo
Im[Ti,l.b (f)]
. m[ T, (1)) 49
9i.1.6(F) arCtan{Re[Ti.l,b ()] o

-1
1 1
22 (f)[R+ R +2Z2, (f)J

1
Tiyp(H)= £ = (1.50)
1 1
Root + 22y (f))| Rg+Z1(f)+| — +————
( &g ) gl Rggl + Z2b (f)
21(£)=(2inf Cy )" -
. -1 ’
72, (f)=(2jnf Ciy1p)
7.7.1.2 1* stage V1, cathode transfer function T, ,(f) and phase @c1(f):
Im| T f
@¢.1.p(f)=arctan M (7.52)
Re[Tc.l.b (f):|
Te 1 p(f y= Rewi (7.53)

1
R +—
el 2jTCfcc.l

3 See also footnotes 2 and 3 of Chapter 1 and footnote 3 of Chapter 2
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7.7.1.3 1™ stage output transfer function T, (f) and phase @, (f):

Vg2
To1p (F)=—% (7.54)
Va.l
Im |:To 1.b (f)]
©o.1 p(f)=arctan{ —————= (7.55)
° Re[ Ty ()]
73 (f
To.b (f)=—R o (Zl : (7.56)
oa.lb 4% ( )
. -1
23y (f)=[ 2inf (Cov1 +Civan) ] (7.57)
7.7.1.4 2" stage output transfer function T, (f) and phase @, (f):
v
To2p(H)= . 02 (7.58)
C.
Im| T, f
®o.2.p(f)=arctan 1m[ oz (1)) (7.59)
Re |:T0.2,b (f)]
R
T )= L (7.60)
o2 ( ) Ro.c.v2.b +Rp + Z4(f)
Z4(£)=(2jnf Coye) ™! (7.61)
7.7.1.5 ™ stage fundamental phase shift ¢g.1(f):
0G.v1 (F)=0G srpp.b (£)=—180° (7.62)
7.7.1.6 total gain stage transfer function T, (f) and phase @y (f):
Tiotb (F)=Ti.1.6 (F) Te.1p (F) To.rb (F) Top (F) G1, G2y, (7.63)

9 totb(£)=0i16(F) + 9 c.1.6(F) + 0 6.16(F) + 9 6.26(F) + PGsrppp () (7:64)
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7.7.2 Un-bypassed version:

RS n R.gg! Rocwv2u C.out

i
v ni{#) v.j Rgt Civiu T lvg 1 vai l C.oxl T lvg 2 Tc ivau we2 l

Figure 7.5 Simplified* equivalent circuit of Figure 7.1 (un-bypassed version)
- including all frequency and phase response relevant components

7.7.2.1 1% stage (V1) input transfer function T, (f) and phase ¢; 1., (f) - including source
resistance Rgand an oscillation preventing resistor Rg<<R,:

\%
Ti.l.u(f)zil (7.65)
Vo
Im |:Ti.1‘u (f)]
| i Im| Ty, (f)] 7.66
1) arca"{Re[Ti.l.uf)] -

Ty (f)= (7.67)

Z1(£)=(2jnt )

» (7.68)
72, (f) = (2j1'C fCiviu )
7.7.2.2 1" stage output transfer function T, 1, (f) and phase @1, (f):
Vg2
Toru (F)=22> (7.69)
Va.l
Im| T, f
®o.1.u (f)=arctan m[To1.0 ()] (7.70)
Rel:Toil.u (f):l
73, (f
To1u (D)= u () (7.71)

Ro.a.l.b + Z3u (f)

See also footnotes 2 and 3 of Chapter 1
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. -1
73, (f)z[z.mf (Co.vl +Civau ):I

7.7.2.3 ond stage output transfer function T, ,, (f) and phase ¢, (f):

Vo

Ve2

_ m[ Toz. (f)]
®o2u (f)—arctan{ [ .2 f}

Rp
+Rp +Z4(f)

Toou (f):

To2u (f) = R

o.c.v2.u
Z4(F)=(2jnf Coye) ™
7.7.2.4 1* stage fundamental phase shift g, 1(f):
0G.v1 (f)=0G srpp.u (£)=—180°
7.7.2.5 total gain stage transfer function Ty, (f) and phase @, ():
Tiotu () =Ti 14 (F) To.1u (F) Tou (£) G1, G2,

¢ tot.u(f):(p i.l‘u(f) +¢ o.l‘u(f) +¢ 0.2.u(f) T OG.srpp.u (f)

(7.72)

(7.73)

(7.74)

(7.75)

(7.76)

(7.77)

(7.78)

(7.79)
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7.8 Example with ECC83 / 12AX7 (83):

RS

7.8.1 Triode bias data:

b = R.c1 bypassed with C.c1

u=R.c1 un-bypassed

Figure 7.6 SRPP example circuitry

—3
Ta1.83 = lagg3 = 1.2:10 "A Val.g3 = 100V
VCC =201V Vg1.83 = -0.5V
7.8.2 Triode valve constants:

283 = 1.75:107°8

&m.vl = &m.83
&m.v2 = 8m.83

—12
Cycrg3= 165107 °F

Coengy= 165107 °F

7.8.3 Circuit variables:

R, g3 = 417Q
3
Rg = 1-10°Q

Ry g3 = 47510°Q

ug3 = 1015
Myl = Hg3
Hy2 = Hg3

Cgalg3=1610 °F

Cyang3=1.610 °F

Rep83=Rgi83
Ry = 47.5-10

6
Cing3=2210 °F

—12
Cstray.83.1:= 10-10 F

Va0 g3 = 100V

Vgn g3 = 100.5V

I, 83 = 58-1039
Tavl = Ta.83
Tav2 = Ta.83
12

Chc1.83:=033:10" °F

~12
Cpeng3=03310 °F

Ro83 =Re1.83

Ryg1 83 = 022.10°Q

—6
Cout83 = 1010 °F

—12
Cstray.g3.2= 1010 °F
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7.8.4 Calculation relevant data:
frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz
h := 1000 -Hz
7.8.5 Gain Ggpp3pt
3
Ry =15 o+ (1+ 1) Reo g3 Ry, = 100.743 X 10°Q
1 1 \7! 0
Gly, = —gmm{— + via V1 Gly, = —64.415x 10
Ry Ta83
o [ L, 1 -l
V2
Tav2 Reog3+ryy . _
G2y, = = = via V2 G2y, = 980744 x 107>
1
1+ g, v B E—
Tav2 Repgztrav
_ 5 0
Garpp.83.b = Gl G2y G grpp.83.b = 63174 10
0
Girpp.83.b.e = 20-log( |Gsrpp.83‘b|) G srpp.83.b.e = 36011 x 10 [dB]
_ 0
Gerpp.83.b.rot = Glp G —64.415 % 10

Ggrpp.83.b.rot.e = 20»10g( |Gsrpp.83.b.rot| )

Gsrpp.83.b.e - Gsrpp.83.b‘rot.e =

7.8.6  Gain Gy 83,

1
Gly = = &m837a.83

srpp.83.b.rot =

G = 36.18x 10° [dB]

srpp.83.b.rot.e

—168.887 x 10>

Gl = -5075x 10°

u="

o { L, 1 =t
V2
Tav2 Reogztiyvit (1+ 1) Repgs _
G2, = A | e T G2, = 984736 x 10 }
1
R
Tavy  Reogz+iayr+ (1+1y1) Rep g3

0
Gsrpp.834u =Gl G2y Gsrpp.834u =-49.975x 10

0
Gsrpp.83.u.e = 20~log( |GSTPP~33‘U|) Gsrpp.83‘u.e =33975x10 [dB]

0
Gsrpp.83.u.rot = Gly Girpp.83.uwrot = =50.75 X 10
0
Garpp.83.urote = 20108( | Ggrpp 83 urof ) Gyrpp 83 wrote = 34109 10” [dB]
=3
Gsrpp.83.u.e_ Gsrpp.83.u.rot.e = -133.607 x 10
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7.8.7 Specific resistances:

Ry avib = Tavl

Roaviu=Tavit (1 i p‘VI) Re1.83

L favtRe
c.vl - 1+ oy
R,y [ L1 ]_1
vl =
fevl Reiss
S Tav2
(A7 1+ o

Rly =1, y1+ Reo g3

1
Rocv2b= (L*’ 1 J

Rly 1oy

Rl =1y o+ (14 1y1) Rop g3+ R g3

R [, -!
0.cv2u | o1
Rly 1oy

7.8.8 Capacitance C:

fc
fo = 20Hz fc.opt = E
1
ST rr . R
T deopt Re.vl

7.8.9 Specific input and output capacitances:

Civib=(1+|Glp|) Cga1.83% Cgc.1.83* Cstray.83.1
Civiu= (1 . |G1u| ) Cga.1.837 Cgc.1.83 % Cstray.83.1
Civap=(1-G62)Cgar 83+ Cgc283* Cotray.832

Civau= (1 - qu)‘cg.a.2‘83 +Cgc.2.83% Cstray.83.2

Covl = Cac.1.831 Cga 1.8+ Cga283

3
Roavlp=58x10"Q

R, = 100.743 x 1039

o.a.vlu~™

toy = 1.549% 10°Q
0
R, ) = 328539 10" Q

ro yp = 565,854 x 10°Q

Rlp = 58417x 10°Q

0
Ry ¢ \2p = 560.425 X 10°Q

RI, = 101.159 x 103Q

0
Ry ¢ y2.u = 562706 X 10

£ opt = 200X 10 Hz

=3
Ce1=2422x10 °F

-12
Ciy1p= 116314 x 10

~12
Ciylu=9445x10 °F

12

Ciyap=11.681x10" °F

=12
Ciypu=11674x10" °F

Cov2 = Cac2.83

Q

F
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7.8.10 Gain stage frequency and phase response

- bypassed version:
Rogt ﬂ"‘ \"lj Roslh [ l‘i Rocwzo  Gaut
f:'—lkf:li' as >7f HH
v

Figure 7.7 = Figure 7.4

Z1(f) = ———
2j-m-£Cyp g3

1

2 () = ——
b . C
2jm-£Ci v b

Z2,(H)-
b (Rg1.83

-1
J
Rgg1.83 Zzb(f)

Ti1p® =

72 (f) + R { Rqe+ Z1(f) + +
b 1.83 S
( g8 ) [Rg1.83

Ti 1.b.e(D = 20-log(|T; 1 p(D])

[degrees]

100 1»1f03 1-10* 110
[Hz]

Figure 7.8 Transfer of i/p network

Rc vl

Rc.vl P

Te.1p(d =

2jm-£Cy

Te1beld = 20410g( |Tc.1.b(t)|)

1 -1
Rgo183+ Zzb(f)]

Im|
9; 1 p(D = atai o

(Ti1.6()
10
;16D
deg 0 S
=5
10

100 1~1f03 110" 110°
[Hz]

Figure 7.9 Phase of i/p network

, Im(T, 1 (D)
oc.1.p(D = ata{Re(Tc.l.b(t))J
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0.01
2
0.005 N .
E Te1bdD 0 :éu o1 ||
— S deg
0.005 [—HHH—FH— — 4
-0.01 -2
10 100 1-%03 110* 110° 10 100 1-1f03 110" 1.10°
[Hz] [Hz]
Figure 7.10 Transfer of V1 cathode network Figure 7.11 Phase of V1 cathode network
2350 . T,y = —
o PR 4 vint Z3p(D

Im|
9o.1.p(H = atan 2=

2jm-£(Cq y1 + Civap)

(To.l.b(f))
0.5
. |
B Ty 10,40 -0.5 I «m
- -1
» |
10 100 1-1fo3 110* 1:10°

[Hz]

Figure 7.12 Transfer of V1 o/p network

1

z4(f) = ———
2jm£Cout. 83

Ty 2.b.e(D = 20-log( \To.z,b(f)\)

100 1-1f03 110* 110°
[Hz]
Figure 7.14 Transfer of V2 o/p network

[degrees]

To.1.b.e(D = 20-log( | T, 1 p(B])

90.1.60

&
e

10 100 1-1fo3 1-10* 1-10°

[Hz]

Figure 7.13 Phase of V1 o/p network

o
T =
02 Ro.cvab™ R+ Z4(D
Im(ToAZ.b(f))
= atan| —————=—
0o2pd =2 an[Re(To,z,b(f))

100 1-1f03 110* 110°
[Hz]
Figure 7.15 Phase of V2 o/p network

[degrees]
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Tiot.83.6(0 = Ty 16D T 1.6(0 To. 1.6 T 2.5 (H-Clp G2y

Tiot.83.b.o( = 20-log( [Tyt 83,9 ) 0G.g3(D) = ~180deg

P10t.83.6(0 = 05 16D + ¢ 1 pD + 00 15D + 052D+ 0G 83D

7.8.11 Gain stage frequency and phase response
- un-bypassed version:

R.S C.in Rogvzu  Cout

Figure 7.16 = Figure 7.5

72—
u(® 2.7 -£Ci 41
22,00 [ ! -
83 i 83122
T 1u® = o 2 : ; =i
72 (f) + R, | Re+Z1(f) + +
(720 * Regt3) [ > (Rg1.83 Rogl.83+ Zzu(f)j }
23,0 = S _ Im(T; 1.u®) u®)
2jm-£(Cq y1 + Civay) 05, 1.u(D = ata Llu(f)
73,00
T _—— 1.u()
OILH(ﬂ Ro.a‘vl.u+ Z"’u(f) ¢0.1.u(f) W{Re - 1u(t) J
O u
Ry Im( Ty 5 ()
To2® = Rocvaut Ry +Z4(D ozl = ata‘{ To2. u(t) ]

Tiot.83.u® = Ti 10D To.1,ud To 2,uH-G1y G2y

Trot.83.u.e(9 = 20-0g( |Tior 83 u(9)] ) 9G.g3(H = ~180deg

Otot.83.uD = 05 1.u®D + 0 1 u® + 002y + 0G 83(D
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7.8.12 Frequency and phase response plots:

36 —

35

_ Tiot.83.b.dD
m

= 33
= Tiot.83.u.dD
rrrrr 32

31

e 3 4
10 100 110 110 110

[Hz]

Figure 7.17 Frequency responses of the bypassed and un-bypassed
SRPP gain stage

-160
-170
I
101,834 5 7180 T
T deg N
B -200
3 Pots3dd 50
,,,,, deg 50
230
240 " ;
10 100 1-1f03 1-10 1-10

[Hz]

Figure 7.18 Phase responses of the bypassed and un-bypassed
SRPP gain stage
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7.8.13 Inputimpedances:

-1 =1
Zyp® = || Rygp g3+ —— e
in.b(D) - 2gl.83 2m£C; 4 b Ry 83 2jm-£Cy, g3

~1 -1
Z. (D =| R + L + ! + !
e el 837 gm0y Ry183 2jm-£Cyy g3

510" ]

410" \
7 [Znb®]3.10*
G 4
S |Zinu®)]2-10

110

¢ 4
10 100 1-f103 110 110°
[Hz]

Figure 7.19 Input impedances for the bypassed and un-bypassed versions




Chapter 8 The p-Follower Gain Stage (n-F)

8.1 Circuit diagram

RL

RS C.in

g

b = R.c1 bypassed with C.c1
u = R.c1 un-bypassed

Figure 8.1 Basic design of the p-Follower Gain Stage
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8.2  Basic assumptions

Generally, the whole p-F gain stage consists of a CCS or CCS+Cc gain stage (V1 with
gain G1) of Chapters 1 or 2 with an active constant current source (CCSo-hi with V2 and

gain G2) of Chapter 5.3 as the plate load. This active load also acts like an improved

cathode follower CF2, of Chapter 3.5. In this connection the impedance of the Figure 8.1
V1 plus R.)/C,; form the resistance R., of Figure 3.4.The output voltage of V1 is fed to

the input (grid) of V2 via Cy,.

To get all relevant formulae shown further down these lines the following assumption

were made:

. V1 equals V2 (ideal case: double triode)

. plate current V1 = plate current V2

hd Zmvl = gmwv2 = Zm.t

i Tavi =Tav2 = Tat

L4 Hyi = HVZ = ’J-l

hd Rcl = Rc2 = Rc

. bypassed version (b): R.; = bypassed by C.,
. un-bypassed version (u): R.1 = un-bypassed

8.3  Basic formulae (excl. stage load (R )-effect)

G, r=GIG2

8.3.1 bypassed version - gain G, rp in terms of g,
Gu.F.b =G1b G2b

ra.t|: (1+gmt )(R +Ry) ”R ):l
2t ¢ + (14 gm T t) (Re +Ryp IR g2)

Glp=—8my

1
. [ L 1 j
mt| TS o L.
sz - Tat Rc + Ral ot -
I+g ( ! + ! J
mt| . "ThH .o 1.
Ta.t Rc + Ral Tt
bypassed version - gain G, r;, in terms of p:

Gyrp=—he |:ra.t +(1+ 1) (Re + Ry | Ry )]
[2ra0+(1+10) (Re +Ryp Ry )|
(Re+Ryp +1,4)

*

|:2ra.t +Re + Ry +1¢ (Rc +Ry + ra.t):|

(8.1)

(8.2)

(8.3)
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rule of thumb for G, pp:
G2y o =1

(8.4)
Gu.F.b.rot = Ut

8.3.2 un-bypassed version - gain G, r, in terms of gn,;and p:

G,ry=Gl, G2,

i
" Lt + (1 +“t)(Rc +Ryp |l RgZ)
t
2ry ¢ + (1 +“t)(2Rc +Rar |l RgZ)

Gl, =-

u

-1

. [ L, 1 J
N3
G2, = " Lt Ra+rne+ (2 + “t) R

-1
I+g = + !
.t
" Lt R+ +(2+ut)Rc

(8.5)
rule of thumb for G .

G2y ror =1

(8.6)
Gu‘F.u.rot =Kt

8.3.3 bypassed version - V2 cathode output resistance R, 2

r, +R
R _ at c 8.7
0cv2b=Tat {(2+ut)rait +(1+“t)Rc:| v

8.3.4 un-bypassed version - V2 cathode output resistance Ro 2.

Tat +(2+“t)Rc
(2+“t)ra.t+(2+3“t +Ht2)Rc

R (8.83)

ocv2u = Tat

8.3.5 VI-R, bypass capacitance C;:

To get a flat frequency response in B, as well as a phase response deviation
of < 1° at 20Hz C,, should be calculated as follows:

1 |:ra‘t +(1 +Ht)Rc]
e opt [2ra.t +(1+ny) Rc:| R

Ccl -

(8.9)

fe opt =0.2Hz (8.10)
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8.4 Derivations

nOdG A1 R gz

R‘c2zl\/.R 2.2
i5
3.1
v.g.62 rgf2 wRe2A
vgm rgtt ratl v.alct

gmn v.g.c1

Ral

m.t2~ { ratz
g.mt2*v.g.c2 A B R
wR.e1

:|R‘L V.0

* - O

rovt G.p-F = G1'G2

Figure 8.3 Simplified equivalent circuit of Figure 8.2
8.4.1 Gains:

Instead of producing a lot of equations derived from Figure 8.2 to get the respective gain
formulae we take the much easier to handle Figure 8.3. It shows that the p-F gain stage is
made of two gain blocks G1 and G2.

G1, is a CCS+Cc gain stage with AC-grounded cathode a la Chapter 2. G1,, is a CCS gain
stage a la Chapter 1. G2 is an improved cathode follower CF2, a la Chapter 3.5 as well as
a constant current source CCSo-hi a la Chapter 5.3. The impedance of the u-F’s V1 plus
its components form the CF2,’s lower cathode resistance R., whereas R, plus R, of the
Figure 8.1 p-F form the CF2,’s upper cathode resistance R.;.

Without big extra derivation efforts the respective formulae of the chapters mentioned
can be used to calculate the gains Gy rp Or Gy p..

8.4.1.1 bypassed version:

with the upper valve’s active AC resistance R,, (seen from node Al):

Ry =t + (1 +1)(Rea +Ry1 [ Ry2) ®.11)
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in terms of g G, ., becomes:

Gly==gm(Ry2 [ITa¢) (8.12)
1 1 Y!
Glb =—8mt [ + J (8.13)
RV2 Iyt

-1
. ( L, 1 ]
mt|
sz — Tat Rc + Ral tlht

= (8.14)
l+g ( ! + ! j
mt|{ . TS5 5 . .
Tyt Rc + Ral Tt
Gurp=Glp G2y (8.15)
2
5 Tt |:ra.t + (14 g tTa.t) (Rc +Ryp [[Rg2 ):|
Gp.F.b =~ 8m.t
|:2ra.t +(1+gm.tra.t)(Rc +Ryp |l Rgy ):| (8.16)
% (Rc +Ra1 +ra.t)
[zra.t +Re + Ry + 8ttt (Rc TRy 1t ):|
since [l = gm*I,¢ in terms of u; G, rp becomes:
2 |:ra.t +(1+ ”t)(Rc +Rap [[Rg2 )J
Gu.F.b =Mt
|:2ra.t + (1 + “t) (Rc +Ry |l Rgo ):|
% (Rc +Ra1 +ra.t)
|:2ra.t +Re + Ry +pg (Rc TRap + 1t ):|
(8.17)
8.4.1.2 un-bypassed version:
in terms of gy, G, r.u becomes:
r, R
Gly == gm at_vl (8.18)
! " LitRy+R(A+8mi 1)
since [ = g *r,, in terms of p; G1, becomes:
¢+ (1+p)(Re + Ry | Roo
G1u=— a.t ( t)( c a g ) (8.19)

Kt
2ry ¢ + (1 + P-t) (2Rc + R |l Rg2)
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-1
. ( L, 1 j
mt|
T, R+, +(2+ R
G2, = a.t al Tlat ( p-t) c (8.20)

-1
I+g L + !
.t
" Lt R+ +(2+“t)Rc

G,y =Gl, G2, (8.21)

8.4.2 Specific resistances and capacitances C; & Cy;:

8.4.2.1 bypassed version - V1 anode output resistances R, ,.y1p:
Roavib=lat (8.22)
8.4.2.2 bypassed version - V2 cathode output resistance R, ¢ vo:

V2 cathode resistance r»:

Ta.t
Iy =—2 (8.23)
RANTAE
V2 cathode load resistance R1y:
Rlb =1t + RC2 + Ral (824)

output resistance R, cvap:

Rocvab =Rl Iy

[ 1 1 j_l (8.25)
=l —+
Rl T2

8423 V1 bypass capacitance C;:

since Ry, is:
Ryy=ry¢ + (Mt + 1) (R02 +Ry || Rg2) (8.26)

V1 cathode resistance r.,; becomes:

Get RV2

(8.27)
T

Lvl=
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8.4.2.4

8.4.2.5

8.4.2.6

V1 cathode resistance R.,; becomes:

Revi=tevi IR
-1
= —+ —
Tevl Rc

1
n fc.opt Rc.vl

and capacitance C,; becomes:

C

cl =

V2 input capacitance Cy:

according to Chapter 3.5 the grid’s input resistance Ry, ,» of the V2 gain

stage becomes:
Rg2

inv2 =
1-G2 M
71,

R

Rl =1, + (2 + Uy ) R +Ry
hence, C,y, becomes:

C 1

g2=
27tfc.optRin.VZ

un-bypassed version - V1 anode output resistance R 4vi1.u:

R ra‘t+(1+”t)Rc

oavlu™

un-bypassed version - V2 cathode output resistance R, cy2.:

V2 cathode resistance r ,:

Ta.t

Ke +

ev2=

output resistance R, ¢vop:

Rocvau=Rly [ 1cv2

-1
= —+ —
Rlu Tev2

(8.28)

(8.29)

(8.30)

(8.31)

(8.32)

(8.33)

(8.34)

(8.35)
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8.5 Input capacitances C;,; and C;,,
Output capacitances C,; and C,,,
data sheet figures: C,cvi = grid-cathode capacitance of V1
Cgavi = grid-plate capacitance of V1
Cacv1 = plate-cathode capacitance of V1
C,.cv2 = grid-cathode capacitance of V2
C,.av2 = grid-plate capacitance of V2
Ca.cv2 = plate-cathode capacitance of V2
to be guessed: Ciiray. 1= sum of stray capacitances around V1
Ciiray2= sum of stray capacitances around V2
to be ignoredlz Co.v2 = cathode capacitance of V2
Note: the Miller capacitance of the input depends on V1’s gain G1 only?!
Civib :(1 + ‘Glb ‘)Cg.a.vl l Cg.c.vl I CstrayA] (8.36)
Civiu =(1 + ‘Glu‘) Cg.a.vl [ Cg.c.vl l Cstray.l (8.37)
Civap= (1 - G2, ) Cg.c.vZ [ Cg.a.v2 [ Cstray.Z (8.38)
Civau= (1 -Gz, ) Cg.c.vZ I Cg.a.v2 I Cstray.Z (8.39)
Cov1=Cacv | Cc.g.vl l Cg.a.VZ (8.40)
Cov2=Cacy2 (8.41)
8.6 Input impedance Z;,
Zin (f)=Rg [ Civy (8.42)
Inclusion of R, and Cy, into the calculation course leads to:
— _1 __1
Ziny () [R + ! ) - F— (8.43)
in.b = A~ e - :
8 2jnf Ciyp Ry 2jnf Gy
— ] __1
z, (f)—(R PR ] PRI (8.44)
m.u - YR O . N
88 2infCiyiu Ry 2jnf C;,

output impedance is rather low

Miller capacitance effects on C; and C,: see Chapter 1.3.2.5

to be ignored in By only because - compared with the size of the corresponding capacitances - the
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8.7  Gain stage frequency and phase response calculations’

8.7.1 Bypassed version:

Figure 8.4 Simplified* equivalent circuit of Figure 8.1 (bypassed version)
- including all frequency and phase response relevant components

8.7.1.1 1% stage (V1 = V1.+V1,) input transfer function T;,, (f) and phase ;5 (f) -
including source resistance Rsand an oscillation preventing resistor Ry,<<R:

Ti.l.b(f)=7vg'l (8.45)
Vo
[Tiip ()]
@5 1 p(f)=arctan (8.46)
b |:T11.b (f)]
1 -1
72 (f N
b )[Rgl R l+zzb(f)J
Ti1p(H)= = (847)
1 1
(Rggt + 22y (£ {RS+ZI (Rgl w]
. -1
Z1(f)=(2jnf C;
(f)=(2jnf C;y) 5.45)

. 4
22y (f)=(2jnf Ciy1p)

8.7.1.2 1* stage V1, cathode transfer function T ,(f) and phase @.15(f):

_ Im':Tc.l.b (f):|
@1 p(f)=arctan {Re[Tclb(f)] (8.49)

R
T p(f) =¥ ] (8.50)

Royi+———
Vit Cy,

I’ve not included into the calculation course a second oscillation preventing resistor Ry 5
between R, and grid of V2, thus, forming a Ip by R, and C;,. Automatically, this would
mean a further worsening of the phase response at the upper end of Bygy.

See also footnotes 2 and 3 of Chapter 1 and footnote 3 of Chapter 2



130 How to Gain Gain

8.7.1.3 1™ stage output transfer function T, (f) and phase @, (f):

%
e (6) 02 (8.51)
Va.l
Im[To.l.b (f)]
N Im| Ty 15 (F) ] 8.52
Po.1.p(f) =arc an{Re[To,l,b(f)] o

-1

1 1
+

Z3(f) 1 Y
24(0) J{Rin.z ’ Z5y, (f)]

-1
+
% Rina 25 (f)

-1
| 1
Z4(f)+ +
() [Rin,z ZSb(f)j (8.53)

. -1
Z3(f) :(Zlnfco.vl)

Z4(f)=(2jrf Cyp )_1 (8.54)

. -1
Z5(f)=(2jnf Ciyap)
8.7.14 ond stage output transfer function T, (f) and phase ¢, (f):

Vo

Toop()= (8.55)
Ve2
Im |:To‘2.b (f)]
£)= —LozbV /] .
O p ) arctan{Re[To.z.b (f)] (8.56)
R
T,op (f)= L (8.57)

Ro.c.v2.b + RL + Z6(f)
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76(f)=(2jnf Cope )™ (8.58)
8.7.1.5 1" stage fundamental phase shift ¢g.yi(f):
®G.v1 (F) =G o ()=-180° (8.59)
87.1.6 total gain stage transfer function Ty, (f) and phase @y (f):
Tiotb (£)=Tirb (£) Te1b (£) To.1b (F) Toap (£) G, G2y, (8.60)
0 totb(£) =@ i16(F) T @ c.1.6() + 9 616(F) + @ 026(F) + PG pEs (F) (861

8.7.2 Un-bypassed version:

Rocv2u C.out

vﬂl i 1. g TC\.VZ.u v.c.2l RL

Figure 8.5 Simplified® equivalent circuit of Figure 8.1 (un-bypassed version)

- including all frequency and phase response relevant components

8.7.2.1 1* stage (V1) input transfer function T;;,, (f) and phase ¢, () -
including source resistance Rgand an oscillation preventing resistor
Rg<<Rg:

Vgl
T o (H)=—%
Vo

3 See also footnotes 2 and 3 of Chapter 1

(8.62)
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) _ Im':Ti.liu (f):l
@;.1 . (f)=arctan {w (8.63)

Tiiu(f)= el — (8.64)

1 1

(Rggt +22, (£))| R + Z1(f) + [Rgl-'- Rgg]+22u(f)]

-1
1 1
2 (f) —+—
U(){R Rgg1+22u(f)]

Z1(1)=(2jmf Cyy )

» (8.65)
Z2u (f) = (2j7tf Ci.vl.u )
8.7.2.2 I stage output transfer function T, , (f) and phase ¢, 1., (f):
Vg2
Typu (F)=—2 (8.66)
Va.l
Im[To l.u (f):l
0,14 (f)=arctan - (8.67)
o Re[ Ty 1.4 (f)]

1 1

+ -1
1 1
Z4(f) ’ (Rin.Z ’ ZSu (f)J

Z3(f)

-1

-1
| |
Z4(f)+ +
() [Rinl s, (f)j (8.68)
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. -1
Z3(f)=(2jmf Co 1)
-1
Z4(f)=(2jnf Cyy) (8.69)
. -1
Z5(f)=(2jnf Ciyap)
8.7.2.3 2" stage output transfer function T, (f) and phase @, (f):
Tonu (f)=—"° (8.70)
Ve2
Im [To 2.u (f):|
0.y (f)=arctan § ——"—"= (8.71)
o Re[To‘Z,u (f):|
R
Tyoy (f)= L 8.72
o2 ( ) Rocvou *RL+ Z6(f) 572
76/(£)=(2jnf Coye )" (8.73)
8.7.2.4 1* stage fundamental phase shift g, (f):
0G.v1 (F)=9GuFu (f)=—180° (8.74)
8.7.2.5 total gain stage transfer function Ty, (f) and phase @iy, ():
Ttot.u (f) =Ti.l .u (f) To.l.u (f) To.Z‘u (f) Glu qu (8.75)
¢ tot.u(f):(p i.l.u(f) +¢ o.l.u(f) o o.2.u(f) TOGuF.u (f) (8.76)
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8.8 Example with ECC83 / 12AX7 (83):
RS
l -
T
S
Figure 8.6 p-Follower example circuitry

8.8.1 Triode bias data:
la183 = Liogs = 12107°A Va1.83 = 100V Vazg3 = 100V
Vgo = 268.5V Vg1.83 = ~0.5V Vo83 = 168V
8.8.2 Triode valve constants:
gm.83 = 1.75-10_3-5 M3 == 101.5 I, 83 = 58-1039
&m.vl = m.83 Kyl = Hg3 Ta.vl = Ta.83
&m.v2 = &m.83 Hy2 = K3 Tav2 = Ta.83
Coc.1.83 = 1.65-107 ' Coalsy= 1.6:107 ' F Cacl183= 033107 '%F

Cyc.83 = 1.65:10° = Cyangs= 1610 1

8.8.3 Circuit variables:

Re1.83 = 417Q Re283=Reig3
3 3
Rg = 1.10°Q Ry = 47.5-10°Q
_ 3 _ 6
Ry g3 = 475:10°Q Cipg3:=22:10 °F
6 1
Ry g3 = 110°Q Cytray.83.1 = 10-10 2

R, ;g3 = 562-10°Q

-1
Cacogs=033107 %F

R. 83 =Reig3
3
Rygl 83 = 0.2:10°Q
_ —6
Couts3 = 1010 °F

_ 1
Cstray.83.2:= 10-10 %
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8.8.4 Calculation relevant data:

frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz
h = 1000-Hz
885 GainGypgmyp:

-1
1 1 6
Ryp =t (14 1) | Rooga+| o+ = Ryp =3.555%10°Q
Ri183 Rgosgs

=1
1
Glp = _gm.SB‘[@ * ra'gJ viaVl Gl = -100451 x 10°

. 1 . 1 =1
V2
v Re283tRa183+ vt

G2y, = ; viaV2 G2, = 985379 x 107°
1 1 -
L+ g, v B
Tav2 Re283+Ra1g3+Tavi
_ _ 0
Gup.83b = GlpGZy GyF.g3p = 98982 10
0
Gy Fg3.b.e = 20-0g( |Gy g3 | ) GuF.g3.be=39911x10°  [dB]
0
G F.83.b.rot = H83 GLF.83.b.rot = 101510
0
Gy F.g3 brote = 2008( |Gy 83 brof ) Gy F .83 b.rot.e = 40129x 10" [dB]

=3
G F.83.b.e ~ OuF.83.brote = ~218:156 X 10

8.8.6 Gain Gp.F.SS.II:

Gl = g Ta.83 Ry2 o
u=" "8m.83 =

Ryp+ 1, g3+ R g3( 1+ hg3) Gl = =S 1E

o L, 1 -l

Lv2]

o a2 Re283* Rarss*Tavi* (1+ 1) Re1g3
u- -1
1
1+ gy 2 >
Tav2  Reog3+Rypgs+rayi+ (1+m1)Reys3

G2, = 986.696 X 107°
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GyF.83.u = GlyG2y Gy F 3.0 = ~98366 x 10”
Gpr.83.e = 20-0¢( |Gy F.g3.]) Gy F.83.u.e = 39857 % 10° [dB]
GlLF.83.urot = H83 Gy F.83.urot = 101.5% 10°
Gp.F.SS.u.rot.e = 20<log( |Gp.F.83.u.r04) Gu.F.SS.u.rot,e = 40.129 x 100 [dB]

3

Gp,F.83.u.e - Gu.F.83.u.r0t.e = —272.453 x 10

8.8.7 Specific resistances:

3
Ro.avib=Tavl Rpa.vih=238x10"Q
3
Ry avlu=Tav+ (1+ 1) Ropgs Ro.a.vly= 100743 x107Q
Tavi* Ryo
el = foyp = 54758 % 10°Q
’ T :
1 1) 0
Revi = + R, 1 = 413.848 x 10°Q
vl Re1s3
Ta.v2 0
Ten2= 77 o I, yp = 565.854 X 10°Q
1 1 ! 5
Rlp =1, v+ Rop g3 + o Rl = 111.627 x 10°Q
Ra1.83  Rgosgs
(1 1Y _ 0
Rocvab= | g * Ry o \ap = 563%10°Q
b Tew2
1 1 \7! 3
Riy =1y o1+ (14 1y1) Rep 83+ Reo.gs + [— = ] R, = 154.369 x 107Q
Ra183 Rgosgs
=1
1 1 0
Rocv2u= |37t 7 ¢ Ry o o= 563.787 x 107 Q
o Rl fovw o

8.8.8 Capacitance C; and C,;:

fo -3
fC = 20Hz fc.opt = m fc.opt =200x10 "Hz
Coqm=— L C.i= 1.923x10 °F
T onf R cl ==

c.opt c.vl
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Rg2.83

Rly-Rgo83

RI,

Rin.v2 =
1-G2y

1

Copp=—""""
g2
2m ‘fc.opt‘Rin.VZ

8.8.9 Specific input and output capacitances :

Civib=(1+|Glp|) Cga.1.83% Cgc.1.83+ Cstray.83.1

Civiu=(1+]61)Cga183* Cgc.1.83* Cstray.83.1

Civab = (1-G2)Cga 283+ Cgc283+ Cstray.83.2

Civau= (1 - qu) Cga2.81 Cgc28t Cstray. 832

Covl =Cac.1.83% Cga1.837 Cga2.83

8.8.10 Gain stage frequency and phase response
- bypassed version:

e — Vs

i e [ >
,olE%) \ :ml:h c..w.b=lw,‘/

b
//
Rol wRewl wal

Ry, v = 62619 x 10°Q

-9
Cgp = 12708x 10" F

—12
Ciyibp=173972x10" F

12

Ciyiu=17275Tx 10" °F

—12
Civap=11673% 107 °F
—12
Ciypu= 11671x 107 °F
Cov2 = Cac2.83
B N | (N
[/ ﬂl[
Tab waz B o
'

Figure 8.7 = Figure 8.4

ZI(f) = —————
( 2jm-£Cyy g3

1

7,
R R + 72, ()
1.83 1.83 b
T, = g 28

r

1

2=
O T g £C 1

1

1

72 (f) + | R+ Z1(f) +
(22, Rgg1.83)|: S (Rg1.83

Ti 1.b.e(D = 20-log(|T; 1 p(D|)

-1
o
Ryg1 g3+ Z2p(0)

Im|
0;1p(H = atan £

(Ti 1o(®)
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[degrees]

100 1-10° 1-10* 1.10°
£

[Hz]

Figure 8.8 Transfer of i/p network
Revi

Te. 1.6 =

R, + ————
eV gim£C,,

Te 1.b.e(D = 20-log( | T 1 (D))

0.01

0.005
S Teindd 0 :‘30
s g
-0.005 =

-0.01

10 100 1-%03 110" 110
[Hz]
Figure 8.10 Transfer of V1 cathode network

1

7

10 100 110> 116" 1-10°
f
[Hz]

Figure 8.9 Phase of i/p network

dc1p = atan[ j

lm(Tc.l.b(t))
Re(Tg 1 (1)

10 100 1-1f03 1-10* 1-10°
[Hz]

Figure 8.11 Phase of V1 cathode network

1

1

Rin.v2

Z3()
ZAD + [

|

Im(TO.l'b(f))
Re(To (M)

90.1.6(0 = am‘{

Z5,(8)

1
73(f) = ZA) = — Z5 T —
® 2jm£C, ) g 2jm£Cgp b 2 fCipnp
R ! -
Z3(9) 1 1 ! 1 A
Z4(f) + | —— + —— R o 25D
| I [Rm.vz zsb(t)j | [Rm.vz ZSb(f)j
To.1.6® = 1 =1 1 :
Roavibt| 524 1 Gl (Rin.VZ " Tb(ﬂ]

V]

To.1.b.e(D = 20-log( | T, 1 p(D])




The p-Follower Gain Stage (u-F) 139

»  MCD Worksheet VIII p-F calculations page 6
0.5 5
0 [ TR
0 — =
B Ty 1pdh-05 e o160 10
= ) deg -15
4 =— 20
25
-1.5 —30
10 100 1-1f03 116" 110 10 1001»1f03 1-10* 110°
[Hz] [Hz]

Figure 8.12 Transfer of V1 o/p network Figure 8.13 Phase of V1 o/p network

2600 = S T 5 p(f) = B
' 2jmFCoyt 83 02617 Ro.c.vabt Ry +Z6(f)
To2e(D = 20%0g(|To 2 5(9)) o] (To26(0)
9.2.p(M = ata
- Re(TO.Zb(f))
0.5 5
0.25 _ .
) 8 0,040 g
8 Toobdd 0 e ofb o I
o eg
-0.25 — .
0.5 5

10 100 1»1f03 110* 110

10 100 1»1f03 1-10* 110
[Hz]

[Hz]

Figure 8.14 Transfer of V2 o/p network Figure 8.15 Phase of V2 o/p network

Tiot.83.6(0 = Ty 16D T 1.6(D To. 1.6 T 2.5(H-Clp-G2y

Tiot.83.b.c(9 = 20-log( | Ty 8359 ) 0G.g3(f = ~180deg

O10t.83.6(0 = 05 16D + ¢ 1 pD + 00 15D + 052D + 0583
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8.8.11 Gain stage frequency and phase response
- un-bypassed version:

Rocvzu  Cout

Figure 8.16 = Figure 8.5

22,6 =

2 ‘f'ci.vl .u
1 1 -l
72 (9)- +
& (Rg1.83 Roo1 831 Zzu(f)j
T l.u(f) = | . 1
Z2 (9 + R, { Rg + Z1(f) + +
(220 Rggt ) { S (Rg1.83 Ryl 83+ ZQu(f)j }
1 Im(T; 1 (D)
75.(f) = ——— . = ]| L)
u(f) 2jm 'f'Ci.VZ.u ¢L1‘u(ﬂ ‘ '{Re(TLl_u(ﬂ)
1 1 .
0T —1] =il
ZA(D) + ! + ! ! + !
Rin.v2 Zsu(t) Rin.v2 Zsu(f)
Tl 1_ 1 -1 1 1 \!
Ro.a.vl 'u+ F(f) ar : 1 Z4(f) + [Rmvz ar Zsu(f)j
Z4(f) + —_
[Rin.VZ Z5,(®
Im(To.l.u(t))
0o.1.ud = aw{—Re(To.l.u(ﬂ)
To o uld L SR i 110
= =a —_—
0.2.u Ro.c.vZ.u+ R, + 76(f) 0.2.u' Re(To,Zu(ﬂ)
Tiot.83.u(D = Tj 1.u® To 1.u® T 2. u(H-Gly: G2y
Tiot.83.u.e( = 20-og(| Toq g3.4(9)|) 0G.g3(f = ~180deg

Otot.83.uD = 01 1D + 00 1y + 062y + 05 83(D
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8.8.12 Frequency and phase response plots:

40

39
_ Trot.83.b.dD
m

=
= Tiot.83.u.dD

38

37

36 3
10 100 1'1f0

[Hz]

1-10* 110°

Figure 8.17 Frequency responses of the bypassed and un-bypassed
p-F gain stage

-160
-170 S
\"*-.___~
O 1ot,83.4D 7180 T
T deg =
B -200
3 o8z
,,,,, deg 929
-230
-240 ”
10 100 l-lf03 110 1-10

[Hz]

Figure 8.18 Phase responses of the bypassed and un-bypassed
p-F gain stage
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8.8.13 Inputimpedances:

—1
Z (D =|| R + ! - + ! + !
nb 2B i £, Ro1.83 2jm-£Cy, g3

—1 -1
Z. (D =| R + L + ! + !
e el 837 gim £C; 1 Ry183 2jm-£Cyy g3

510" =
410" [T,
T |Zin 6| 5.1¢*
G 4
S |Zinu®]2-10
""" N
1-10*
¢ 4
10 100 1-f103 110 110°
[Hz]

Figure 8.19 Input impedances for the bypassed and un-bypassed versions




Chapter 9 The Aikido Gain Stage (AIK)

9.1 Circuit diagram

V.co
®
C.out
ZL

|

b = R.c1 bypassed with C.c1
u = R.c1 un-bypassed

Figure 9.1 Basic design of the AIK Gain Stage

I

or

@

Figure 9.2 Current source alternatives: a) = low-Z (lo) and b) = high-Z (hi)’

! Inclusion of an oscillation preventing resistor R, [between Ry, and grid of V2 alternative b)]

into the calculation course, thus, forming a Ip by R,y and C;», will automatically lead to a
worsening of the frequency and phase response at the upper end of B,oy.
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9.2  Basic assumptions

Generally, the whole AIK gain stage consists of a CCS or CCS+Cc gain stage (V1 with

gain G) of Chapters 1 or 2 with an active high impedance (high-Z) or low impedance

(low-Z) current source (V2) of Chapters 5.1 or 5.3 as the plate load. The output signal of
the gain stage is taken from the plate of V1, thus, the output impedance is rather high and

will react highly sensitive on rather low load impedances R; %or Zy.

To get all relevant formulae shown further down these lines the following assumption

were made:

. V1 equals V2 (ideal case: double triode)

. plate current V1 = plate current V2

L4 gm.vl = gm.v2 = gm.t

i Tavi =Tav2 = Tay

L4 Hvi = U2 = K

° Rc2.l = Rcl = Rc

4 Rz >0R

. bypassed version (b): R, = bypassed by C,
. un-bypassed version (u): R.; = un-bypassed

9.3  Gains G, for V1 with the low-Z plate load®

The upper valve’s active AC resistance R, becomes:
Ry2jo=lat + (1 + 1t ) Reo

9.3.1 bypassed version - gain Guip o in terms of gy - excl. Ry -effect:

1 1
Gaik.b.lo == 8m.t [ + R ]
Tat v2.lo

9.3.2 bypassed version - gain Guixp joefr in terms of gy, - incl. R -effect:

-1
G =—g [1 +1 + ! J
aik.b.lo.eff =7 &m.t | T T 5
] Lt RL RVZ‘IO

9.3.3 un-bypassed version - gain Gy, o in terms of gy, and p, - excl. Ry -effect:

1
Gaik.ulo =~ 2 gm.tla.t

1

——Eut

see respective plots (effective gains vs. Ry changes) on MCD worksheets IX-1 and IX-2
Ry, is the resistive part of Z; in Figure 9.1

©.1)

9.2)

9.3)

04
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9.3.4 un-bypassed version - gain Gk 10t in terms of g, and p, - incl. Ry -effect:

ra.tRL

r¢ +(1+p)Re + 2R
Rp

t o+ (1+p)Re +2R

Gaik.uloeff == 8m.t
9.5)

9.4  Gains G, for V1 with the high-Z plate load

The upper valve’s active AC resistance Ry, becomes:

Ryohi =ty +(1+ “t)|:Rc2.l + (Rc2.2 Rgo ):| 9.6)

9.4.1 bypassed version - gain Gyixpni in terms of gy, - excl. Ry -effect:

1 1
Gaik.b.hi == 8m.t [ + ] 9.7
Lt Ryon

9.4.2 bypassed version - gain Gy phietr in terms of g, - incl. Ry -effect:

1

1 1 1

Gaik b.hieff = 8m.t (++ J 9.8)
A "y Ry Ryyp

9.4.3 un-bypassed version - gain Gyikyni in terms of gy, and p, - excl. Rp-effect:

Gaituhi == it T.tRvo hi
aik.u.n1 m.
it (1 + 1 ) Re +Ryopi 9.9)
Ryoni

L+ (141 ) Re +Ryghi

— Mt

9.4.4 un-bypassed version - gain Gyikyniesr in terms of gy, and p, - incl. Ry -effect:

-1
N P
“\ Ry Rp

-1
1 1
¢+ (1+p )R +[ +]
! ¢ \Ryan Rp

-1
+ -
Ryoni Rp

-
1 1

ra.t+(1+ut)Rc+[ 2h'+RL)
v2.hi

Gaik whieff == 8m.t

(9.10)

=Mt
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9.5 Derivations

0

Figure 9.3 Simplified equivalent circuit of Figure 9.1

9.5.1 Gains*:

Because all relevant calculation formulae were given in the previous chapters we can take
the much easier to handle Figure 9.3 as the basis of the derivations. It shows that the AIK
gain stage is made of one gain block around V1 with gain G only. Gy is a CCS+Cc gain
stage with AC-grounded cathode a la Chapter 2, G, is a CCS gain stage a la Chapter 1
and the active plate load is a low-Z (R.,!) or high-Z (R, plus Rez5!) current source a la
Chapters 5.1 and 5.3. Without big derivation efforts the respective formulae can be used
to calculate all relevant gains Gy, or Guixy - also by inclusion of all Ry -effects (= ) and
Z, -effects into the whole calculation course.

95.1.1 bypassed lo version:

5.
Gaikbto and Gk p.ocrr become’:

Glaik blo == 8m.t (Ry2o 1 Tat) .11)
Glaik bloeff == Em.t (Ry2o 1Tt [IRL) 9.12)

Ryolo=tar + (1 +8m.tla.t ) R

(9.13)
=t +(1+“t)Rc
G.. __ fat |:ra.t +(1+ g tTat) Rc}
aik.b.lo =~ 8m.t 20+ (1+ gm.ag ) Re o1

Lt +(1+Pt)Rc
‘ 2, ¢ +(1+Ht)Rc

4 no rules of thumb are given in this section because of the high impact of the o/p load Z; on the

gains (see MCD IX worksheets)
see derivation of respective formula of Chapter 2



The Aikido Gain Stage (AIK) 147

-1

1 1 1

Gaik b.lo.eff == 8m.t £+ +) (9.15)
“ o€ " It RV2.lo RL

9.5.1.2 un-bypassed lo version:

6.
Gaik,u,lo and Gaik.u.lo.etf become”:

Ta.t RV2.lo (9.16)

Gaik ulo =~ 8m.t
Gt Ry2jo + 1+ 8mi )R

1
= Gaikulo =~ 5 gm.t Tat

9.17
1 .17
5 Mt
-1
. [ P,
a.t e
"Ry Rp
Gaik.wlo.eff == &m.t e = (9.18)
1 1
it (+gmihoRe +(R . + R)
v2.lo L
r, {R
= G.. —_ a.t™L
aik.b.lo.eff Zm.t Lot (1 T ) R, + 2R,
: (9.19)
_ Rp
& Lt (1 + P-t)Rc +2Ry,
9.5.1.3 bypassed hi version':
Gaikbni and Guikphierr become:
Glaik b.hi == 8m.t (Ryani [Tat) (9.20)
Glaik bohieff == &m.t (Ry2ni [t IRL) 9:21)
1 LY

Ryohi=tat + (1 + Mt) Repg+ [ R s + sz (9.22)

c2. g

1 !
= Gaik b.hi =~ 8m.t [ R J (9.23)

Tat v2.hi

see derivation of respective formula of Chapter 1
see derivation of respective formula of Chapter 2
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-1
1 1 1
= Gaikb.hieff == 8m.t ( + + ] (9:24)
Lt Rv2.hi RL

9.5.14 un-bypassed hi version:

8.
Gaikuhi and Gyikunierr become™

I, + R 2 hi
= Gaik.whi =~ 8m.t al_vail
Lt t (1 +8m.t 1‘a.t)Rc + Rv2.hi (9.25)
—u, Ryohi
Gt T (L+ )R+ Ryopi
-1
. [ Lo
a.t o
Ryoni Rp
= Gaik uhieff =~ Em.t = =
1 1
Lt + (1 + 8m.t ra.t)Rc + [ + j
Ryoni Rp
| 9.26)
+ R
_ Ryoni Rp
=Mt 1
¢ +(1+p)R +[ ! + ! J
a.t t/ ¢ o
Rooni Rp
9.5.2 Specific resistances, impedances and capacitance C:
9.5.2.1 the active load resistances Ry, 1o and Ry become’:
Ryz2i0=Tat + (P-t + 1) Rer 9.27)
-1
1 1
Rypni=th¢ +(1+1)| Rea g + Rt R (9.28)
2.2 g2

the active load impedances Z,, o(f) and Z,, 1;(f) become:

sz,lo (f) :|:(ra‘t [ Ca.c.vZ ) + (1 + “t) (RC2 I Cg.c.vz ):| [ Cg.a.vZ | Cstray‘z (9:29)

see derivation of respective formula of Chapter 1
see Chapter 5.1 and 5.3
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(ra.t l Ca.c.vZ) +
Zyomi (F)=] | (1 +“t)|:{Rc2.l +(Re22 1 Rgo )}”Cg.c.v2:| (9:30)
[ Cg.a‘v2 I Cstray‘2

9.52.2 bypassed version - V1 plate output resistance R, 511
and impedance Z, ,.v1 5(f):

Roavib=lat 9.31)
Zyavib (f) =Rgavib 1Covi (9.32)
9523 bypassed version - AIK gain stage o/p resistances Ry ik p.10 and R sk pni and o/p

impedances Z ik p.1o(f) and Z, 4y pni(f) at the plate of V1:

Ry aik.blo =Roavib [Ry210 (9.33)
Ry aik.b.hi =Roavib [ Ryoni (9.34)
Z aik blo (f):Zo.a‘Vl.b (f) 1Zv210 (f) (9.35)
Zo aikoni (F)=Zoavip (F) 1 Zy2pi () (9.36)
9.52.4 V1 cathode resistor bypass capacitances C.; ), and C,; ; become:

with V1 cathode output resistances r¢.y; 1o and re.yy it

I, +7Z
Levllo ZMTHVZ.IO (9.37)
t
I, +2Z :
Toyhi = uvz'h‘ (9.38)
t

with V1 cathode output resistances Rey1 10 and Re.yypi:

Revilo =Tevilo I Re

( 11 ]“ 939)
= + —
R

Icvllo c

Revini =Tevini IRe

( 1o )‘1 (9.40)
= + —
Te.v1.hi Rc
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capacitances C.j j, and Ce; ; become (f; op < 0.2Hz):

1
C PP e—— 9.41
cllo 2 nfc.opt Rc.vl do ( )
1
Cani=r—5 (9.42)

n fc.optRc.vl .hi

9525 un-bypassed version - V1 anode output resistance Ry avi.u
and impedance Z, 51 .u():

Roavia=tar +(1+p)Re (9.43)
Zoaviu (f) =Ry aviu 1Covi (9.44)
9.5.2.6 un-bypassed version -  AIK gain stage o/p resistances R ik 1o a0d Ro aixuni
and o/p impedances Z ik u10(f) and Z, uik uni() at the
plate of V1:
Roaikulo =Roaviu IRy210 (9.45)
R aikwhi =Roaviu IRy2hi (9.46)
Zs aik.ulo (f)zzo‘a‘vl‘u (f) 1Zy210 (f) 9.47)

Zs aik.uhi (f):Zo.a.vl.u (f) 1 Zy2 i (f) (9.48)
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9.6 Input capacitances C;,; and C;,,
Qutput capacitances C,,; & C,,; and C;,

data sheet figures: Cgcvi = grid-cathode capacitance of V1
Cgavi = grid-plate capacitance of V1
C,cv1 = plate-cathode capacitance of V1
C,cv2 = grid-cathode capacitance of V2
Cgav2 = grid-plate capacitance of V2
Ca.cv2 = plate-cathode capacitance of V2

to be guessed: Citray.1= sum of stray capacitances around V1
Citrayo= sum of stray capacitances around V2

Note: the Miller capacitance of the input depends on V1’s gain G only'!

Civibloett =(1+|Gaikbioett|) Caavi [ Cacvi | Cotray.1 (9.49)
Civtbhicf =(1+[Gaikbhiett|) Coavt | Coevt | Cotray.1 (9.50)
Civt.ulocff =(1+|Gaikuloett|) Coavi | Cocvt Il Cotray.1 (9.51)
Civiuhieff = (1+|Gaik uwniett]) Cgavt I Cacvt | Cotray.1 (9.52)
Covido=Cacvt |l Cg.a.vl | Cg.a.VZ l Cstraly.2 9.53)
Covalo=Cacv2 (9:54)

Covihi =Cacvt |l Cg‘a‘vl (9.55)

Cov2ni =Cacv2 | Cstray.2 (9.56)

output capacitance Cy:

to simulate a nearly real situation of an AIK gain stage with its rather high o/p impedance
I’ve included a (tiny) load capacitance Cy into the calculation course, hence, Z; becomes:

Zp =R [CL 9.57)

10 Miller capacitance effects on C; and C,: see Chapter 1, paragraph 1.3.2.5
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9.7

Input impedance Z;,

Ziy (f)zRgl I Civi

Inclusion of Rggln and C;, into the calculation course leads to:

Zinvloett ()=

Zin.b‘hi.eff (f) =

Zinulo.eff (f) =

Zinuhietr (f)=

o
o
o
o

11

-1
1 j
2jnf Ci y1 bloeff
-1
1 ]
2jnt G y1 b.hieff

-1
1 ] 1

.— + -

2jnt G y1wlo.eff R

+ —
Ry

1
+7
Ry

-1
1 ] 1
.— + -
2jmf Gyl whieft Ry

Ry,1 = oscillation prevention resistor between grid of V1 and Ry,

1

-1

(9.58)

(9.59)

(9.60)

(9.61)

(9.62)
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9.8  Gain stage frequency and phase response calculations'

9.8.1 Bypassed version:

Figure 9.4 Simplified" equivalent circuit of Figure 9.1 (bypassed version)
- including all frequency and phase response relevant components

9.8.1.1 ™ stage (V1 = V1.+V1,) input transfer function T (f) and phase ¢; 1 (f) -
including source resistance Rsand an oscillation preventing resistor Ry <<Ry;:

. Vel (9.63)
Vo
Im[Ti,l.b (f)}
| . Im| T (F) ] 9.64
9i.1.6(F) arCtan{Re[Ti_l.b(f)} o

-1
1 1
2. () —
b )[Rgl Rgg1+Z2b(f)J

T 1 p()=

(9.65)
1 1

-1
(Rggt + 22y (£))| Rg +Z1(f) + { +(f)J

Rg] Rggl + Z2b

Z1(f)= (2§t Cjy) ™ (966
22, (£)=(2jnf Ciyy )"

9.8.1.2 1* stage V1, cathode transfer function T, (f) and phase @, »(f):

_ Im |:Tcl.b (f):|
@1 p(f)=arctan {w 9.67)

By inclusion of the subscripts “lo” and “hi” the following formulae can be used for both the
lo and hi versions (see respective MCD worksheets IX-1 and 1X-2)
See footnotes 2 and 3 of Chapter 1 and footnote 3 of Chapter 2
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R
Te1n ()= %

+ .7
2JnfC01

Rc.vl

9.8.1.3 1* stage output transfer function T, (f) and phase @, (f)”:

Vo

Va.l

Im[ Ty (f)]}

Re[To.lib (f):l

Toan (f)=

P01 p(f)=arctan {

Zy (f)

Toab (f)=

-1
ZL(f)+Z3(f)+( L, l(f)]

ZV2 (f) Zo.a.Vl.b

. -1
73(f)=(2nf Coy)

-1
ZL (f)Z(RlL + ZJEfCLj

9.8.1.4 1* stage fundamental phase shift @g_,1(f):

0G.v1 (f)=9G.aikp (f)=-180°

9.8.1.5 total gain stage transfer function Ty, (f) and phase Qo1 ():
Tiotb (£)=Ti1.b (F) Terp (F) To.1b (£) Gaikp

0 10tb(F) =@ i16(F) + @ c1.6(F) + 9 0.1.6(F) + 0G.aikp (F)

14

AIK; Ry should be chosen as high as possible, eg. a CF2 a la Chapter 3

(9.68)

(9.69)

(9.70)

(9.71)

9.72)

(9.73)

(9.74)

(9.75)

Ry, and C; need to be carefully chosen because they heavily influence the gain and phase of the
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9.8.2 Un-bypassed version:

Figure 9.5 Simplified'® equivalent circuit of Figure 9.1 (un-bypassed version)
- including all frequency and phase response relevant components

9.8.2.1 1* stage (V1,) input transfer function T;;, (f) and phase ¢, (f) - including source
resistance Rgand an oscillation preventing resistor Rgg<<Rg;:

A%
Ty o (F)=—51 (9.76)
vo
m[T , (f
¢; 1.y (F)=arctan M 9.77)
Re[ T, (f)]

-1
1 1
22, ()] =t e
“()[R Rgg1+22u(f)]

1
T (f)= ) —= 78
1 1
Ry +22, ()| Rg+Z1(F) 4| -+ L
( &8 v ) gl Rgg1+Z2u (f)
. —1
Z1(f)=(2jnf C;
©-imicay” o
72, (f) =(2jnfci.vl.u)
9.8.2.2 1% stage output transfer function T, (f) and phase @, (f)':
Vo
Tolu (f)z (9.80)
Va.l
Im |:T0 l.u (f)]
@ 1.4 (f)=arctan{ —————= (9.81)
ot Re[To.l.u (f)]

See also footnotes 2 and 3 of Chapter 1
see footnote 7
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Zy (f
To.1.u (f) L(f) - (9.82)
1 1
ZL(f)+Z3(f)+( + ]
ZVZ (f) Zo.a.Vl.u (f)
. -1
Z3(f)=(2jnf Coy)
1 -1 (9.83)
ZL (f) = ( + 2_]7'CfCL]
Ry
9.8.2.3 1* stage fundamental phase shift @g_,;(f):
0G.v1 (f)=9G aik.u (f)=—180° (9.84)
9.8.2.4 total gain stage transfer function Ty, (f) and phase @iy, ():
Tiot.u (f)zTi.l.u (f)To.l.u (f)Gaik.u (9.85)

¢ tot.u(f):(p i.l.u(f) +0 o.l.u(f) *+ 9G.aik.u (f) (9.86)
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»  MCD Worksheet IX-1 AIK -lo- calculations page 1

99 Example with ECC83 / 12AX7 (83 & lo):

RS

b = R.c1 bypassed with C.c1

u=R.cl un-bypassed

Figure 9.6 AIK example circuitry with a low-Z current source plate load

9.9.1 Triode bias data:

o183 = laogs = 121107 A Val.g3 = 100V Vaz.83 = 100V
Vge = 201V Vo183 = 05V Vo283 = 100.5V
9.9.2 Triode valve constants:

&m.83 = 1.75-10_3-5 ug3 = 1015 I, 83 = 58-1039

&m.vl = &m.83 Kyl = Hg3 Tavl = Ta.83

&m.v2 = &m.83 Hy2 = K3 Tav2 = Ta.83

Coc.1.83°= 1.65-107 ' F Coals3= 1.6:107 ' F Cacl183= 033107 '%F

Coengy= 165107 'F

9.9.3 Circuit variables:

Coargs= 1610 ¥

—1
Cic283=033-10 2F

Re1.83 = 417Q Reo83 =Rei83 Reg3 = Repg3
Rg = 1-10 Ryj g3 = 47510 Ryql g3 = 0.22:10
_ 6 _ —6 _ —6
Ry = 110°Q Cj g3 = 2210 °F Coutgy = 110 °F
—1 —1 — 1
cp=10107 F Cotray.g3.1 = 10-10 % Cstray.8327= 2110 %
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»  MCD Worksheet 1X-1 AIK -lo- calculations page 2

994 Calculation relevant data:

frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz
h :=1000-Hz
9.9.5 Gain Gyjg3pio -

3
Ryplo = g3+ (1+ 1g3) Re1 .83 Ry = 10072 % 107

. 1 1Y 0
Gaik 83.b.Jo = ~8m.83| T+ Gaik 83.b.Jo = ~64415x10

283 Rulo
0
Gaik 83.b.o.c = 20108( |G 83.5.10]) Gy g3bjoc = 3618x10°  [dB]
1
, 1 1 1 0
Gaik 83.b.lo.cff = ~€m.83" i A Gaik 83.b.lo.cff = ~62.128 x 10
8 R Rp

0
Gaik 83 blo.efr = 2002( |G g3 b et ) Gaik. 83.b.lo.cff.c= 35866 x 107 [dB]
99.6 Gain Gy g3.u.10

1 0
Gaik 83.ul0 = 75 Bm.837a.83 Gaik 83.u.lo = 750.75x 10

0
Gk 83.u.lo.c = 2010g( | Gai 83 u.1o] ) Gaik 83.ulo.e = 34109x 10" [dB]

Tp.83°RL

0
G = 48316 x 10
Ta.83F (1 + P83) R, g3+ 2:Rp aik.83.u.lo.eff

Gaik 83.ulo.eff = ~8m.83

0
Gaik.83.ulo.cff.e= 2008(|Gaik 83 u.lo.cft]) Gaik 83.ulo.cffe= 33-682x 10" [dB]

9.9.7 Specific resistances:

Ro.avib = Tavl Ry, 1= 8 1039
1 Y 3
Ry aik blo = (R + j R, 4ik blo = 36:808 X 10°Q
oavib Rvlo
_ Tawl +Ryo ,
Tevllo™= 1+ o e vllo= 1.549 x 10" Q
=il
1 1 0
Revilo= + Ry 4] Jo = 328.539 x 10°Q
vllo Re1ss

Roaviu=Tavit (1 i “vl) Re1.83 Ry 4 y] = 100743 x 10°Q

-1

1 1 3

Roaikulo™| g+ Ry aikulo = 50371 X 10°Q
oaviu Rv2lo




The Aikido Gain Stage (AIK)

159

> MCD Worksheet IX-1 AIK -lo- calculations

page 3

9.9.8 Ry variations:

3 3 6
Ry o= 10:10°Q,20-10°Q .. 10-10°Q

=il
1 1 1
G R, = o ond " +
aik.b.lo.eff("L.var €m.83
( ) [fa.ss Rylo RL.varj

raA83'RL4va.1'
1y 83+ (1+ bg3) Re g3+ 2Rp o

Gaik.u.lo. eff(RLvar) = "8m.83

40
36 p——
= 20‘103(|Gaik.b.lo4eff(RL.var)|) 32 /__., S ol 1
=
= 20log( |Gaik.u lo.eft(RLvar)|) 28
24
20
110 110° 116° 110/
RL var
[ohm]
Figure 9.7 Effecive gains vs. R changes
9.9.9 Capacitance C;:
_ & =3
f, = 20Hz foopt = Tog fo.opt = 200% 107 "Hz
1 =3
Collo=2422x10 "F

C =
cl.lo
2m 'fc.opt'Rc.vl.lo

9.9.10 Specific input and output capacitances:

—12
Civibio=(1* |Gai83.b.1o|) Cga.1.83* Cgc.1.83+ Cstray.83.1  Civipo = 116314 %107 °F

—12
Civiubo= (1 i |Gaik 83.u.10| ) Coa1.831Cgo1.831 Cstray.83.1  Civiulo=9445x10 °F
C =C (¢ (¢ C C =553%10" '%F
ovllo = Lac 1831 Cga1.831 Cga.28*1 Cstray.83.2 ovlo = 200X
- _ _ 15
Cov2.10= Cac2.83 Covallot330A10RE

9.9.11 Specific impedances:

=1
a5 2j-1t 'f'CO.Vz.lO
Reos3

-1
: 1
+2nfCo e, 83) Yeo.83( = [r

Xo 083D = (1+ %3)'[ -
V.

~ =i
Zy 10 = |:(Yc.2. 3D+ X 5 g3(h) "4 gjm F(Cgargat Cstray.83.2)}

3 3 3
|Zy2.10M)| = 100742 x 10°Q |Zv2.1o(20'1° Hz)‘ =100.631 x 10°Q
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1 ! 3
Zy a1 pd = [— +2jm ‘f‘Co.vl.loj |z0.a.Vl 'b(h)| =58x10°Q
Ryavlb
=1l
1 1 3
Zo ot bloD = | —————+—— Zo it blo(W| = 36808 x10°Q
0.aik.b.lo (Z()Aa.vlb(ﬂ Z‘vZ.lo(ﬂ] | 0.aik.b.lo |

=1
1 . 3
Zyaviud = [Ro 1 +2jm 'f'co.vl.loj |ZO.a4v1.u(h)| = 100.742 > 10°Q
a.vlu
1 1 Y 3
Z o =] —+ Z, o (h)| =50371x10"Q
0.aik.u.10! (Zo.a.vl.u(ﬂ ZvZ.lo(i)) | 0.aik.u.lo! |

9.9.12 Gain stage frequency and phase response
- bypassed version:

Z.2if)

R.S

Figure 9.8 = Figure 9.4
Z1(f) = ! Z2 . () = S S
' o gty o

" 2jm£Cy, g3

) (ﬂ( L, ! B
b.lo (D
Ro183  Rgo1.83+ 22y 1o(D

Ti1p.10 =

-1
1 1
72, (D+R | R +Zl(t)+[ +
bk 1.83) Rs
(“2o0 el 83 Ro183  Rgo1.83+ 22y 10(D

g
Im(T; 1 b 10(D)
T; 1b Jo.e(D = 20-lg(| Ty 1 p10(9)]) PiLplold = ata Re(T; 1 b 1o(D)
1 1.D.10

10
g) 95 1.b.1dD
ﬁ deg 0 oy $

_5 5

10 100 1-1fo3 1-16* 1-10

10 100 1-1fo3 1-10* 1100
[Hz]

[Hz]

Figure 9.9 Transfer of i/p network Figure 9.10 Phase of i/p network
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MCD Worksheet 1X-1 AIK -lo- calculations page 5

Revilo
1 o = atan[ Im(Tc Lb.lo(f)) J
S Lb.lo\V = BelT .. . (A
cLlo oo Re(Te1b.10()

+
Revilo 2jn-£C '

Terb1o =

Te1b.loe® = 20~log( |Tcl.b.lo(f)| )

0.01
2
0.005 .
8 Teiplodd 0 iﬁn‘l’clb.lo(ﬂ 0 L
3, deg
-0.005 — .
-2

-0.01
10 100 116 1-10* 110
f

10 100 1-10° 1-10* 110

[1§z] [Hz]

Figure 9.11 Transfer of V1 cathode network Figure 9.12 Phase of V1 cathode network
—1

ZA(f) = [—L +2jm ch] Z3(f) = (27 FCop g3) !

Z4(f)

To.1.b.1o® =

=i
1 1
ZA(f) + Z3(f) + +
(Zvllo(t) Zo.a.vl.b(ﬂ]

To.1blo.e( = 200g(| To 1 10(H)])

[degrees]

4
10 100 110 1-10* 110 LT 1f03 110t 110
f H
[Hz] [Hz]

Figure 9.13 Transfer of V1 o/p network Figure 9.14 Phase of V1 o/p network
0G.y1(D = —180deg

Tiot.83.6.0D = T 1610 T 1.6.100 To.1.b.10®D Caik.83.b.1o

0
Tiot.83.b.J0.e(D = 20~log( |Ttot.83.b.lo(f)|) Tiot.83.b.lo.e() = 35.684x 10" [dB]

O10t.83.b.10(D = i 1b.10D + V110D + 9616100 + 0G.v1(D
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»  MCD Worksheet 1X-1 AIK -lo- calculations page 6

9.9.13 Gain stage frequency and phase response
- un-bypassed version:

Figure 9.15 = Figure 9.5

1

72,10 =
"y 2 £G4 v1 ulo
z2 (f)( ! + ! ] :
ulo Ro1.83  Rog1.83+ 22y 1o(D
Ti Luto® = 1 ) —
(Zzu.lo(ﬂ v Rgg1.83) { Rg+Z1(D) + (Rgl " + Regl s+ 72 lo(ﬂ] }
Im( T 1y 1o(9) ]
05 (f) = atan) ——————
i.l.ulo “[Re(TL Lu.lo(f))
_ ZA(f) Im(T 0
To.l.u.lo(f) = ¢0.1.u.10(f) = ata w
Re(To.l.ulo(ﬂ)

=1
1 1
ZA(f) + Z3(f) + e
[ZVZ.lo(f) Zya.v1 .u(f)]

Tiot. 83.wlo(D = T 10100 To.1.u.10® Caik 83.u.lo

0
Tiot. 83.ulo.c(D = 20-0g(| Ty 83,109 ) Tot. 83.ulo.c(h) = 33.5x 10 [dB]

Otot. 83,110 = i 1ulo® + 0610 i0® + 0Gy1(D

9.9.14 Frequency and phase response plots:

36
355

35

= Tiot.83.b.1o.&D) 34.5

e 34
= Tiot.83.u.10.D 3351

33
32.5
32
10 100 110° 1-10* 110°
f
[Hz]

Figure 9.16 Frequency responses of the bypassed and un-bypassed
AIK gain stage
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-160
-165
O ot 83.b.1dD 7O _
g deg -175 ~L
o T
CI 5 -180 ]
2 Prot83uid?_ oo i
,,,,, deg g9
-195
200 " S
10 100 1~1f03 110 110
[Hz]

Figure 9.17 Phase responses of the bypassed and un-bypassed
AIK gain stage

9.9.15 Inputimpedances:

1 —1
Zinbiod = || R + ! s + :
in.b.lo(D * gel.83" 5in HECH o i Ry1.83 2jm£Cyp g3

=1 -1
Z (f) =|| R + ! + ! + !
o el 837 5in FCiviulo Ro183 2jm-£Ciy 83

10 100 1-f103 110 110°
[Hz]

Figure 9.18 Input impedances for the bypassed and un-bypassed versions
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9.10 Example with ECC83 / 12AX7 (83 & hi):

b= R.c1 bypassed with G o1
u =Rl un-bypassed

Figure 9.19 AIK example circuitry with a high-Z current source plate load
9.10.1 Triode bias data:
—3
Ia1.83 = Ia2.83 =12:10 "A Va1.83 = 100V Va2.83 =100V

Voo = 268.5V Vg1.83 = —05V Vo83 = 168V

9.10.2 Triode valve constants:

gm.83 = 1.75~10_3~S M3 = 101.5 I, 83 = 58~103Q

gm.vl = &m.83 W1 =183 Ta.vl = Ta.83

&m.v2 = &m.83 Hy2 = He3 Ta.v2 = fa.83

Coc.1.83 = 1.65-107 %F Coalss= 1.6:10" ' %F Cacl183= 033107 ¥
Coc 283 = 1.65-107 ' Cyang3= 1.6:107 % Caeng3 = 033107 'F

9.10.3 Circuit variables:

3
Re1.83 = 417Q Re21.83 = Re183 Rep0.83 = 562:100Q
3 3 3
Rg = 1.10°Q Ry g3 = 47.510°Q Rygl g3 = 022:10°Q
.6 6
Ry =510°Q Ryog3 = 110°Q
—1 —1 —1
Cp =210 2 Cytray.g3.1 = 10-10 2 Cytray.g3.2= 210 %
Cingz = 22107 %F Courss = 1107 °F
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9.10.4 Calculation relevant data:
frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 100000 Hz
h:= 1000-Hz
9.10.5 Gain Gy g3 pni*
(Y
Rp2g3 R2283 Rpss Ryo =T 83+ (1 + #g3) (Re2.1.83 + Rp2.83)
=il
Rozgs = ——+ = Ryppi= 5555 % 10°Q
3.83 = 2hi= 5
Ryoni Ry !
1 1y 0
Gaik 83.b.hi = ~8m.83' + : Gy 83 b.hi = —100.451 x 10
83 R
0
Gaik.83.b.hie = 2070g( |Gy 83.b.hi|) Gaik 83.b.hie = 40.039x 10" [dB]
1 iy 0
Gaik.83.b.hieff™= ~€m.83' + Gaik 83.b.hieff= ~99-311 x 10
8 Rp3ss
0
Gaik.83.b.hiceff.e= 20-0g( |Gaic 83.b.hi.eff|) Gaik 83.b.hicff.c= 3994 x 10" [dB]
9.10.6 Gain Gy g3, it
Ta.83 Ryo i 0
G = G .= -99.692 x 10
aik.83.u.hi €m.83 aik.83.u.hi
ra.83+ (1+ 1g3) Rep g3+ Ry
0
Gaik.83.u.hie = 20-08(| Gy 83.u.hi|) Gaik 83.uhie= 39973 x 10" [dB]

1283 Rp3.83
1283+ (1+ #g3) Re1 83+ Rz g3

Gaik.83.uhieff™= ~8m.83

0
Gaik 83.u.hieff= —97.757% 10

0
Gk 83.u.hicff.e= 20-log( |Ga1k83.u.hi.eﬂ‘i) Gaik 83.uhicff.c= 39803 x 10" [dB]
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9.10.7 Specific resistances:

3
Ro.avib = Tavl Ry avlp=58x10"Q
i 1 ) 3
Roaik bhi=| =t = Ry 4ik b pi = 57401 x 10°Q
R
oavlb Rv2hi
Tavl t Ryohi 3
N e ra— T vl hi= 54758 % 10°Q
L+ 1)
-1
1 1 0
Rc.vl.hi: 4 Rc.vl.hi: 413.848 X 10 Q
Tevihi Re183
Roaviu=Tavit (1 > l"Vl) Re1.83 Ry, 1= 100.743 x 1039
R [ - R 98.948 x 10°Q
0.aik.whi™ o.aik.uhi™ 7%
Roaviu Ry2hi
9.10.8 Ry, variations:
3 3 6
Ry = 10-10°Q,20-10°Q .. 10-10°0Q
G f(R ) 2 L, 1 -
aik.b.hi.eff\"L.var) = ~8m.83
83 Ryohi Rpvar
Ty 83 RL var
G, . R; = —
aik. u. hi.eff{"L.var &m.83
it ) 1283+ (1+ Hg3) Re1 83+ 2RE yar
46
40 ===
L—
= 20-log(| Gaik bhi.cff{ RL.var)| ) 34 an
o
= 20log( |Gaik.uhieft(RLvar)|) 28
P
16
110* 110° 110° 110
R var
[ohm]
Figure 9.20 Effecive gains vs. Ry changes
9.10.9 Capacitance C:
£ =3
fg = 20Hz fc‘opt = E fc.opt =200%10 "Hz
1 -3
Colhi= 5 = =~ Colhi= 1923x 10 °F

2.1-f optRevLhi
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9.10.10 Specific input and output capacitances:

Civiphi=(1+ |Gaik.83.b.hi|) Cga1.83% Cyc.1.83%F Cstray.83.1 Civibhi= 173972 x10° 7
Civluni= (1t |Gaie 83.u.hi|) Cga183% Cgc.1.83% Cstray.83.1  Civiuhi= 17275710 12
Covihi=Cac18F Cga1.83 Coytpi= 193x 107 F
Cov2.hi= Ca.c.2.83% Cstray.83.2 Cov2hi=233x10" %
9.10.11 Specific impedances:

1 A =t ‘
XyoniD = [m +2jm ‘fcg.c.z.ssj Yy2hil = 207 F(Cg a2 83+ Cstray.83.2)

—1 -1

-1
1
Zppnid = Hr— +2m£Cy o 83] + (14 g3) 'Xv2.hi(t)} + Yy pi®

a.v2

7

1-10
8-10°
f i(f)|6'106 i
= 2.h T
= g qqf
210° N
o
10 100 110° 110 110°
f
[Hz]
Figure 9.21 Hi-current source impedance vs. frequency
b = ba
|Zy2ni®)| = 5511 x 10
_ 1 : ! _ 3
Zyavi b = R + 21 -£Co v hi |Zo.a.vl.b(h)| =58x10"Q
0.a.vl.b
i
z @=[—1 1 |2 (0] = 57.401 x 10°Q
aik.bhilD = aik b.hilW| = 27
o4 ! ZoavibD  Zyonid o !
-1
1 . 3
Zy aviad = (—R +2jm 'f‘Co‘vl.hJ |Zo‘a‘vl ‘u(h)| =100.742 x 10°Q
o.a.vl.u

-1

1 1 3

YA = ————+—— Z, . h)| = 98947 x 10" Q
aik uhi aik whf

ottt [Zo.a.vl.u(f) ZVZ.hi(f)) | o-any |




168 How to Gain Gain

»  MCD Worksheet 1X-2 AIK -hi- calculations page 5

9.10.12 Gain stage frequency and phase response
- bypassed version:

Zzhy

vie co

RS Cin Rag!
e
+ //»—l
/[ -
ml‘ﬁ“\;‘ wl Rg1 vg R

Figure 9.22 = Figure 9.4
1

Z1(h = Lo = e
® 2j-n-£Cy, g3 b1l 2jm-£C y1 bohi
1 1 -
Z2y 1i(D- +
b hi
_ (Rg1.83 Rgg1.83+22b.hj(ﬂj
T 1bni® = !
1 1
72, () + R | Rg+Z1(H + ¥
b.hi 1.83)] Rs
( el 83 Ro1.83  Rgg1.83+ 22 pilH
Im( T 1 p bi(D)
T 1.b.hie(® = 20log(| Ty 1 p wi D] ) i 1bnid = ataﬂ(w
1. 1.0.hT
10
7.5
i £ oironfd 23 il
g ———— 0
s, deg 25
— -
-7.5
-10

10 100 1~1f03 110" 110°

10 100 1~1f03 1-10* 1100
[Hz]

[Hz]

Figure 9.23 Transfer of i/p network Figure 9.24 Phase of i/p network

Re vihi
Tepponil® = | ——————— N Im(Te 1 i 9)
R - —_ K = atan| ———
c.vl.hi™ 247 £Co 1 clibhi Re(Tcl.b.hi(t))

Te1.bhie( = 20og(|Te 1 1i(D)])
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0.01
2
0.005 1
= '
8 Terphidd 0 Zénq’clb‘hi(f) 0
3, deg
D1 1 1
-2

-0.01
10 100 110° 116" 1-10°
f

10 100 110> 110" 1-10°
f
[Hz]

[Hz]

Figure 9.25 Transfer of V1 cathode network Figure 9.26 Phase of V1 cathode network

-1
) 1
= —L 74(f) = | — + 2jm£Cp
2jm-£Coyt 83 [RL
Z4(D)
T (f) =
o.1.b.hi® To.1.b.hi.e(D = 20-log( [Ty 1 1, (9] )

—1
1 1
ZA(M) + Z3(f) + —_—
(sz.hi(f) Zs.a.v1 .b(f)j

1m( Ty 1 i) .
Re(Ty 1 b1il0) Ty 1 i = —99.178 x 10

o i(f) = ata
0.1.b.hi '{RC(TO.I.b.hi(ﬂ)

0 _
| oF

-0.05 -
LI oo 3
deg 3

= Tt T
-0.15 I“.w - .
I b
10 100 1-1f03 110* 1100

10 100 1-1f03 110* 1-10°
Hz
[Hz] [Hz]

[degrees]

Figure 9.27 Transfer of V1 o/p network Figure 9.28 Phase of V1 o/p network

Tiot. 83.6.1iD = T 16010 Te 1.6.0iD To.1.b.hiD Gaik 83.b.hi 0G.y1(D = ~180deg

0
Tiot, 83.b.hi.c(D = 20-10g(| Ty 83.b.1i(9)]) Tiot,83.b.hi.e(h) = 39758 x 107 [dB]

Dtot.83.b.hi(D = 04 1b.hiD + Pc 160D + 90,160 + 0Gv1(D
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9.10.13 Gain stage frequency and phase response
- un-bypassed version:

Figure 9.29 = Figure 9.5
1

22 i) = ——————
ot 2j7-£Cj 1 whi
1 -1
72, 1:(0)- +
hi
B [Rg1.83 RgglA83+ZzuAhi(f)j
T 1uhi® = 1 1 =
72 1)+ | R+ Z1(0)+ +
hi 1.83)| Rs
(22 Fee ){ [Rgl.SS Rgg1.83+Z2u.h1<f)j }
Im(T; ()
i l.uhi
95, Luhi® = ata“[( - )J
Re(T; .y nic0)
T 1 uni®= 24 Im(T, 1y pi(0)
Ot 1 L L 00,1y hi® = atan =
Z4(0)+ 73 () + [ + 7] ¢(To.1.uhi®)
Z‘VZ.hi(f) Zo.a.vl.u(f)
Tiot. 83.uhi® = Ti 1.u.hi® To. 1.uhi® Caik 83.uhi
0
Tiot,83.u.hiie® = 2010g( |Tioq 83,4 1) ) Tiot.83.u.hi.c(h) = 39.621 10" [dB]
O10t.83.uhi® = 05 Luhi®+ 00 1whi®+ ¢Gy1®
9.10.14 Frequency and phase response plots:
40
39.8 P ]
= Tiot. 83.b.hi.e(f) 30,6 [ordarptptHssesrespotet i eeecs e R a
= Tt 83.0.hi.0) 304
39.2
39
10 100 1~1f03 110" 110

[Hz]

Figure 9.30 Frequency responses of the bypassed and un-bypassed
AIK gain stage
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-160
-165
=i
9tot.83.6.5i0 O
Bl deg -175 SR
35— -180 M
o0 i
2 Pot83uhi®_ o T
= N
,,,,, deg g9 )
-195
-200 )
10 100 1~1f03 110 110°

[Hz]

Figure 9.31 Phase responses of the bypassed and un-bypassed
AIK gain stage

9.10.15 Input i mpedances:

-1
Zin i) = | | Rygl 83+ : - e o
in.b.hill) * ggl.83 A R, 83 2jm-£Cyp g3

-1 -1
Z f):=[|R + ! + ! + !
nuhit T Ro183 2jm-£Cip 83

5.10* -

410"

|Zin.b.ni)] 3.10*

|Zinuni®f2.16*

110

[ohm]

10 100 1-f103 110 110°
[Hz]

Figure 9.32 Input impedances for the bypassed and un-bypassed versions




Chapter 10 Cascoded Cathode Follower (CCF)

10.1 Circuit diagram

RS C.in
1 -
C.out
R1 —U
R.L

1

Figure 10.2 Constant current sink alternatives: a) = low-Z, b) = high-Z
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10.2 Basic assumptions

The CCF is nothing else but a CF2, around V1 (improved CF version a la Chapter 3) with
an actively loaded cathode by a constant current sink around V2 a la Chapters 5.2 or 5.4,
thus, as mentioned in Chapter 3, producing a gain near 1 because of the very high internal
resistance Ry, of the current sinks that replace the cathode resistor R, of Figure 3.4.

With this in mind and with the following assumptions the relevant equations become
derivations of the equations given in the previous CF and CCG chapters:

. V1 does not need to equal V2

° Emvi —Or # Emwv2

b Tavi =or # Tav2

. Wi =or# W2

° Ry =or# Rea

. Roby = Rea

But:

. plate current V1 I,; = plate current V2 I,

10.3 Basic formulae (excl. stage load (Ry)-effect)’

10.3.1 Gain of the low-Z version:

The V2 active AC resistance Ry, , becomes:
Rygto=Tav2 +(1+1y2)Re2a (10.1)

The gain Ge)o of the low-Z loaded CCF,, becomes:

Ta.vl ” (Rcl + RVZ.IO)

Geeflo =8muvl
1+ gmvi |:ra.vl I (Rcl +Ry210 )] (10.2)
=ly; Rcl + RV2A10
=ly
vl t (1 + Uy )(Rcl +Ry200 )
rule of thumb:
with Ry210>> Tayv1 and Reas 2 Rey Geetlo.ror becomes:
Geeflorot = (10.3)

v
1"'P‘vl

For detailed derivations of the shown equations: please refer to Chapter 3



Cascoded Cathode Follower (CCF) 175
The V2 active AC impedance Z,; ,(f) becomes:
Zy2lo (f)z[(ra‘\d [ Ca.c2) + (1 + MVZ) (Rcz.a l Cg.cZ )j| | Cg.aZ I Cstray.Z (10.4)
10.3.2 Input and output impedances of the low-Z version:
Input resistance R g1, and impedance Z; 4 4(f) at the grid of V1 become:
Ry
Rig|o=——— (10.5)
.gl.lo
1- Gccf.lo
Zi.gl.lo (f) = Ri.gl.lo I Ci.tot.lo (10.6)
[Cg431 [ Cstray.l ll (1 —Geeflo ) Cg.cl][cg.aZ [ Cstray.Z:I
i.totlo = (10.7)
|:Cg.a1 I Cstray‘l l (1 - Gccf.lo ) Cg‘cl :| + [Cg.aZ l Cstray.Z]
The output resistance R, .1, at the cathode of V1 becomes’:
Roctlo =Tewt |l (Rcl +Ry210 ) (10.8)
Tavl
Ly =——— (10.9)
o 1+ Hyi
10.3.3 Gain of the high-Z version:
The V2 active AC resistance R,,; becomes:
Ryohi =tay2 + (112 )Reop (10.10)
The gain Geerpi of the low-Z loaded CCFy; becomes:
G _ Tavl I (Rcl + RVZ.hi)
cefhi =8m.vl
1+ gmvi [ra.vl l (Rcl +R o pi ):| 10.11)

Rei + Ry i
v +(1+ 1y ) (Rep +Ryo i)

=Hy1

rule of thumb:

with Ry >> 1,41 and Rez b > Rey Geenirot becomes:

in By

Because of the rather low o/p resistance of V1 any valve related capacitance won’t play a role
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Hvi
1+ Hvy1

Gecf hirot = (10.12)

The V2 active AC impedance Z,, ,(f) becomes:

ZV2.hi (f)=|:(ra.v2 I Ca.c2) + (1 +Uly2 ) (Rcz.b l Cg.cZ ):| I Cg‘aZ [ Cstray‘Z (10.13)

10.3.4 Input and output impedances of the high-Z version:
Input resistance R; g 1 and impedance Z; 4 1;(f) at the grid of V1 become:

R

1
Rigjpi=——2— 10.14
T Goep i (1019

Z; g1.1i (f)=Rig1.ni | Ci.tothi (10.15)

|:Cg.a1 I Cstray.l [ (1 - Ghi)cg.cl][cg.az I Cstray.2]

Citothi = (10.16)
|:Cg.al I Cstray.l I (1 - Gccf.hi)cg.cl :| + [Cg.aZ I Cstray.2:|
The output resistance R, i at the cathode of V1 becomes’:
R et hi =Tevt I (Rer +Ryopi) (10.17)
vl
Iyl =— (10.18)
1+ Hy1
10.3.5 Grid voltage divider of the high-Z version and grid capacitance Cy;:
Veg2=Vre2b + V2 (10.19)
Vr.e2b =la2Re2p
Vcc - VC. 2
Rg22=Ry1 Vv £ (10.20)
C.g2
1
ng = (10.21)
27T'fc.opt (Rng l Rg2.2)
fC.Opt =0.2Hz (10.22)

Because of the rather low o/p resistance of V1 any valve related capacitance won’t play a role in
Baok
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10.4 Gain stage frequency and phase response calculations

10.4.1 Low-Z version*:

V1

Rocllo GC.out

Figure 10.3 Simplified equivalent circuit of Figure 10.1 with the low-Z CCG as the cathode
load - including all frequency and phase response relevant components

10.4.1.1 Gain stage input transfer function T, (f) and phase ¢, (f) - including source
resistance Rg and an oscillation preventing resistor Ry <<R;:

Tijo (f )=E (10.23)
Vo
M;, ()= 22, (1) (10.24)

Rgg] + Z210 (f)

Rigt o | (Rggl + 22 ())

Nijo (f)= (10.25)

ZI() + |:Ri.gl.lo | (Rggl +22)4 (f)):|
o R1 H{Z](f)+|:Ri.gl,lo (R g1 + 2216 (f)”} (10.26)

ilo\1)= ’
RS +{ RUH{ZI0) +[Rigiso | (Reat + 2210 (1) ]}
21(f)=(2jmf Cyy ) 1027
721, (£)=(2jmf Citor10)
Ti 1o (F)=MiJo () Nijo (£) Oio () (10.28)
Im| T;y, (f

0;10 (f)=arctan {M} (10.29)

As could be demonstrated in the following MCD worksheets to achieve a gain near 1 this type of
CCF works sufficiently well with high p (>50) V1 valves. Because of their rather high r, these
valves also produce comparatively high cathode output resistances.
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104.1.2 Gain stage output transfer function T, , (f) and phase @, 1,(f):

Z3(f)=(2jnf Cou )" (1030)
A% R
Ty o (H)=—2—= L (1031)
o VRl RL +R0.cl.lo +Z3(f)
m| T f
(pO.lO (f):arctan M (1032)
Re[To.lo (f):l
10.4.1.3 Fundamental gain stage phase shift ¢g cct10(f) :
G cef 10 ()=0° (10.33)
104.1.4 Gain stage transfer function Ty, (f) and phase Qo1 (£):
Tiot.10 ) =T 10 () Ty 10 1) Geet 1o (10.34)
P 10110 =0 10() + 0 5.10(F) + PG cef 10 (F) (10.35)

10.4.2 High-Z version’:

RS C.in Roctlhi C.out

O

Figure 10.4 Simplified equivalent circuit of Figure 10.1 with the high-Z CCG as the cathode
load - including all frequency and phase response relevant components

10.4.2.1 Gain stage input transfer function T;; (f) and phase @;y; (f) - including source

resistance Rgand an oscillation preventing resistor Rgg<<Rg;:

Vg]
T hi )y=— (10.36)
Vo

As could be demonstrated in the following MCD worksheets to achieve a gain near 1 this type of
CCF works sufficiently well with low p (<40) V1 valves. Because of their rather low r, these
valves also produce comparatively low cathode output resistances.



Cascoded Cathode Follower (CCF) 179
72 (f
M, i (f)=¢ (10.37)
Rggl + 722y (f)
N  Rigiill (Rggl + 22 (f))
ini (F)= (10.38)
ZI(f) + [Ri.gl.hi l (Rggl +72y (f)):|
o (e {2160+ Rigu 1 (Rggr + 224 (1)) ]
ini (F)= (10.39)
RS+{ R1 {210+ R g i | (Rggr + 224 ()]}
. -1
Z1(f)=(2jnf C;
=y’ Hoso
224 (£)=(2jnf C; yorhi )
Tipi (F)=Mi pi (£) Nipi (F) Oppi () (10.41)
Im| T;; (f
@;. i (f)=arctan 7[ i ()] (10.42)
Re[ Ty (f)]
10.4.2.2 Gain stage output transfer function T, p; (f) and phase @, pi(f):
Z3(£)=(2jnf Coy ) (10.43)
Vv, R
T,y p (£)=—2—= L (10.44)
ST VRa Ry +Rgrpi +Z3(f)
Im| T, ; (f
@ pi (f)=arctan M (10.45)
Re[ Ty i (f)]
10.4.2.3 Fundamental gain stage phase shift ¢g ccrni(f) :
G cef hi (F)=0° (10.46)
10.4.4.4 Gain stage transfer function Ty (f) and phase @i (F):
Tiotni () =Tin; () Ty pi () Gee i (10.47)
® tothi(F) =@ i 1i () + @ o hi(F) + OG cef hi (F) (10.48)
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10.5 Low-Z CCF example with V1,2 = ECC83 / 12AX7:

RS Cin Vi 'j;\‘

]

Figure 10.5 CCF-lo example circuitry

Re2 alV.RCZ‘a

Figure 10.6 DC voltage arrangement of Figure 10.5 - lo version

10.5.1 Triodes bias data:

-3
I, = 12:10 "A

Lo =1y
Vo = 350V VGenl = 1005V Vg =20V Vg = -0.5V
VL1 = Ve~ VGenl VL1 =245V VRe1= |Vgl| VRc2a™= |Vg2|
Va1 = VL1~ VRl Va1 = 2475V Va2= VGen1 =~ VRc2a Va2 = 100V

Vel.gmd = YGenl Velgmd= 1005V
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10.5.2. Triodes valve constants:

gyl = 16:107°8
g 17510778

Cool 83 = 1.65-107 '

Cyc2.83 = 1.65-107

10.5.3 Circuit variables:

=1
Cotray.1 = 10107 F

Iyl = 62.5-103(2
3
T, yp = 58-107Q

Cgal g3 = 1.6:10 ' F

Coa2.83 = 16107 %

=1
Cotray2 = 10107 ' F

v
Rel
= — R.p = 1667x10°Q
Ial
v,
R.c2.
Roppi= — R,, , = 416.667Q
Ia2
RS = 1.10°Q Ry = 1-10°Q
g
3
RI:= 100-10°Q
C. = 0110 %F C. = 100-10 °F
in = 0.1- out = 100-

10.5.4 Calculation relevant data:

frequency range f for the below shown graphs:

10.5.5 Gain Gy, (frequency independent):

Ry2lo = Tay2t (1 ks “v2) Re2a

1 1 -l
N —
vl Reit Ry

1+ gm.vl'(

Gecflo.83.1 = Em.vl

1 -1
—_
vl Reit Ry

My = 100
Ko = 101.5

=1
Cacl gy = 033107 7

1
Cacagy = 0331077

3
Rggl =221-100Q

3
Ry = 100-10°Q

f:= 10Hz,20Hz.. 100000 Hz
h := 1000Hz

Ryzjo = 1.007x 10°Q

Gecflo.g3.1 = 0-984
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G Re1+Ryalo
ccflo.83.2°= M1
favlt (1 w p'vl) '(Rcl " Rv2.10)

Gecflo.83.2= 0984

Gectlo.83.1.c = 2070g(Gecf1o.83,1) Gecflo.83.1.6= ~0-139 [dB]
Myl
Gecflo.83rot™ 75 o1 Geof lo.83rot = 099
Gecf lo.83.rot.e = 2O'lozg(Gccf.lo.83.rot) Gecfilo.83.rot.e= ~0-086 [dB]
Gecflo.83.1.e~ Gecflo.83.rot.e = ~0:052 [dB]
10.5.6 Gain G, ,(f) (frequency dependent):
Xy210 =21 'f‘(Cg.a2.83 = Cstray.Z)
1 =t ; 1"
Yoolo = | | == +27fCy 9 83| +(1+mo)| =+ 27 FCqer83
Ta.v2 Re2a
Zy 10 = [ (Yv2100) + Xy210(9] 7210 = 1.007x 10°Q

1-1¢°

g |Zv2.lo(f)| 110

110 "
10 100 1-f103 110 110°

[Hz]

Figure 10.7 Impedance of the low-Z constant current sink

R.1+ (f)
c1tZy2lo
@ ) = por- G (h)| = 0.984
flo.83D = by £.10.83
eeo Tyt (1+ 1) (Re1 + Zy2 10(D) [Cecrio s3]
Geef lo.83.6(M = 20-og(|Gecr1o.83D)| ) Gecflo.g3.e(h) = —0.139  [dB]
lm(Gccf.lo.83(f))

0 D = (G e ox®)
ccf.lo.83 RC(GCcfA10.83(f))
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[degrees]
<

-0.14
Gecf lo.83.dD
0.

cefilo.8¥D

-0.1

-0.12

16
-0.18
-0.2
10 100 1<1f03 110t 110
[Hz]

Figure 10.8 CCF-lo gain vs. frequency

N

=0.001

—0.002

-0.003

-0.004

-0.005
100 1-10* 110

110°
f
[Hz]

Figure 10.9 CCF-lo phase vs. frequency

10.5.7 Specific resistances and capacitances:

C

- 12
Citotlo = 5-807x 10" °F

R

R, . gl
igllo =
s 1=Geefo.83.1

Ta.vl

= L+ g

Tevl

1
Rycllo= [r R,

c.vl c

1 -1
P S
+Ry2lo

) 1 . 1 .
itot.lo =
[(1 - Gccf4lo.83.1) 'Cg.cl.83 i Cstray. i Cg.al.83:| (Cg.a2.83 W Cstray.?)

R g1 1o = 6309%10'Q

Ioy] = 618.8120

Ry ] o = 615.094 Q
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10.5.8 Gain stage frequency and phase response:

Rocllo GCout

Figure 10.10 = Figure 10.3
Z1(f) = (2j<n<f<Cm)_1 22,9 = (2w »f-ci_mt.k,)_1
70
Miw(® = Ryg1 * 220D
=i i7"

[ (i)' + (Rggt +22000) |

Njp® = » s
210+ (Rigr) "+ (Rggt+ 2260) ']
1, ! B
RI -1 —1!
2100+ | (Rigr i) '+ (Rgon * 220) '
Oj oD = 1
RS + {— + ! }
1 =il ="
210+ (Rigr i) '+ (Rt + 22000) "
Im(T»Llo(t))
Ti10( = Mj 1o(DNj 15()-05 15(f) 9ipo(h = ata Re(T; D)
1
Ti jo.e( = 20-log(| Ty jo(9) )
Z3(f) = (2j<n<f<cout)_1
3 R; B Im(Tovlo(t))

TOJO(ﬂ . R+ Ry crlot Z3(9 ¢°.10(ﬂ - ata“[Re(To.lo(ﬂ)j

Toto.e® = 20-]0g( |To.lo(t)|)
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= =)
o o il||| I|||||‘ Illlm I|||||“
Il 4).1
-0.1
10 100 1100 110" 110° LChL 103 110 110
f [Hz]

[Hz]

Figure 10.11 Transfer of lo i/p network Figure 10.12 Transfer of lo o/p network

Tiot. o = Ti o® To 1o® Ceeflo.83.1 0G.ceflod =0
Tiot. lo.e® = 20‘1°g( ‘Ttot. lo(f)‘ )
Dot oD = 05 10D + 06 10D + 0G et
0.2
g Tiot. lo.&D-0.25
0.3
10 100 1-1f03 1-10* 1-10°

[Hz]

Figure 10.13 Frequency response of the CCF-lo gain stage
Tiot.lo.e(M) = 20-log( ‘Ttot.lo(h)‘ ) Tiot,lo.e(M) = =0.279 [dB]

1
0.5
3_3 Otot. 10D T~
7 0 o
-E deg ™l
0.5
-1 "
10 100 110° 110 1-10°

Figure 10.14 Phase response of the CCF-lo gain stage
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10.6 High-Z CCF example with V1, V2 = E188CC/ 7308:

RS Cin

Vgl gmd

V. Gen1
v.C.g2

Figure 10.16 DC woltage arrangement of Figure 10.15 - hi version

10.6.1 Triodes bias data:

3
I,; = 1010 °A o= V,1 = 90V Vo = 90V
Vo = 350V Vg1 = —1.65V Vgp = —1.65V
VRl = |Vgl| VGen1 = Voo~ (Val i VR.cl) VGen1 = 25835V
%
R.c2.b 4
VR.e2b= VGen1 = Va2 VR.e2b= 18835V Reppy = ——— 5 Repp = 1.684x10°Q
a.

Vel.gmd ™= YGenl Volgmd= 2835V Vo= VR o bt V2

(Vcc_ VC.gZ)

Rg21 = 1~106Q
g V,
C.g2

Rgp2=Re 1

Vegr = 167V

6
Rgpy = 11x10°Q
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10.6.2. Triodes valve constants:
—3 3
Zmyl = 104:10 °-S T, 1 = 3.1-107Q

104-1073s - 31.10°0Q

g = 30107 %

Sm.v2
C

Tav2:

_
g.cl.18 Cgal.188 = 1410 %

=1l —1
Cg 2,188 = 3110 F Caar1gg = 1410 2

10.6.3 Circuit variables:

— —1
Cotray,1= 10107 F Cytray= 10107
\%
Rl
Ry = —— Ry = 165Q
Iy
RS = 1.10°Q R, = 1-10°Q
g
3
RI = 100-10°Q
6 6
Cyy = 0.1:10°°F Cout = 100-107°F
1
Cyr =

g2 =1
2.1 1 ! + !
R
PR Rgoo

10.6.4 Calculation relevant data:

frequency range f for the below shown graphs:

10.6.5 Gain G;y; (frequency independent):

Ryohi= Tav2* (1+ o) Reo

1 1 =1
w1
vl Reit Ryopi

Gecf hi.188.1° 8m.vl

15 B ! e S S— -
vl
vl RertRyopi

“Vl =32
Mo =32

—1
Cacl.188 = 1.75:10 2F

—1
Cacaigg = 175107 '

3
Ry = 221-10°Q
Ry =100 1039
iL o= :
fc.opt = 0.2Hz

—6
ng =1519x10 F

f:= 10Hz,20Hz.. 100000 Hz
h := 1000Hz

Ry pi= 5587 % 10°Q

Gecfohi.188.1= 0-97
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Rept Riop
G . = . G ; =0.97
ccf hi.188.2= Myl ccf.hi.188.2
Tani + (1+ 1) (Re1+ Ry
Geof hi.188.1.c = 20-108(Gocf hi 188.1) Gecfhi188.1.e= —0267 [dB]
Myl
Gecfhi188.00t= 75 o Geof hi. 188 rot= 0-97
Gecf hi.188.rot.e= 20108( Gt hi. 188 rot) Gecf hi188.r0t.e= —0267  [dB]
Geefhi.188.1.e~ CGccf.hi.188.rot.e= 5101 X 10 [dB]
10.6.6 Gain G;(f) (frequency dependent):
Xy2hi®) = 277 F(Cg 22 188+ Cstray.2)
1 ot 1 pl
Yoni®)=||—+2jn-fC +(1+ | ——+2jn-fC
v2.hi a.c2.188 2%) .c2.188
(fa.vz ( ) Reob &
-1 5
Zy1i® = [ (Yv2ni®) + Xy21i0)] |Zvani®| = 5.582x 10°Q
110°
£ |Zvani®)]
110
10 100 1-f103 110* 110°
[Hz]
Figure 10.17 Impedance of the high-Z constant current sink
Rep+ Zyp pil®)
cl 2.hi
G, orri 1920 = Hp- Gooppi158M)| = 0.97
‘ccf hi. 188 Myl ccf.hi.18
Tani+ (1+ m1) (Re1 + Zyo i ©) | |
Geef b, 188.¢(0 = 20-log(|Gecp i, 1830 ) Gecfni.188.dh) = ~0.269 [dB]
" o Im( Gt i 183(1)
ccf.hi.188W) =
Re(Gocr hi 1830)




Cascoded Cathode Follower (CCF)

189

»  MCD Worksheet X-2 CCF-hi calculations

Page 4

0

-0.05

-0.1

8 Gecfhi188.¢(D-0.15

0.2

-0.25

0.3

10 100 110

110°
f

[Hz]

Figure 10.18 CCF-hi gain vs. frequency

110°

10.6.7 Specific resistances and capacitances:

1

U R
-0.001
g ~0.002
& Pccfhi1gdh
y.= 0.003 [~
-0.004
-0.005
10 100 1»%03 1-10*
[Hz]

Figure 10.19 CCF-hi phase vs. frequency

110

~12
Citothi= 5723107 °F
R

R; ) gl
e ——
s 1= Gecf hi. 188.1

Ta.vl

Y

Tevl

1 -1
A S
Re1* Ryoni

1
Roclhi=|
Te.vl

C : + ! B
i.tot.hi =
[(1 - Geethi188.) Cg.c1.188 * Cstray. 1+ Cgal.188]  (Cg.a2.188 * Cstray.2)

Ry g1 pi= 3306 x 10’ Q

Iyl = 93.939Q

Ry clhi= 93.924Q
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10.6.8 Gain stage frequency and phase response:

R.o.ct.hi  Cout

R1

Rigl.hi

.

Figure 10.20 = Figure 10.4

Z1(f) = (2jm -fCin)_l Z2pi(®) = (27 £C; gor i) ]
2219

Miif) =

ihil? Rygl + 2240

[ (Rigi)™ "+ (Reg * 2200)” Tl

Nipi® = » o
Zl(0+[(Rig14h,-) + (Rgg1+22hi(f)) }
1 1 -1
210+ [ (Rogid ™+ (Rggr + 22i9) ']
Oipid = —
RS+ {— + ] }
RI1 ) T
210+ | (R g+ (Rgt + 220:0) '
Im( T; ()
Tt = Mi ) Ni 1O i PiD =2 BT )
L

T i oD = 20-1og( |T»Lhi(t)|)

73(f) = (2jm -fcom)_1

Ry Im( Ty, (D)
Toit? = Rp + Ry, o1 pit Z3(D) Potd = am‘{ Re(T, (D)

To hi.e(D = 20-log( |T0.hj(f)| )
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Ti hie(H -0.1

[dB]

-0.2
S

10 100 1100 1-10* 1-10
f
[Hz] [Hz]

Figure 10.21 Transfer of hi i/p network Figure 10.22 Phase of hi o/p network

Tiothil® = Ti pil® To i) Geerhi.188.1 0G.eerhiD = 0
Tiot.hi.e(D = 20-log( | Tyo 1] )

Otot.hilD = 030D + 00 niD + G ccf.hi®

0
-0.1

= 02

fa T (D)

hi.

=, Ttot.hi.d 03
04
0.5 "

10 100 1-1f03 110 110°
[Hz]

Figure 10.23 Frequency response of the CCF-hi gain stage

Toothia(h) = 20-0g( | Ty )] ) Tiothielh) = 0362 [4B]

1
0.5
8 o «(f) —
2 “tot.hi 0 e
g Ttothit
5, deg N\\\
0.5
- -
10 100 1-1fo3 1-10 110°
[Hz]

Figure 10.24 Phase response of the CCF-hi gain stage




Chapter 11 White Cathode Follower (WCF)

11.1 Circuit diagram

V.co

®

v.R.a1.eff

RS C.in
— !
| 1]

C.out

L

|

SN Y ] |

R;;;;f;\;;ﬂ
T

b = R.c2 bypassed with C.c2
u =R.c2 un-bypassed

<]

Figure 11.1 Basic design of the White Cathode Follower gain stage (WCF)
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11.2 Remarks and basic assumptions

The WCF’s main aim is to achieve a very much lower output resistance than that of the
CF or CCF - by keeping its gain (alike the CCF) close to 1.

The WCEF is a CCF a la Chapter 10 (V1) with a positive feedback path from V1’s plate
via V2 back into the cathode of V1, thus, creating a rather small output resistance at the
cathode of V1 - very much smaller than the output resistance of an ordinary CCF without
that feedback loop.

The V2 — V1 sequence looks like a CAS gain stage a la Chapter 6. Hence, the whole
design can also be described as a CCF with an additional CAS gain stage as feedback
loop. V2’s grid plays the input of the CAS. Cutting-off the feedback loop (eg. R,; = OR or
no Cy) will automatically lead to a CCF.

Because, in principle, the gain of the whole stage never exceeds the 0dB line the positive
feedback should not be able to force the stage into oscillation.

Equal DC operation of V1 and V2 should ensure rather symmetrical signal output voltage
into any load Ry . To avoid clipping maximal signal output voltage and current should be
based on the current delivery possibilities of the output of the gain stage! In addition, at
the grid of V2 any signal peak voltage that is bigger than the grid’s DC voltage for proper
operation of the valve will bring V2 into a cut-off state.

To enable easy calculations the following assumptions have to be taken into account:

. V1 equals V2 (ideal case: double triode)

. plate current V1 = plate current V2 Ly =1y
. plate-cathode voltage V1 = plate cathode voltage V2 (Va =Vp)
L4 gm = gm.vl = gm.v2
i Ty = Tavi =Tav2
® K = Hvi = Hv2
. bypassed version (b): R., =bypassed by C.,

. un-bypassed version (u): R, =un-bypassed
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11.3 Basic formulae for both versions (excl. and incl. stage load (R)-effect)

11.3.1

11.3.2

11.3.3

11.3.4

11.3.5

Ratetr =Rar |l Rg2
Gain Gy.gp.aL €xcl. output load (nL) (bypassed version):

H(ra +HRa1.eff)
Iy (“+2)+ Rt eff (”2 +”+1)

Gyetbal =

Gain Gyp.. incl. output load (L) (bypassed version):

M(I'a +u Ral.eff)

G =
wel-bL Ty (ra +u Ral.eff)

R, T (“+2)+Ra1.eff (“2+“+1)

Output resistance R, ;, (bypassed version):

Iy (ra + Ral.eff)

Iy (”+2)+ Raiefr (P—Z +P-+])

Rop=

Rule of thumb':

el

obrot = ‘Gcas.b.rot‘

~[ I, J[ra+Ralj
BRy U ptl]

Gain Gy.fyn €xcl. output load (nL) (un-bypassed version):

R

2 2
ut, + 1 Rapefr + (” + u) Re

Gwef.unl =
(R+2)1, +(“2 +M+1)Ral.eff +(P-2 +2P-+1) Reo

Gain Gy, incl. output load (L) (un-bypassed version):

2 2
nr, + R Ry efr + (” + P) Re

wefuL =
A B
Rp

G

' to get Geasb.ror s€€ Chapter 6

(11.1)

(11.2)

(11.3)

(11.4)

(11.5)

(11.6)

(11.7)
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A=r, l:ra T Rapeff + (FH' 1)R02]+ (PH' 1) ReoRyp eff

) 2 (11.8)
B:(“+2)ra+(” "'H‘*’l)Ral.eff"'(FL +2”+1)R02
11.3.6 Output resistance R, , (un-bypassed version):
(ra + Ral.eff ) |:ra + RCZ (H + 1)]
Rou= 3 3 (11.9)
(“+2)ra+(“ "'H‘*’l)Ral‘eff+(Fl +2”+])Rc2
Rule of thumb: n.a.
11.3.7 Specific resistances and capacitances’:
11.3.7.1 Both versions - input resistance R; & impedance Z;(f), input & output
capacitance Cj, & Coy, grid 2 capacitance Cy):
Ri=R1|[Rg 1 [[Rgi 2 (11.10)
Zi(H)=R; |G (11.11)
1
Cip = (11.12)
2TCfc.opt (Rgl | RgZ)
Cout = ! (11.13)
out ~ 5 _~ p .
2nfc.0ptRL
CyH = ! (11.14)
e e—— .
8 2nf, opiR g2
fc.opt =0.2Hz (11.15)
11.3.7.2 version (b) only - cathode capacitance C,:
Cor= ! (11.16)
c2~ .
2nfc.opt (rc2 I RcZ)
R +2
I, = al.eff Ta (11.17)

p+1

2 For C; see previous Chapters
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11.4 Derivations

g.m.*v.g2.c2

ig1 g.m*v.gicl
T ra valcl ra v.a2.c2
v.gl.ci rg v.g2.c2 rg
i5 6 i.g2 i3 i.2
! . . -
el

v.R.c2
Ral.eff v.R.at.eff

7 tb)/V T" ‘\M

vi | Rgl

RL | v.o

(b) = bypassed cathode resistor
(u) = un-bypassed cathade resistor

[

Figure 11.2 Equivalent circuit of Figure 11.1

114.1 Bypassed version:

11.4.1.1 Gains Gy (output loaded with Ry or non-loaded):

Vo
Gyetb=—"
Vi

sum of currents at the top node:
i0:i1 +i2 +i3 —i5 —i6
set i, =0
I
> =——=15t+1g—1p —13
Rp

hence,

Va2.c2

Vo _ Val.cl
=8mVglcl t “8mVg2ec2 ~
L T
_ 2V0 + VR.aleff

gm (Vi_Vo) r
a

a

Vo T VRal.eff
+8mRaieff [gm (vi _V)O - N e

a

(11.18)

(11.19)

(11.20)
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with:

Va2.c2=Vo
Vg2.c2 =~ VR.aleff (11.21)
Valel =Vi = Vo

Val.cl == Vo ~ VR.al.eff

and:

VR.al.eff :i7 Rateff
=(is +i6) R cff (11.22)

— Val.cl
=Ry etr (gmvgl.cl + .

a

we’ll get:

pvi—(p+1)v
VR.al.eff = Ral eff — (11.23)
Iy + Ry eff

and - after a lot of rearrangements - we’ll get the gain Gy.fp 1 that includes the
output load Ry:

P-(ra + HRal.eff)

Gwef.bL = (11.24)
v Iy (ra + Ral.eff) 2 R 2 1
R7+ra(“+ )+ al.eff |H +tu+
L
and - with Rp — o the gain Gy.gypqr for the non-loaded output becomes:
r, +uR
Gref bl = H( a TU al.eff) (11.25)

L (H+2) + Ry eff (“2 +u+ 1)

11.4.1.2 Output resistance R, :

At the gain Gyerp L = 0.5%Gyernar the output resistance R, ), equals the load
resistance Ry. Hence,

0.5Gwef bl =Gwef.b.L
P«(ra +u Ral.eff)

Iy (ra + Ral.eff) +
Ro.b

I (”+2)+Ral.eff (“2 +“+1) (11.26)
0.5=

H(ra +“Ral.eff)
I (H+2)+Ra1.eff (Mz +H+1)
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rearrangement leads to R,

Iy (ra + Ral.eff)

Rop=
. 2
I (}J- + 2) + Ryl eff (“ tu+ 1)
11.4.2 Un-bypassed version:
11.4.1.1 Gains Gy, (output loaded with Ry or non-loaded):
v
Gyefu = -
Vi

sum of currents at the top node:
iozil +i2 +i3 —iS _i6
set i, =0

= 11:—;0 =is+ig iy — i3

L
hence,
\% A\ \%
o _ al.cl a2.c2
=8mVglcl t ~8mVg2.c2 T
L Iy a
with:
Va2.c2=Vo = VR.c2
Vg2.c2 =7 VRaleff ~ VR.c2
Vglel=Vi— Vo
Val.cl1 =~ Vo ~ VRl eff
and:

VR.e2 =Rea (iz +13)
Vo ~ VR.aleff M
r, +Rep +'J'RC2)

VR.e2 =Reo (
VR al.eff =17 Ral eff
=(is +ig) Rt efr

- Val.cl
=Ry eff (gmvgl.cl + .
a

(11.27)

(11.28)

(11.29)

(11.30)

(11.31)

(11.32)

(11.33)
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we’ll get:
pvi —(p+1)v
VR.al.eff =Rl eff —————— (11.34)
L+ Ral.eff

and - after a lot of rearrangements - we’ll get the gain Gyt that includes the

output load Ry:
R 24u)R
ury + R eff H(HT )R
Gyeful = (11.35)
A
—+B
[RL j
A=ty |:ra +Ry1efr + (IJ' + 1) Rc2:| + (“ + 1) ReoRypeff
) ) (11.36)
B=(n+2)r, + (M tu+t 1)Ral.eff +(P— +2P-+1) Reo
and - with Rp, — o the gain Gyeppar for the non-loaded output becomes:
2 2
ut, + Ry efr + (M + P-) Reo
GyefunL = 5 5 (11.37)
(n+2)1, +(“ Tu+t 1)Ral.eff +(P~ +2P-+1) Reo
114.1.2 Output resistance R, ,:
At the gain Gyeryr = 0.5%Gyerun the output resistance R, , equals the load
resistance R;. Hence,
0.5Gywef.unl =Cweful (11.38)
rearrangement leads to R,
r, (r, +R r, +(n+1)R
Ry, = a(a al.eff)[a (“ ) c2:' (11.39)

(n+2)r, +(p2 +p+1)Ra1_eff +(u2 +2u+1)RC2
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11.5 Gain stage frequency and phase response calculations

I abstain from going through the calculation course to get the frequency and phase
response. All these calculations can be derived from the respective paragraphs of the
previous chapters.

As long as Cy, Cg, Cin and C,y are chosen of such values that do not hurt the flat
frequency and phase response in By, than, only the gain stage input frequency and phase
response calculations with V1 related input capacitances are of further interest. Because
of the rather low output resistance valve related output capacitances - other than the DC
voltage blocking C,, - won’t play a response flatness hurting role.

As could be demonstrated in the CAS gain stage chapter (6) the input capacitance
(Miller-C!) of V2 in conjunction with the output resistance of V1 won’t hurt the flat
frequency and phase response in By as well.
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11.6

WCF example with V1,2 =E188CC/ 7308

- bypassed (b) and un-bypassed (u) versions:

o

C.in

Vee

| |

Jo [

L v.R.aleff

Cout

Rg2 Re2 ‘J—_'anLmnz

S

b= R.c2 bypassed with C.o2
u = Ra2 un-bypassed

Figure 11.3 WCF example circuitry

Voo

mﬁgn

V.g1.amd

VRe2

b= R.62 bypassed with C.c2
u=R.c2 un-bypassed

Figure 11.4 DC voltage overview

11.6.1 Triodes bias and other circuitry data:

-3
I,j = 10-10 A

VR.c2= |Vg2|

Lo =Tq;

V1 = 90V
Vg1 = -1.65V
6
Ryp = 1:10°Q
6
Rypp = 1-10°Q

1

Vo = 90V

Vgp = -1.65V
3

Ry = 12:10°Q

RI:= 1.10°Q
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Ry = VR.c2 o
27, Ryy=165x10°Q
-1
11 3
Ryleff=| o T2 Ry off= 11.858x 10°Q
R Rp
0
Voo = Va1 + Vao t L1 (R + Reo) Vge =301.65% 10"V
g 0
VRa1= la1Rai VRa1=120x10"V
0
Vglgmd = Vec~ Va1~ VRa1~ |Vl Vgl.gmd= 90 10"V

Vee Vgl
Ro12 = Rgl.l'(cc\,ﬂ

Rg1n= 2.352 106Q
gl.gmd

11.6.2. Triodes valve constants:

Em = 10.4~1073S I, = 3.1~103Q W= gty gm Ty = 3224 X 100
fml = Em TR W=
&m2 = &m Ta2 =T W =u

11.6.3 Gains G ygpyand G112
_ 3
Ry = 10-10°Q

u‘(ra"' ll‘Ral.eft) _
Gwefb L= 3 Gyyef b= 968434 x 10

Ty T Rajeff
Ry,

3

2
+rp(p+2) + Ral.eff(“ + p+ 1)

M= ra-I: rp+ Ry oppt (RF 1)'R02:| +(k+ DR Ry eff

B=(pt+2)1, + (;.12+ 2u+ 1)-RC2+ (p2+ n+ 1)‘Ral.eff

2
w(ra+ WRy g + (i+ Ry _
Gyefu L= " Gyyof u L= 967845 x 10
—+B
Ry,

3

Rp = 1.1Q2,1.2Q ..100Q

“"(ra + u'Ral.eft)

Gwcf.b.[[RL) =7
Ta TRy eff

2
= + ra-(p+ 2) + Ral.eff(” + Pt 1)
iL
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2
”‘(ra"' ll‘Ral.efi) > (“ v “) Re2
Gwcf.u.L(RL) = A
—+B
S
1
09—
0.8 T
0.7
7 wcf.b.L(RL) 0.6 /=
E - 0.5
= Gwcﬁu.I_(RL) 0.4 IR
~~~~~ 0.3 {77
021
0.1
00 10 20 30 40 50 60 70 80 90 100
R
[ohm]
Figure 11.5 Gains Gy¢pp,p and Gy vs. Ry with fixed Ry o
Ry ofpi= 109,200 .. 100000 Ry = 1-10°Q
l’l'(ra"' “'Ral.eft)
Gwcf.b,I(Ral.eff) =7
Ta t TRy eff

2
R, + 1y (pt 2)+Ra1.eff(“ + p+ 1)

A(Ral.eft) = ra'l:ra"' Ralefrt (Bt 1)'R02:| +(r+ DRy Ry efp

B(Ral.eft) = (u+2) 1, + (p.2+ 2u+ 1)'Rc2+ (p.2+ n+ 1)‘Ra1.eff

2
(ra iRgy o) + (14 1 R
Gwcf.u.L(Ral.efa = A(Ral eff)
R, +F B(Ral.eﬂ)
1
0.95 L
g wcfAbAL(RalAeff) ’/// T
E—— 0.9 el
R Gwcf.u.L(Ral.eff) b=
""" 0.85
0.8
10 100 110° 1-10*
Rl eff
[ohm]

Figure 11.6 Gains Gy, and Gy o1 VS- Ry op With fixed Ry
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11.6.4 Gains G g pnp.a0d G eyt

G . ”'(ra i ”'Ral.eft) ;
wefb.nL™ G = 968.785 x 10~
rp-(u+2) + Ral.eff(uz +p+ 1) 'wef.b.nL %S
2 2
P+ 1Ry et (“ +“)‘R02 -3
Gwef.unL= Gyyof yn= 968.8004 x 10

(n+2) 1+ (p,2+ 2p+ 1)~Rcz+ (H2+ B+ 1)'Ra1.eff

Ry [ eff= 102,209 .. 100002

”'(ra w ll'Ral.efa

GuefbaLRalefr) = (2 )
(Rt 2) + Ry o\ + pt 1
2 2
B+ Ry efpt (” + P)‘Rcz
Gwcf.u.n[(Ral.eff) = ( 2 ) ( 5 )
(Rt 2) 1y + W+ 20+ 1 -Rep + AW+ pt 1Ry ofp
1
U 0 1 1 ) o B
0.95 —— =
7 GwcfAbAnL(Ral.eff)
E. 0.9
= Gwcfu.n]_(Ral.eff)
""" 0.85
0.8
10 100 110° 110%
Rai eff
[ohm]

Figure 11.7 Gains Gwcf.b.nLand Gwcf.u,nLVS' RalAeff

11.6.5 Output resistances R, and R :

R, L, -1
Leff=| % T o
Rai Ry

_ ra'(ra"' Ral.eft) 0
ob = 2 =3615x10 Q
(u+2)1, + (u + p+t I)Ral.eff Rob
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T Ryptr 0
R —-—, =3.64x10 Q
0.b.rot pRy  l+p Ro b.1ot

R, = 100Q,110Q.. 100002

Ro.b(Ral) = i 1
(h+2)1, + (u2+ u+ 1)[L W L)
Ryp Ry
f, Ryptry
Ro.b.rot(Ral) &= ”'RalA T4
100
75
T Ro.b(Ral)
£ 5 50 ¥
2 Ry ro{Ral) \ s
""" 25 SSINpy
Pt |
0
100 110° 110"
Ra1
[ohm]

Figure 11.8 Comparison between exact and rule-o-thumb R, calculation

Conclusion: for an error <10% calculation of R, ., makes sense for R ;; > lk only

(ra+ Ral.eﬁ) [ pt (et 1)'Rc2]

(n+2)y + (u2+ 2u+ 1)'Rc2+ (”2+ et 1)'Ral~eff

Rou=

0
Ry, = 9.872x 10°Q

Ry eff = 109,209 .. 100000

ra‘(ra"' Ral.etﬁ
Ro.b(Ral.eff) = ( > )
(H+2) 1y +\+ p+ 1Ry op
Tt Ryjeff)| Tat (Wt DR
L p— LT 2

(n+2) 1, + (u2+ 2p+ 1)~Rc2+ (H2+ [ 1)‘Ra1‘eff
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100

N
T
o
10 100 1.10° 110
Ral eff
[ohm}

Figure 11.9 R, andR  vs. R o

11.6.6 Specific resistances and capacitances:

Ry = 12-10°Q
-1
1 1
Raleff=| 5+ %
Ra1 RgZ
1 1 i\ 3
R=| =+ o R; = 412332 x 10°Q
Rl Rgjp Rgpp
fy opt = 0.2Hz
| _
Cip = = Cip = 1134 % 10 Op

3
Ry = 10-10"Q
! C.. =79577x 10 °F
out out = 7
2w 'fc.opt'RL
1 —9
Cop = Cgp=T795775x10 "F
2w ‘fc.opt'RgZ
Ralefft 2T
rp = 2 1y = 543252 x 10°Q
p+ 1
1
Ceo=

-1 =3
1 1 Cop=6288x10 F
Z‘W‘fc. t'(_ a _J C
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11.6.7 Voltage Vg 4 s at the grid of V2 as function of Ry,
for a specific rms input voltage v;:

3
R, | offi= 10-10°Q Ry = 10€2,20Q.. 100002
0
vi= 1V Vibp = YiV2 Vipp = 1414x10°V
Viup = Vibp

Vob.p(RL) = Vibp Gwerb.L(RL)
Vo.u‘p(RL) = Vi.u.p‘Gwcf.u.L(RL) VR.al.eff= Raleff ra+ Ry off
Vi bp = Vobp(Re) (1 + 1)

I+ Ral.eff

Vb.R.al.eff.p(RL) = Ryleff

WViup~— Vo.u.p(RL) (1+w

Vu.R.al.eff.p(RL) = Ryl eff

Tt Raleff
4
3.5
S VbRaleft.pRL) 2.5 -
q T 2 =3
& Vu.R.a14eff4p(RL) 1.5 =
,,,,, 1 N
0.5 F RN
10 100 110° 110
Ry,
[ohm]

Figure 11.10 V2 grid peak AC voltage vs. Ry

Conclusions for 90% [V, |: (b) version: Ry , should be >190R
(u) version: R;  should be >430R

11.6.8 output current check (should be < app. 90% of1;):

Ry p = 190Q Ry = 430Q
. Vob.p(RLb) . L,
outbp= " o iout bp = 691510 ~A
p Ry 1, P
v, R
. L. _
lout.u.p = M iout,u.p = 3:052 % 10 3A

Rpy

= v (1+ 1)




Chapter 12 Triodes in Parallel Operation (PAR):

12.1 Circuit diagram

Figure 12.1 Two triodes in parallel operation
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12.2 Equivalent circuit plus resulting component and valve figures

It is obvious that the DC current conditions of two equally configured triodes (top 2/3 of
Figure 12.1) must get doubled when putting them in parallel operation a la bottom 1/3 of
Figure 12.1. Assumed that the power supply voltages do not change plate and cathode
resistors must be halved. While there is practically no grid current the grid resistor Ry,
doesn’t need to get halved. It can be set to a value that is right for the output of the
preceding stage.

I i2 i.2 i1 i1
v.g.c r.g.t rgt 4. rat v.ac
i.5 i.5 Ra Ra V.o [] RL
vi Ro| |Re \
v.Rc Re Rc hode C
i4 i4 /
©

Figure 12.2 Equivalent circuit of the parallel operation of two triodes

With Figure 12.2 and the comprehension of the derivation course of Chapter 1 the
following formulae can be developed.

According to Figure 12.2 all important figures for the calculation of the parallel operation
(“,”) can be defined as:

° Tt = ra.t/ 2

o RZa = Ra/2

d Ry =R./2

® gm.Zt*VgAc = Z*gm.t*vg,c
L4 gm,Zt = 2*gm,t

L]

ot = Mt
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12.3 Basic formulae (excl. stage load (R;)-effect)

12.3.1

12.3.2

12.33

12.34

12.3.5

Gain Gy of the new triode in parallel operation

becomes in terms of g,

Ta.2t RZa
Lot + RZa + R2c (1 + gm.Ztra.2t)

Got == 8mat

becomes in terms of p:

R2a
Lot + Ry + Ry (1 + “t)

Gor=—1

thus, compared with the single triode operation the gain of the parallel
operation does not change

Grid input impedance Z; 5 ff:

Zi2g eff =Rg [1Caj 1ot

Plate output impedance Z, 5, efr:

Zo2aeff =Roq |l |:ra.2t + (1 + 1 ) R20:| I (CZO)

this is 1/2 of the respective figure of the single triode gain stage

Cathode output resistance R, 5:

RZa T Lot

Rooe =Ry || 1+n
t

this is 1/2 of the respective figure of the single triode gain stage

Total input capacitance Cy; o and output capacitance Cao gor:

with plate-cathode capacitance C, 1,
with grid-cathode capacitance C, 1 for one triode
with grid-plate capacitance Cg, 1 for one triode

with a guessed stray capacitance Cyay.i¢ for 1 triode

(12.1)

(12.2)

(12.3)

(12.4)

(12.5)

with grid input Miller capacitance effect [(1+G;{)*Cg..1¢] for one triode
with plate output Miller capacitance effect [C,c.1¢||Cga1¢] for one triode

the total input capacitance for two paralleled triodes becomes two times the total

input capacitance for one triode:
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Coitot =2 [(1 + ‘GZt ‘) Cg.a.lt + Cg.c.lt + Cstray.lt:| (12.6)

the respective output capacitance C,, becomes

Caotot =2Co =2 (Ca.c.lt + Cg.a.lt) (12.7)

12.3.6 Bypassing the cathode resistor with a capacitor means that in the above given
equations the term Ry, has to be set to zero. The capacitor should be of a size' that
does not hurt a flat frequency and phase response in By.

12.4 n triodes in parallel operation

12.4.1 According to Figure 12.2 all important figures for the calculation of the

(1381}

parallel operation (“,”) can be defined as:

b Tant = ra.t/n
. R =R,/n
. Rie =R./n
b gm.nt*vg.c = n*gm.t*vg,c
L4 gm.nt = n*gm.l
L T =

12.4.2 The gain Gy, of the new triode in parallel operation

becomes in terms of g,
Lot R
Gt == Zmant S (12.8)

Lunt T Rna + Rnc (1 + gm.ntra.nt)
becomes in terms of p:

Ria (12.9)

Lt T Rpa + Ry (1 + P-t)

G =—1

thus, compared with the single triode operation the gain of the parallel operation
does not change

12.4.3 Grid input impedance Z; ng ef:

Zi.ng.eff :Rg I Ci.tot (12.10)

! see Chapter 2
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12.4.4 Plate output impedance Z, , eff:
Zonaeff =Rnpa |l [ra.nt + (1 + U ) Rnc] I Cno (12.11)
this is 1/n of the respective figure of the single triode gain stage
12.4.5 Cathode output resistance R, p:
R,, +1
R e =Ry || —22—200 (12.12)
' L+
this is 1/n of the respective figure of the single triode gain stage
12.4.6 Total input capacitance C,; and output capacitance Cp o
Chitot =1 |:(1 + ‘Gnt D Cg.a.lt + Cg.c.lt + Cstray.lt:' (12.13)
Cho.tot =1 Cy =n(Ca.c.lt +Cg.a‘1t) (12.14)
12.4.7 Bypassing the cathode resistor with a capacitor means that in the above given

equations the term Ry, has to be set to zero. The capacitor should be of a size” that

does not hurt a flat frequency and phase response in Byg.

? see Chapter 2
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12.5 Advantages of the parallel operation of n triodes

. in case of a CF configuration: decreasing output impedance:
multiplication with factor 1/n

. in case of a typical gain stage: deacreasing noise voltage:
multiplication with factor (1/Vn)

12.6 Disadvantages of the parallel operation of n triodes

. growing current consumption (n times)
. total input capacitance C,; . grows with factor n
. total output capacitance C,, ot grows with factor n

12.7 Gain stage frequency and phase response calculations

. In consideration of the number of triodes in parallel operation all these calculations
can be derived from the respective paragraphs of the previous chapters”.

see also Chapter 15 “Design Example”



Chapter 13 Balanced (Differential) Gain Stage (BAL)

13.1 Circuit diagram

V.ce
R.al R.a2 R.L1
,(;)1 C.out.1
o--
v.0.b T
O
(+) 02 cout2
Cind i1 (+)
1 RL2
| e
vol |vo2
RS wid
w.ib
v.0
C.in.2
I— - o
i2 grnd
)
P
grnd

Figure 13.1 Two triodes configured as a balanced (differential) gain stage
for AC signal amplification purposes
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13.2 Basic assumptions

To ensure correct work of a differential gain stage the following assumption have

to be made:
R,=R, =R
Ra_Ral _Ra2 (13.1)
g =gl T g2
V1=V2=double triode
Mt =H1=H2 (13.2)
gm.t =8m.1 =8m.2
Lt=lhl1=h2
=Ly +1lp=I +1p (13.3)

DC current I keeps constant in any case of changing input voltages, that means
that a change of v;; creates a certain change of I,;, thus, creating exactly the same
amount of current change of 1,, with the opposite polarity. Therefore, in the
equivalent circuit environment Genl works as short circuit between cathode and
the ground level of the circuitry. Hence, as of Figure 13.2 V1 and V2 can be
treated as two CCS gain stages with grounded cathodes, each amplifying half of
the differential input voltage.

13.3 Amplification variants

With the generic gain stage of Figure 13.1 and the phase polarization of the in- and
output voltages as indicated the respective gains Gy, and the following
amplification variants can be chosen:

13.3.1 Gain for balanced (b) input via i.1 and i.2 — balanced output via 0.1 and 0.2:
\%
G =—20 (13.4)
Vib
Gbb == 8mt (ra.t ”Ra) (13.5)
13.3.2 Gain for balanced input via i.1 and i.2 — unbalanced (u) output via 0.1 or 0.2:
13.3.2.1 with 180° phase shift via output 0.1 only:
Vol 1
Gp.uol = = _Egm.t (ra.t [ Ra) (13.6)

i.b
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13.3.2.2 without phase shift via output 0.2 only:

Vo2 1
Gpuo2 ==25= ~8mi (ra.t [ Ra) (13.7)
Vip 2
13.33 Gain for unbalanced input via input i.1 and input i.2 grounded — balanced output
via 0.1 and 0.2:
Vo.b
Guitb =—>>==28m (fas | Ra) (13.8)
Vil
13.3.4 Gain for unbalanced input via input i.2 and input i.1 grounded — balanced output
via 0.1 and 0.2:
Vo.b
Guizh=—22=28m (fa¢ [Ry) (13.9)
Vi2
13.3.5 Gain for unbalanced input via i.1 and input 1.2 grounded — unbalanced output via
0.1 only:
Vo.1
Guil.uwol = == gm.t (Tt | Ra) (13.10)
Vil
13.3.6 Gain for unbalanced input via i.1 and input 1.2 grounded — unbalanced output via
0.2 only:
Vo2
Guiluo2= 0= = gm.t (ra.t [ Ra) (13.11)
Vil
13.3.7 Gain for unbalanced input via i.2 and input i.1 grounded — unbalanced output via
0.2 only:
Vo2
Guizuo2 = =—8m.t (ra‘t I Ra) (13.12)
Vi2
13.3.8 Gain for unbalanced input via i.2 and input i.1 grounded — unbalanced output via
0.1 only:
Vo.l
Guizuol = v = Em.t (ra.t I Ra) (13.13)

i.2
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134 Derivations

Figure 13.2 Simplified equivalent circuits for each part
of the differential (balanced) input voltage v;, of Figure 13.1

Differential gain Gy, for a differential input voltage v;,:

Vob

Vib

Gpp=

gain G,; of V1 and gain G,, of V2:

Vib=Vil ~Vi2

Via == Vi
Vol
GVl -
Vib
v
Gyy = 02
Vib
1 R
Ge=Gu=-Gn="TK ﬁ
a a

1
Gy =_Egm.t (ra.t [ Ra)

thus, Gy, becomes:
Vo.1==G¢ Vip
Vo2 =Gt Vip

Vo.b=Vo.l = Vo2

(13.14)

(13.15)

(13.16)

(13.17)

(13.18)

(13.19)



Balanced (Differential) Gain Stage (BAL) 219

v
= Gpp=-22=-2G =—gp (r | R,) (13.20)

Vib

All other gain expressions are included in the above given equations.

13.5 Impedances
13.5.1 Balanced input impedance Z;}, between i.1 and i.2 (C; includes Miller-C of each
triode):
Zin=(2R)11(05C)) (13.21)
Ci=Civi=Civ2 :(] +Gy ) Cg.a + Cg.c + Cstray (13.22)
13.5.2 Unbalanced input impedance Z;, between i.1 or i.2 and ground
Ziw=Rg IIC (13.23)
13.5.3 Balanced output impedance Z,;, between 0.1 and 0.2:
Zon=[2(r, IR,)]11(0.5C,) (13.24)
Co=Cac (13.25)
13.5.4 Unbalanced output impedance Z,, between 0.1 or 0.2 and ground:
Zouw=(r IRy)IICo (13.26)
13.6 Common mode gain G, for a common mode input voltage v; .om

Common mode means that with reference to the ground level of the circuitry the
input voltages at il and i2 are totally equal concerning phase, frequency and
amplitude. The respective equivalent circuit looks as follows:

i.1resp.i2 0.1resp.0.2
o
v.g.e Rg l rat Ra
v.i.1.com gmtv.gc v.0.1.com
TE.SD‘ resp.
v.i.2.com v.0.2.com

o L . O

Figure 13.3 Equivalent circuit for the common mode
input voltage situation of V1 and V2 respectively
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Vicom = Vi.l.com T Vi2.com (13.27)

The common mode gain G1, becomes the gain of a CCS gain stage with a
cathode resistance of 2 times the internal resistance of the current generator Genl
of Figure 13.1 (see Figure 13.4):

1 R
Glcom — Vo.l.com =——p

Vi.com 2

a 13.28
g+ Ry +(1+p) 21, ( )

G2¢om =Gleom (13.29)
= Geom =Gleom + G2¢om
R
G = a 13.30
com = Ht o+ Ry +(1+p)2r, (13:30)
rule of thumb for Geom:

R
Gcom:_zia (13.31)

T,

C

The derivation of the cathode resistance 2*r, via equivalent circuit modelling looks
as follows:

f l.c1+l.c2

l.el+l.c2

Gent e Gent.1 e + Gen1.2 e
l.c lel l.c2

1)

|

Figure 13.4 Derivation of the term “2*r.”
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13.7 CMRR - Common mode rejection ratio
13.7.1 Derivation:
G
CMRR =—2bb_ (13.32)
com
with equations (13.20) and (13.30) CMRR becomes:
2 2
CMRR =1+— "¢ 4y, — ¢ (13.33)
Lt Ra Lt t Ra
CMRR, =20log(CMRR) (13.34)
Rule of thumb:
since
2 2
B >s T uuy (13.35)
Lt Tt Ra Lt t Ra
and
Lt=R, (13.36)
CMRR approximately becomes (without big error):
2
CMRR o = ——— (13.37)
Lt +Ry
CMRR o =g ¢ Tc (13.38)
CMRR ;¢ . =2010g (CMRR ) (13.39)

13.7.2 Sources of friction:

In theory - with an excellent current generator at the cathode - CMRR should

become rather high margins. To achieve this the following facts are the real
challenging ones:

difference in the plate resistances R,; and Ry,

rather low value of the current generator’s internal resistance r.
rather low value of g,

not perfectly matched valve gain

differences in the valve capacitances
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Low frequency (< 1kHz) gain differences of V1 vs. V2 can be balanced by the
inclusion of P1 as shown in the following Figure 13.5 - or by its alternative

around P2:
@
P1 alternative s
-P2
(R.a1)/2 (R.a2)i2 R.a1 R.a2
0.1
- o ()
P2 = (R.a1+R.a2)/2 lal  la2y 1
v.0.b
o (4
0.2
v.0.1 | v.0.2
|
o
grnd
V.ee

Figure 13.5 Improvements of Figure 13.1 to get
equal gains of V1 and V2

A disadvantage of the Figure 13.5 P1 approach is the fact that the mutual
conductance g, got reduced to a lower sized g, 4, thus, changing r,, as well,
hence, with a constant p, the respective figures for V1 will become:

gm.1
= °Sml 13.40
gm.1.red 1+g, Ry ( )
Ty lred =— b (13.41)
gm.1.red

V2 has to be treated the same way! Depending on the size of R.; and R, (should be
as small as possible) the result will be a smaller gain of the stage. P2 doesn’t
produce these problems.

In any case, to sum up the CMRR story: because of the many unbalanced
components / active device values in a balanced valve gain stage it’s a rather heavy
task to exactly calculate CMRR.
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13.7.3

13.7.4

One additional question keeps open:

Despite the gain reduction by a reduced g,,: how to increase the gain of a
differential gain stage?

Answer: Replacement of the plate resistors R, ; and R, by an active approach with
valves that are configured as current generators, eg. like the top valves in the p-
Follower circuitry or as gain producing top devices like the ones in the cascoded
gain stage will lead to higher gains and - in case of the p-Follower only - to lower
output impedances. The gain and impedance calculation courses are described in
the respective chapters.

Taking into account the tiny gain reduction of the top section of a SRPP gain stage
this would also work to produce lower output impedances - but with a bit less
potential of overall gain increase.

It must be pointed out that, because of the inclusion of a cathode resistance, in any
gain calculation V1 and V2 must be treated like CCS gain stages, thus Gy req
becomes:

lg red Ta.l.red Ra
m.1.re
2 Lilred TRy +(1+“t)Rcl
Gp.bred =~ (13.42)
+l gm.2.red (W) Ra
m..2.re
2 Liored tRa+ (1 + K¢ ) Re
Rule of thumb:
With
R, =R
el = ez (13.43)
I3 1.red =la.2.red =la.t.red
Gy brea becomes the following rule of thumb:
Iy tredR
G b.red.rot =~ &m.t.red T (13.44)

a+Ry +(1+p)0.5xP1

Ta.tre
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13.8 Example with V1, V2= E188CC/ 7308 (188) and a gain of app. 10 (20dB):

V.ot

Figure 13.6 BAL gain stage example circuitry

13.8.1 Triode bias data:

-3
1=l =510 "A Va1 = 90V Va2 = 90V

Ve = 103V Voo = —15V Vgy = 21V Vg = 21V

It is assumed that the design of the current generator Gen.1 is based on solid state
components

13.8.2 Triode valve constants:

g 188 = 7.0 1ygg = 308 I, 188 = 4410°Q

— 1 —1 —1
Ce.1.1887= 3110 % Cga 1188 1410 % Coeligg = 175107 F
Cgc.2.188= Cgc.1.188 Cga.2.188= Cga1.188 Cac.2.188 = Cac.1.188

13.8.3 Circuit variables:

Ry = 22110°0 Ryp = Ry Ry = Ry

Ry = 1-10°0 Ry = Ry) Ry = Ry

Ryg = 0.1:10°0 Rygr = Rgl Ryg = Rygl

Rg = 1:10°Q Ry | = 0475-10°Q Rp, =Ry
Cstray. 1,188 = 10107 7 Cin1 = 110~ % Cominil = 110~ %

Cstray.2.188 = Cstray. 1188 Cin.2 = Cin.1 Cout.2 = Cout. 1
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13.8.4 Calculation relevant data:

frequency range f for the below shown graphs: f:= 10Hz,20Hz.. 20000 Hz
h = 1000-Hz

13.8.5 Gain variants:

=il
1 1 0
Gp.b = ~8m.188] = Gy pp = ~10298 % 10
188 Ra
0
G.b,c = 20-log( |Gy | ) Gp pe = 20255 10 [dB]
1 oY 0
Gp.u.ol = =5 8m.188’ +— Gp .ol = —5-149% 10
2 2188 Ra
0
Gh.uol.c = 20-bg( |Gy 01 ) G ol e = 1423410 [dB]
- _ 0
Gpuo2 = ~Cbuol Gpy o2 = 5149 % 10
' A 9
Guil.b ™= 2'8m.188’ i Cnjilfp = =205 % 10
2188 Ra
0
Gui2b = ~Cuilb Gy pp=20595% 10
, 1! 0
Gu.il.u.ol = ~Em.188" + Gy il wol = 10298 x 10
2188 Ra
- _ 0
Gu.il.wo2 = ~Suilu.ol Gy.il.u.oz = 10298 x 10
1 1! 0
Gui2.u.02 = ~8m. 188" + Gy ipuop = ~10298 % 10
T2.188  Ra
0
Gui2.uol = ~Cui2.u.o2 Gy puol = 10298 x 10

variation of R , | will lead to the desired gain G, ,, e.g a gain of 10 requires R, | =R, ,=2k11535




226 How to Gain Gain

»  MCD Worksheet XIII BAL calculations Page 3

13.8.6 Specific impedances:

-1
1 1 1
G, = — ! =
t Em.188
2 (‘a.lss Ra]

Ci=(1+Gy)Cga 1188+ Cgc.1.188* Cstray.1.188

=1
[ =i
Zip(® = [Hg +2jm 'f'0~5'Ci] Z (= (Ri +2jm -f-Cij
g

2.51¢°

2:1¢°
g@a(ﬂhsqoﬁ
5 |ziu®] 1a6°

510°

10 100 110 116" 110
£
[Hz]

Figure 13.7 Input impedances

-1 -1
1 1 1 1
C,=C R, = = R = =
(] a.c.1.188 o.a.1 0.2.2
(%.188 Ralj [ra.188 RaZJ

=1
+2jm 'foA5<coj Zyyh) = | —————— + 4 £C,

1
Zy(0 = [ﬁ

0.a.2

o.a.1 R

10 100 1106 110" 110
f
[Hz]

Figure 13.8 Output impedances
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13.8.7 Gain stage frequency and phase response for the balanced input and balanced
ouput case only:

Figure 13.9 Balanced gain stage with all relevant components

Cin1  Cin2 Rog! R.gg2 Roal Roa2 Cout1 Cout2

Figure 13.10 Simplified equivalent circuit of Figure 13.9

g — —
Tiph = — Ci1=6 Cip =G
v0

Z1(f) = Z2(f) =

-1 -1
1 1
djmef| L L 2om | — + —
Cin1 Cin2 Ci1 Ci2
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1 1 -l
72(9)- +
Ry +Ryy  Rygy + Ry + Z2(D
Tip( =
1
Z2(f) + R R,){ Rg+ Z1
(2209 + Rggy + ggz){ s+ (f)+[Rg1+Rg2 1+Rg2+Z2(f) }
Im
Ti pe (D = 20-log(| Ty (D)) 0;p(D = ata Re
0 2
-0.025 _
_ 8 .
B T pe(D-0.05 g 2ix®
= ﬁ deg 0
-0.075 -
0.1 -1
10 100 1}03 110* 1.10° 10 100 1-1f03 110* 110
[Hz] [Hz]
Figure 13.11 Transfer of input network Figure 13.12 Phase of input network
=il 1
Yo 1 1 1 1
Top® = — Ry offi= (— + —j Ry eff= (— + J
¢ Va ¢ Rpp Ry ¢ Ry Rpeff,

0
G p,off = —10.234 % 10

G . Lo, !
b.b.eff = ~Em.188’
Ry ef

Ta.188 .eff,
Co.1=Cac.1.188 Co2=Cac2188
1 1
73(f) = - ZA(f) = —
1 1 1 1
2| — + —— 2j-m-f +
C0.1 Co.2 Cout.l Cout.2
AR SR I
Z3() 74+ RLl + RL2 RLl + RLZ
Tob(f) =

1

N N 1 =1 Ry |+ Ry o+ Z4(f)
+ +|—
o.a.1 0.a.2 73(f)  z4h + R+ R

Im(T,, 1,(9)
Tob.e(D = 20-0g( | To () 000 = m{R(T—b(t))J
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0

-0.025 |+ _

) g

3 To.b.e(f) -0.05 g

= L
-0.075
0.1
10 100 1:10° 1-10* 110° 10 100 1:16° 1-10* 110°
f £
[Hz] [Hz]

Figure 13.13 Transfer of output network Figure 13.14 Phase of output network
Grot.b.b(D = Tip(D To b(D Cp b, eff Giotbb.e(D = 20og(|Gror b5 (D] )
9G.b.b(h = ~180deg Otot.b.bD = 05 b + 06 p(D + 06 b b

205
204
- 203
8, Geot.b.b.dD
202
20.1
20 i
10 100 1-10° 110" 110 Figure 13.15 Frequency
f response of the whole gain
[Hz] stage
-175
_ -177.5
8
f) |
g P tot.b.b 180
3, deg
-182.5
-185 "
L0 e 1'}03 g 110’ Figure 13.16 Phase response
[Hz] of the whole gain stage
0 (20H2)
Gotbb o202 = 20168 x 10°  [dB] 7t°t'b('ib = ~178.588 x 10
.bb. =
3
0 (10 Hz)
Giot.bb e( 107 = 2017 10" [dB] 7“”""2 = 179974 x 10°
bb. -
3
o (20~10 Hz)

Giotbp.el2010°H2 = 2017 10° [4B] 7mb'bd = ~180.049 x 10

bb. =
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13.9 CMRR:

In a first example calculation it is assumed that the current generator Gen.1 is built-up by solid
state active components, thus, the value of its internal resistance r.; can be expected in the
region of app. 1 - 2 MQ.

A second example calculation uses a valve driven current generator with a much lower valued
internal resistance of r, in the region of app. 150 kQ. To enable the inclusion of this kind of
solution the supply voltages have to be adapted: either very much higher V. or a rather high

Ve

6 Ry
o] = 1RO Geom = ~H188

; 1188+ Ry + (1+ mygg) 21
o 9= 150-10 Q

R, com includes the frequency dependent effects of the whole output network:

=1

1
Ra.comD) = Ea W
Rp1+Rpp+

-1
1 1
2 -f + j

out.1 Cout.2

Ra.com(t)
T 188 * Ra com(® + (1 + Higg) 21 |

Geom.eff.16) = —H 88

R'd.C()m(t)
Ta.188 * Ra.com(® * (1 + Higs) 21c 2

Geom.eff.20) = —hy g8

G G ) G (G]
CMRR = —2° CMRR; (f) = __totbb CMRRy(f) = __totbb7
‘com Gcom.eff.ff) Gcom.eff.if)
CMRRy (f) = 20-10g(CMRR1(t)) CMRR, (f) = 20-1og(CMRR2(f))
90
80
_ |CMRRy (B
Ry 70
= |CMRR2_e(t)|
----- 60 0 A Figure 13.17 CMRR of the
balanced gain stage with two
50 different types of current
10 100 1-1f03 110° 110 generators

[Hz]
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Chapter 14 Feedback (FB)

14.1 On Feedback: a very short story by simple means

Usually, any system with input and output, whether it’s technological or biological, reacts
to signals that are arriving at the system’s input sensors. The system’s reaction shown at
its output is based on these signals that are summed up with other system input signals
generated by the system itself. To change the system output signal in a specific way a
portion of the output signal can be fed back to the input and got summed up with all the
other input signals, thus, influencing the input signals in a way that the whole system
produces a corrected or controlled new output signal. This is a typical feedback controlled
system.

In other words: no feedback means no controlled system inherent influence over the input /
output signals, feedback means influence! Whereas technological systems in nearly

100% of the cases' react in a definite mathematical / physical manner on feedback -
human beings or nations or any other group of people sometimes don’t*.

Two different types of feedback are used in electronic circuits: positive or negative
feedback or both together. Positive means that a fraction of the output signal got summed
up with the input signal without 180° phase change of the respective fraction of the
output signal. Negative means that a 180° phase changed fraction of the output signal got
summed up with the input signal.

Compared with an output signal without feedback positive feedback will lead to an
increase of the output signal - sometimes up to a controlled or wild oscillation. Basically,
negative feedback will lead to a decreased output signal. Very positive effects of negative
feedback will occur as well, like eg. predictable performance and accuracy of a gain
stage, decrease of its distortion, linearization of the frequency and phase response,
compensation of temperature and component ageing effects, etc..

To precisely control gain the following paragraphs will deal with negative feedback only.

1

Are there exceptions? maybe Schrodingers cat problem? Or any other phenomena of
quantum physics?
Worth reading: Stanislaw Lem’s “Fiasco”, ISBN 0-15-630630-1
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14.2

14.2.1

Electronic model of negative feedback

We’ve seen in Chapters 1 and 2 that the same basic circuit around one valve will
drastically change its transfer characteristic when inserting only one capacitance at the
right place: C, parallel to R.. Besides a lot of other positive and negative effects this
measure cuts off the feedback path via R, and it increases the gain of the stage in the
CCS+Cc case. How does this work? The following op-amp based Figure 14.1 explains
the whole correlations between input and output of a feedback controlled system. It will
lead to the basic feedback factor  and the basic equation for the gain of a feedback
system. Absolutely equal mechanics apply to valve amp stages (see paragraph 14.3 and
MCD worksheet XIV-2). I will discuss two different cases. The first case works without
any output resistance R, of the amplifier (R, = OR), the second case offers an output
resistance R, > OR.

Figure 14.1 General feedback circuitry

Case 1: R,=0R

Assumed that the output resistance R, of the amp V1 in Figure 14.1 is zero the
derivation of the feedback equation looks as follows (G, is the open loop gain of
V1, G1 will be the gain of the Figure 14.1 gain stage after application of negative
feedback from the output of V1 to its (-)-input):

vo =G, vp

Vo=Go (Vi—vz1) (14.1)
7
71

- 142
P 7Z1+72 (142)
Yo _G1 (14.3)

i
Go (14.4)
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If G, becomes nearly infinite the feedback controlled gain G1 of the stage will
change to the well known equation for the gain of an op-amp gain stage:

Gl=1+22 (14.5)
Z1

14.2.2 Case 2: R, > 0R

Assumed that the output resistance R, of V1 is >0R, than, the above shown
equations will change the following way (G, is the open loop gain of V2, G2 will
be the gain of the Figure 14.2 gain stage after application of negative feedback
from the output of V1 to its (-)-input):

v.R.o

z2 v.Z2 v.0.R.0
"2l
I V.0
Z1 v.Z1
/ \ \
o

Figure 14.2 Feedback system with output resistance R, bigger than zero

Vo.R.0=VD Go
Vo=Vp Gy — VR

Vo =y o Ro
Ro=ToRoR 471422
(14.6)
vo=vp G 1—71{0
o= DHol TR +Z1+22
Vp=Vi—Vzi
Vlevol31
Bl 71
71+ 72 147
R, (14.7)

pr=——"0—>
R, +Z1+72
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= Vo=(vi =V, BI)G, (1-B2) (14.8)
Yo_G2
vi
Gy (1-2) (14.9)

T1+Gy BI(1-B2)

With B2 = 0 and G, = infinite the feedback controlled gain G2 of the stage
becomes:

Go=1+22 (14.10)
71

14.3 Feedback factor p1 for the CCS and CCS+Cc gain stage case
of Chapters 1 & 2°

Gain of the CCS: G1, (see equation (1.2))
Gain of the CCS+Cec: Gl, (see equation (2.2))

Thus, the feedback factor 1 becomes*:

1
Gl, 2#1{ (14.11)
1+(1+p)—=<
r, +R,
= (1+p) R =BIGl, (14.12)
r, +R,
= [31:—(1+1J R (14.13)
u R,
Rule of thumb:
With u>>1 B1,, becomes:
R
Blrot =—R*° (14.14)

a

! Details see MCD worksheet XIV-2 on the following pages

R, and R,: see Chapter 2, Figure 2.1
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14.5 Feedback with output resistance R >0R:

vo.Ro

Figure 14.4 Feedback system with output
resistance bigger than zero

Ry =R

Vo.R.0o= 'D'Go

Ry

VR o=V, T —
R.0~ Yo.R.0 R+ Z1+22
YD = Vi=Vzi

Vz1 = VO'BI

Vo = (V= Vo'B1)-Go (1~ B2)

=53
Il
8

with B2=0 and Gg = oo

1
G2 = S

Z1+ 72
=1l

R
1 ozl
— + Pl B1
GO

Vo = VD'Go — R0

Ry

v, = VG, — v, T ——
o D ™o O'R'°R0+Z1+Z2

RO
Vo= VpGo| 1 -————
o~ DTl T TR +z1+22

R,

p2=—rros
Ry +Z1+72

Vor(1+ Gy B1 - Gy B1-B2) = vi(G, - Gy-B2)

Go(1-p2)

6= 1+Gyp1(1-p2)

G2 becomes:

z2
Z1
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14.6 Example calculations:

14.6.1 R,;=0R

ZI
Gy g =2074:10°  Z1:=22110°Q 72:=230-100Q Bl =
: 71+ 72
G
ol Gl = 100.006
1+B1-Gy g

20-log(G1) = 40.001

14.6.2 R,,> OR:

14.6.2.1 Variable R, ,, fixed G, ,:

R, = 10©,20C .. 100000 Q2 G.,=G B2(R, )._%
02 T CUAC 02) TR ,+z1+22

C‘o.Z'(l - Bz(Rol))

Gz(Rol) = 1+ BIGO_Z-(I - BZ(RO.Z))
40.1
40 i
Z 2010g(G2(R, 1)) b
39.9

39.8 m

10 100 110 110" 110

Figure 14.5 Total gain G2

Ro2 :
[ohm] vs. output resistance R, ,
14.6.2.2 Fixed R, ,, variable G, .
=1.510°Q Gy = 100,200.. 100000
Ro2 0.2
GOA2~(1 = BZ(Rohz))
G2(Gy o) =
1+ [31~GOA2~(] = 52(1{0.2))
45
40 I i i
5 2010g(G2(G, 5))
35
Figure 14.6 Total gain G2
30100 ¢ 1a¢ a0 Y openloopginGo,

Go.2
[times]
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14.7 Feedback factorp1 of CCS (u) vs. CCS +Cc (b):

Ry
Gly=p—— Gly, = -
ra+Ra+(l+u)-RC r,+ Ry

N B
Gl, | MR +(+ R,

Gl R,
* L+ Ry

Gl r,+ R, —u_ 1
—_———— Gl
Glp, 1+ Ry+ Ry +Rop Y+ R
L+ Ry
Gl
Gz
RC
1+(1+p 1+ =BGl
I, + Ra I, +
R,
(I+p
at Ry
pl=— Re 1\ Re
Ra Bl=—-(1+W—=-—+1|—
— R, n R,
Lt Ry
G, Gl
S Gl, = b
1+B-G, 1+ B1-Gly,
14.7.1 Example:
3 3 3
=100 R, = 1.210°Q R, = 100-10°Q r, = 625-10°Q
R R
131;:—(1+1j4—° Bl =—1212x10 > — - 2x1073
¥ Ry Ry
Gl = —p fa Gl}, = —61.538
f+ Ry
Gl
Gly= ————— Gl, = -35249
1+B1-Gly
14.7.2 Test:
Gl = fa Gl = -35.249

MR+ (1+ )R,




Chapter 15 Design Example (EX)

Design goal:

Development of a 3 stage RIAA-equalized and a 3 stage non-
equalized pre-amp, each working alternately with overall and
local feedback

15.1 Introduction

The aim of this rather complex example is the following one:

I want to check if there are differences that can be heard or otherwise detected
between various feedback or non-feedback driven versions of two types of

pre-amps -

with equally biased valves in each version

with no change of the DC environment of each valve

with no change in overall gain at 1kHz (= 50 = +34dB) for the 4 differently
designed RIAA equalized pre-amps

with no change in overall gain at 1kHz (= 500 = +54dB) for the 4 differently
designed pre-amps with a flat frequency response producing equalization

The pre-amp versions should look as follows:

> A:

4 different pre-amps a la Figures 15.1 and 15.4 with a non-equalized (flat)
frequency response to be tested with test sequence 1 a la Figure 15.3:

4 different pre-amps a la Figures 15.1 and 15.4 with a RIAA equalized
(- = RIAA equalized) frequency response to be tested with test sequence 2 a la
Figure 15.6:

The 4 different sub-versions cc ... 0o should look as follows:

cc = overall feedback plus local feedback around each valve
co = overall feedback plus no local feedback for V2 only

oc = no overall feedback plus local feedback for V1 and V2
oo = no overall feedback plus no local feedback for V1 and V2

> as CF1 in all versions V3||V4 keep their current feedback via the cathode

> Version subscripts cc, co, oc, 00:

1* letter of the subscript indicates “overall”
2™ Jetter of the subscript indicates “local”
cmeans: closed loop

omeans:  open loop
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R9

laz la3

C5
A
co: connected
o cc: not conn,}m
o L [}R12 v.a
l RE C14 Ra [l]m
v.0 T
z2
| —
LT
Figure 15.1 Basic pre-amp design with overall feedback - including
the alternative to change V2’s gain and local feedback situation
€o: not conn.
) cc: connected
o V1 v2 V3,v4 Lo
v.0 & T T2 T.c2(f) T3(f) Ta(f) #v.o
o o
- B -

Figure 15.2 Simplified circuit diagram of Figure 15.1 including all calculation relevant
active and passive circuit blocks

wversion cc - flat - G = 500

1V rms 2mV.rms 1V.rms music out
version co - flat - G = 500 ‘

amp 2

e
]

music in S1a

R2
1k

version oc - flat - G = 500

version oo - flat - G = 500

Figure 15.3 A-versions and test sequence 1
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C4 C5

SR

RO
vi [}Rﬂ v.o
v.0 i
T— oo: CD””ECtEd—T A8 = insertion points of RIAA networks
0G: not conn.
Figure 15.4 Basic pre-amp design without overall feedback - including
the alternative to change V1’s and V2’s gain and local feedback situation
00: not conn.
oc: connected
o W1 vz V3. v4 [y
T2(f) T3(f}
v,l]* T Telth o T.c2(f) or T4 *v o
T2r(f) Tartf)
& to

Figure 15.5 Simplified circuit diagram of Figure 15.4 including all calculation relevant
active and passive circuit blocks

version ¢t - riaa - G = 50/ 1kHz

SMY.rms 250mv.rms music out
# wversion co - riaa - G = 50 [ 1kHz ¢

amp 2

MM in S1a s1b or m
C.opt
I G =50/ 1kHz

version oc - riaa -

version oo - riza - G = 50 / 1kHz

Figure 15.6 B-versions and test sequence 2
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15.2 Description of the pre-amps

The purpose of this chapter is to demonstrate the usage of this reference book by going
through the whole calculation course for the pre-amps (see MCD Worksheets XV-1 ... 3
on the following pages). The design goal will be to get pre-amps with a reasonable
frequency and phase response in B,k as well as - in the overall feed-back cases - an open
loop gain G, of approximately 1400 ... 1600, but not taking into account any feedback
nor RIAA equalization. In the non-overall feed-back cases the overall gain should be 50
in the RIAA case and 500 in the flat frequency response case.

After inclusion of a suitable Z2(f) forming resistor into the feedback path - or by
adequately changing the plate resistors - the A-version pre-amps should produce 1V
output voltage with a 2mV,,,,, input signal at 1kHz. A deviation from a flat frequency
response of max. -0.25 dB at the ends of the frequency band should be a result as well.

After inclusion of a suitable RIAA network' as Z2(f) into the feedback path or as passive
networks between V1 ... V3 the B-version pre-amps should produce 250V, output
voltage with a SmV,,, input signal at 1kHz. A deviation of max. £ 0.25 dB from the exact
RIAA transfer should be the outcome.

The basic pre-amp consists of three active gain stages V1 ... V3,4 with respective gains
G1 ... G3. The gains for V1 and V2 are set by - from version to version - different
cathode and plate component arrangements. The plate and cathode DC currents as well as
the plate and cathode DC voltages do not change throughout all versions! The DC plate
voltages are kept constant by adequate split of the plate resistors. They always sum up to
100k. That’s why the upper resistor needs an AC voltage blocking capacitance whereas
the lower one defines the gain of that valve.

At the inputs and outputs of V1 ... V3,4 we find different stage separating passive
networks. They serve for DC decoupling and valve bias setting as well as for frequency
(also passive RIAA) and phase influencing purposes. AC voltage short-cutting cathode
capacitances are also included into the calculation course (see Figures 15.2 & 15.5)
Some additional remarks on the components of the circuit diagrams:

. V1,2: ECCS83 - paired versions for stereo operation

. V3.4: ECC83 - both systems in parallel operation

. non electrolytic capacitances Ciy, C1 ... 3% could be Wima MKP types or Epcos

B32520 ... B32529° (best case); they all have to fulfil the requirements of the
rather high DC voltages. C2, C3 should be paired for both channels

for detailed calculations of RIAA networks see Chapters 8 & 9 of TSOS

for C2 = C,, C3 = C, see MCD Worksheet XV-1 on one of the following pages

for extremely low distortion types see Cyril Bateman’s articles on “Understanding Capacitors” in
Electronics World (EW) 12-1997 ... 08-1998 and “Capacitor Sounds” in EW 05 ... 11-2002
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. the electrolytic capacitances’ C4, C11, C12 could be low ESR 450V types
. C13, C14 could be 10V Panasonic FC
. C5 could be a 100V Panasonic FC

. all resistors should be metal types 1% E96 and should fulfil all kinds of specitic
power requirements; there is no need to take high price bulk foil resistors for RS,
R10: the Signal-to-Noise-ratio improvement would be max. 0.2dB only

. for MM phono pre-amps of the shown types there is no need to include C;, into the
circuitry, nevertheless I’ve done it to demonstrate its influence on frequency and
phase response

. to make things a bit more difficult

o Ididn’t take C4 and Z2 in a sequence and CS5 direct connected to the cathodes
of V3,4: the effect would be a simpler calculation approach and C4 would
become a smaller size

o I’veincluded R2 and R7 to demonstrate the influence of these resistors - quite
often used by designers to stop any kind of wild oscillation

o I’vealso included a third wild oscillation preventing resistor R13 into the
calculation course - it’s not shown in Figures 15.1 & 15.4 between plate of V2
and grids of V3,4 - but we never know ...

Test circuit for the selection of electrolytic capacitors by sound differences:
see Figure 6.5 of TSOS

plus: worth to read the debate on electrolytic capacitors inside the audio chain:
letters from Douglas Self and others in EW 04, 06, 10-1988
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15.3 MathCad (MCD) worksheets for the Design Example - given on the following pages:

> MCD Worksheet XV-1

This worksheet offers the complete calculation course for the pre-amp type (with overall
feedback) that serves for 4 different versions: two for the versions with a actively
produced flat frequency response, two for the actively RIAA equalized versions.

> MCD Worksheet XV-2

This worksheet offers the complete calculation course for the pre-amp type (with local
feedback only) that serves for 2 different versions that produce a flat frequency response.
> MCD Worksheet XV-3

This worksheet offers the complete calculation course for the pre-amp type (with local

feedback only) that serves for 2 different versions that produce a passively RIAA
equalized frequency response.
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15.4 Example calculations for a 3-stage pre-amp with flat frequency response
(versions A +A,) and a 3-stage MM phono pre-amp (versions B .+B,)

15.4.1 Circuit diagram and components:

Vect W.co2 Vool

RO

a2 a3

co: connected
cc: not conn.
] \ y
v .—l—, Riz |v0
R6  Cid RE Ri1
ol
o o
2
1
[ S—
Figure 15.7 Basic pre-amp design with overall feedback (= Fig. 15.1)
co: not conn.
¥ cc: connected
V3,v4 Lo
w0 ‘ TIH T3() T4y &v,n
o

Figure 15.8 Simplified equivalent circuit of Figure 15.7 (= Fig. 15.2)
15.4.1.1 Valve constants and data sheet figures:

V1 ...4: 1/2 ECC83-12AX7

—3
Lr=lp=Tl3=ly=1; I,=17-10 "A
Veel.ce™ Veel.co™ Vee2.ce™ Vec.co= 420V Vees = 420V
Va.l =250V Va‘2 =250V Va.3 = VCC3

=3

gmvl = &mv2 = &mv3~ &mv4 = &m gn=19-10 °S
Wyl = W2 = I3 =g =H wi= 101

3
Tavi=Tav2=Tav3=Tawd=Ta I, = 53:100Q

Cgasg3= 1610 ¥ Coogy= 033107 F Cy.c.g3 = 1.65:10 %
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15.4.1.2 Component figures:
3 3
RO:=1-100Q Rla = 523-10"Q
R2 := 100Q
R6 = 1000~103Q R7 := 100Q
R11 = 75-1039 RI2 = 47.5~1039
3 3
RS, = 100-10°Q R4, = 100-10"Q — RS
3
RS, = RS, R4, = 100-10°Q — RS,
3 3
R10,, = 100-10°Q R9,. = 100-10°Q —R10,
3 3
R10,, = 34:10 Q R9.o = 100-10 Q—RIOCO

T = 2210 % Cl = 470107 °F

Cs = 2210 °F cii = 1010~ %

=1 =1
Cytray, 1= 10-10 F Cstray.2:= 510 F

15.4.2 Gain calculations (Z1, Z2 purely resistive)

Z1:=R3
1 1)t
Rs.. | R6
cC
Glge = —p 1
1
r,+ +— +(1+pR3
a (115Cc st SR
Gl = Gl
RI10,,
G2 =
£C 1+ R10. .+ (1+ )R8
R10
G2 - p—
r, + R10,
Ta
Tav34 = 5y
RI11
G3 =

M ravaat (1+ wRII
Age = Gl G263

Agg = Glg G2, G3

R1b := 475 »1039

R3 = 1.10°Q
R8 = 1.10°Q
RI3 = 100Q

0
R4, = 0x 10°Q

0
R4, = 0x 10 Q

0
R9,. = 0x 10°Q
RO, = 66x 10°Q

co 2
6

C4:=22.10 °F

c12 = Cll

—1
Cytray.3:= 410 ¥

72 = 08-10°%Q
Gl = -37338x 10°
cc= 7. X

0
Gly, = ~37.338 x 10

0
G2y = ~39.608 x 10

0
G2, =-39471x 10

G3 = 986778 x 10>

1.459 x 103

>
]

CcC

3
Agy= 145410
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Z1 _3
Bz = —— B(Z2) = 1.248x 10
A 72) = L 0
ceto@D =700 Aee Agctol(Z2) = 517.148 x 10
A 72) = L 0
cotot(Z2) = T B2 Ay, Acotot(Zd) = 516,514 x 10

722, = 100-1039 ,110-1039 . 1069

Acciot.c(zzv) & ZO‘IOg(Acc.tot(sz)) Aco.tot.e(sz) & 20‘10g(Ac0.t0t(sz))

0 210° 410° 6-10° 8-10° 116
72,
[ohm]

Figure 15.9 Plots of gains vs. Z2 of both pre-amps

15.4.3 Network calculations f:= 10Hz,20Hz.. 20000 Hz
fopt = 0.2Hz
15.4.3.1 T1:
Cilec.tot = (1 i |Glcc| ) Cga.83% Cgc.837 Cstray. 1 Z1 (9 = m
Ci1coror= 72991 x 107 F 22 o) = ———
2j -G ce ot
Ci1co.tot = Cilce.tot

RO

Figure 15.10 T1(f) network
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( 721 oo(h —1
TI(h) = 2! M, () = — S (L+¥j = 47113%10°Q
vo(D R2+ 72| (D Rla RIb
1 1 -l
[ﬁ "R+ 72, (t)]
Ncc(f) - .CC =
1 1
Z1 (D + [— + 7j
Rlb  R2+22; (D
L 1 B
Rla | q ) =1
2O+ |t —————
RIb  R2+72; . .(f)
Occ® = - -

Rla

1
R0+{

Tlee(D = Meo(D-Ne (9O ()
Tlyo() = Tleo(h

Tlge o) = 20-log( | Tlec(D)])

0
-0.1

0.2 5
D A
LT T

0.5 .
10 100 1-1f03 1-10* 110
[Hz]

E Tlec.e(D

Figure 15.11 Transfers of T1(f)

|:Zl“f)+( L L

PO —
RIb  R2+7Z2; (D

il

Im( Tl (D)
Re(Tl.(f)

ol (D) = a‘ran[ ]

0.5

01,o(D
deg

[degrees]

0.5

y L
10 100 110 1-10* 110
£

[Hz]

Figure 15.12 Phases of T1(f)
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15.4.3.2 T2:
R o] " 3
o.a.1.cc ™ RS, 1+ (1+ PR3 Ry 1.cc = 60.784x10"Q
I PR S ;
Roal.co ™= RS, 5+ (1+ pR3 Ry a1 co= 60.784x10°Q

Co.l.cc.tot = Cga83* Cac.83

—12
Co.lcctot = 1:93 %10 °F

Co.l.cotot = Cga.83t Cac.83

Cizce.tot = (1 i |Gzcc| )‘Cg.a. 83 Cstray.2t Cgc.83

—12
Ciocctot= 71.623%x10 °F

Ci2co.tot = (1 i |G2co| ) ‘Cg.a‘83 i Cstray.Z+ Cg.c.83

Pz ~12
Co lootor = 1:93% 107 °F Cincotor=71404x 10" °F
Z1 (f) = !
2. =
“ 2J'ﬂ:'f'co.l.cc.tot ZZZ(f) =—
2jm-£Cl .
Z3) e ==
Zl o () = ! 2 -£C 5 e tot
Bt 2j 7 £Cy 1 co.tot
1
73, () =
2.co X
2jm£Ci ) co.tot
Ro.a.1 c1 R7
T | .
L 220 l
C.o.1.tot C.i.2.tot
viz  vzi2 RE v.RE vo2
Tm '|'Z3_2
| - T

Figure 15.13 T2(f) network

1

o
Z1,(f)

vz1.2(0 = vi (D

1 Y
Z%(f) + (R_ﬁ + _ZSZ(f)]

1

Rya1t

L,
Zly(f) 1 1 Y7}
7250 + (— + —]

R6  Z3,(f)
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1 1 =t
IR S
R6  R7+Z3,()

72,( + (l

VRe(® = vz.1.2(0

1 =1
P
R6  R7+Z3,(f)

oo = vy —20_ 02()
0.2(D = VR¢l R7+ Z3,(1) T2(f) = » - a
1.2
L, 1 -
Z1p e 1 1 =1
22+ | —+
R6 73, . (D)
T2 o = ; : 1
Ro.a.l.cc+ le cc(ﬂ A . 1 -1
' 22+ | —+——
R6 Z32.cc(ﬂ
L 1 gl
Z15 ¢ [ 1 1 j_l
22+ | —+
R6  Z3) (D
T2 oo = ) ; 1
Roalcot 1, co(f) i 1 1 -1
’ Z2%(H+| —+
R6 Z32.co(t)
UUR N
. R6  R7+Z3) () 73y oo(D
2.cc\) = ) L q -1 R7+ Z32‘cc(f)
20+ 26 R7e 235 oD
]
R6 R7+7Z3, . (D 735 oD
T22,co(ﬂ - 2.co 2.co

1 1

—1 R7+ 23, ()
PR S
R6 R7+ Z32_co(f)]

72,() + (
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15.4.3.3
Te2, (D =1

Te2:

_ R10.,+ 1,
Te2.co= .

Cl4 = L

2.7 fopt Ry c2.co

Ry.c2.co

1
Rococot (2jm-£C14)

Te2. () =

T2 = T2y (D T2 o (D Te2e (D)

T2¢c.o(D) = 20-log( |T2(0))

T200(D = T2 06D T2) (D Te2 (D

T200,6(h) = 20-log( | T2,4(D)| )

10 100 110> 1-16* 1-10°
f
[Hz]

Figure 15.14 Transfers of T2(f)

15.4.3.4 T3:

R, =] 1 =
a.2.cc
RI0,, 1+ (1+WRS
R ) L 1 -
0.2.2.c0
RI0,, 1+ (1+ RS
Cistot = Cga.83t Cstray.3+ (1 = |G3| )Cgc.83
Co2.tot = Cac.83% Cga83

Ciztot = Cg.a.83 i Cstray.3+ (1-|a3| )‘Cg.c. 83

[degrees]

R ) Lo !
0.2.c0 R
Te2co RS

Cl4 = 1729% 10 °F

Im( T2
q)ZCC(f) = atar\[m(cca))j

Re( T2, c(f))

Im( T2
¢2CO(0 = ata'{m(co(t))J

Re(T2,0(h)

5 — —

0 et il L1 [
020D s N
deg

-10 LI L
024D -1 i
deg 20 ml mli

=0 —
10100 110" 110 1-10°

[Hz]

Figure 15.15 Phases of T2(f)

R = 60.784% 10°Q

0.a.2.cC

R = 27.884 x 1039

0.2.2.¢0

-12
Ci 3ot = 5:622% 107 °F

—12
Contor= 1:93%10° °F

=172
Ci3qor= 5622107 “F
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Co2.cotot = Cac.837 Cga83

1

—12
Co2.cotot = 1:93x10 °F

() = ————— 225(f) = ———
30T 2 m£Cy 5 ot BT 2 C
Zl3 o = ! Z%(f) = ————
30 9 £Cy 2 oo tot 3T m£C; 3 1r
Roaz R13
L 1
‘ Co2tot C.i3at
wid  wZ13 Ty . TZ“ v.0.3
Figure 15.16 T3(f) network
® 930
v, =V —_—
0.3 2130 75 5+ R13
Z1(f)  RI3+ Z2;(f) Vo 3(D
3 3 3
vz1.3(0 = vi3(® 1 . T3() = :3(9
L
R —_— —_—
022" (2130) "R+ Z23(f))
o1 )
Z13()  RI3+22() 2249
T3 =
el 1 —17224(H+RI3
Roa2ee® [213(9 TR+ 223(t)j
Zl, () RI3+Z2;(f) 72:(H
T3, = 3.co 3 3

1

R + +
08.2.c0 (213.“)(0 RI3 + 225(f)

T3ec.o(D) = 20-log( | T3¢c(0) )

T3g6,¢(f) = 20-log |T3co(f)| )

j_l Z25(f) + R13

3
¢3cc(ﬂ = ata'{lm(T—cc(f))]

Re(T3CC(f))

Im(T3
¢300(ﬂ = ata,{M]

Re(T3.,(D)
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0 T
N
_ T3 e(H 01 03..(H 1 ml
g B deg
= T3q.el 03 a — 2 | 1]
""" ‘ £ 03,40
deg s [ 1]
0.5 Lt LIIIL VO LT e
10 100 110 1-10* 110
£ » L]
Hz) 10 100 1~1f03 110* 110
Figure 15.17 Transfers of T3(f) [Hz]
Figure 15.18 Phases of T3(f)
15.4.3.5 T4:
RESvE 259.804 x 10°Q
= I, 7= b
c.3 uet 1 ©3
R ! +L - 0
0.c.3 .3 Rl Ry .3 =258.907 x 10 Q
T, (]
S Et rg = 519.608 x 10" Q
1 ! 3
Rppi= Z2+| — + — R = 800342 x 10°Q
R3 it il
Z1,(f) = ! 72,(f) = ———
A7 i fCa Y7 gjnees
Rocd Cc4 C5
Z14 z2.4
w.id RAff v.R.ff R12 v.0.4
.
Figure 15.19 T4(f) network
RI2
Vo4 D = VRt R 2249
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1 1 -l
R R12+ 22,00
VR0 = vig O - 48 = Vo4
Ry c.3t 214+ i** via(h
He: R RI2+Z24(f)
()
SN
Ry RI2+Z24(f) RD2
T4(f) =
q q —1 RI2 + Z24(f)
Roc.3tZly(D+ (@"’ R12+ Z24(f)j
4
T4, (f) = 20-log(|T4(H]) 04(f) = am{%)
2
_ 1
g) w 0 e
ﬁ deg
!
)

10 100 1<1f03 1-16* 110°

10 100 1<1f03 110* 1.10°
[Hz]

[Hz]

Figure 15.20 Transfers of T4(f) Figure 15.21 Phases of T4(f)

15.4.4 Total gains A , ,(f) and phases ¢ ,, (,(f) for the "flat" pre-amps:

Z1() = 10°0Q 72(f) = 0.8-10%

Z1(f)

Acc(®) = Tlee(D-T2 (0 T3 (D T4 Ac B(f) = ————
Z1(9) + Z2(9)

Ago® = Tl o(H-T20(D- T3¢ o (B TAD A

Acc(d

L+ B @A D Acc.tot.eD = 20»log( |Acc.tot(ﬂ|)

Acc.tot =

Ao

L+ B®-Ago® Acototed = 20-10g( |Aco,tot(f)|)

Acotot® =
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54.25

542

54.15

54.1

Acc.tot4éf)54,()5

S4 =TT

Aco.tot.dD53.95

53.9

53.85

53.8

S8YS
10 1

00

110

110°
f

[Hz]

1-10°

Figure 15.22 Frequency responses and gains of both “flat” pre-amps

co.tot.e

deg

. et Im(Acc.tot(f))] . 0 Im(Aco‘tot(f))]
A.cc.tott) = ata A.co.tot® = atan) ————=
Re(Acc.tot(f)) Re(Aco.tot(f))
5
K“\.*‘__
®Acc.totD ’““‘*‘«-«.\
R — L
§ deg S Y
g — _
ﬁ q)A4co.t01(ﬂ
,,,,, deg g
-15
10 100 110° 110 110
f
[Hz]
Figure 15.23 Phase responses of both “flat” pre-amps
0 A cc.tof20H2) 5
Acc.tot e(103HZ) = 54x10° Acetott T 826,821 x 1072
o deg
3 0 9 A co.tot(20H2) 0
Aco.mt.e(lo HZ) = 53989 x 10 T = 1.044 x 10
g
H2)
3 0 ¢A.cc.t0t(20'10 Hz 0
Acc.tot.e(zo'lo HZ) =53.903 x 10 = =-12.781 x 10
cg
3
0 A coofl2010°H2)
A (2010%7) = 53861 x 10° ZAcoott T 12055% 10°
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15.4.5 RIAA equalization, t otal gains B yy .+ (f) and deviations Dyy (f) from the
exact RIAA transfer Ry(f) for both pre-amps:

R.x Ry

i i

Figure 15.24 RIAA network = Z2(f) for feedback

equalization purposes
R, = 392:10°Q Cy =210 °F
3 =)
Ry:: 750-10"Q Cy:: 6.8:-10 'F
1 e !
= 1 22,(1) = [R—x +2jm -f-ij + (R—y + 25 -f-Cy]
. Z1(9)
P = 210+ 22,0 Beer ol = )
o 1+ (DA (D
Agod
co
B (f) = ——— ——
co.r.tot 1+ Br(ﬂ‘Aco(f)
Beer.tot.ed = 20»10g( |Bcc.r.tot(ﬁ|) Beoour.tot.eld = 20-10g( |Bco.r4tot(t)|)
jry
10 100 1-1f03 110" 110 Figure 15.25 RIAA
[Hz] transfer of both pre-amps

3 0
Bcc‘r.tot.e(lo HZ) = 33.963 x 10

B e(103Hz) = 33.963 x 100

co.r.tot.
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3
Bec r.tot.dif.e® = Beeor.tot.e)— Bcc.rAtot.e(]0 HZ)

3Hz)

Beonr.tot.dif.e® = Beor.tot.e 0= Bco.r.tol.e(lo

Figure 15.26 RIAA
transfer of both pre-amps -
ref. 0dB/1kHz

\/1 + (2»n<103Hz»318-10_6s)2

6 2

Ryg00 = .
/ s) -/1 + (2-n -103Hz-75~1076s)

1+ (2-1: 10°H23180-10”

1+ (2-1: »f-318-10’6s)2

Ro( = Rygng - > >
\/1 + (2n-£318010755) ~\/1 +(2n-£751075)

Decr(D = 20410g(R0(0) = Bec.r.tot.dif.ef) Deor(H) = 20~log(R0 (f)) = Beour.tot.dif. D

10 100 1-10° 1-10* 1-10°
f
[Hz]

Figure 15.27 Deviations Dy, (f) from the exact RIAA
transfer Ry(f) for both pre-amps
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15.4.6 Inputimpedance Z;,, g ,({) for the 4 versions

1
ZnABxy D= Tt

[ohm]

|2 A 3x10°2)

15.4.7

15.4.7.1

15.4.7.2

15.4.7.3

ZinA.B.xy(ﬂ|4 g

1

a 1 1 -1
Z1(H + [— + 7)
RIb  R2+22) . ()

4.8-10*

4.710* S

4.610*

10* \

4410

43-10*
10 100 1-10° 1-10* 110°

f
[Hz]

Figure 15.28 Input impedance for the 4 different versions

= 43.233 x 1039

3 3
= 47.102x 10°Q |Zin.A4B.xy(20'10 z)

Final remarks:

Varying f,,; will lead to drastic changes in the low frequency range of the
D . (f) plot - shown in Figure 15.27

To get lowest deviation from the exact RIAA transfer only R andR
need further trimming - assumed thatCyand C, got fixed values that were
calculated with the respective formulae given in my book "The Sound of
Silence"

A +/- 50% change of C;, will also lead to tiny changes in the low
frequeny range of D, (f) plot - shown in Figure 15.27
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15.5 Example calculations for a 3-stage pre-amp (A, tA o Versions) with
flat frequency response in B,g and no overall feedback

15.5.1 Circuit diagram and components:

Vet Woc2 Vel

L.

[}

r— 00; connecledJ A8 = insertion points of RIAA networks

oc: not conn,

Figure 15.29 Basic pre-amp design without overall feedback and equalization (= Fig. 15.4)

oo: not conn.

L " oc: connected

TE)

pr—
s

or
T2r(y

Figure 15.30 Simplified equivalent circuit of Figure 15.29 (= Fig. 15.5)

15.5.1.1 Valve constants and data sheet figures:
V1 ...4: 1/2 ECC83-12AX7

Ly =Tlap=Ta3 =Ty =1y L= 1.7:10°A
Veel.oc = Veel.oo = Vee2.oc = Vee2.00 = 420V Vees = 420V
V, | = 250V V, 5= 250V V,3= Vees
Byl = Smyv2= Emy3 = Smy4= &m g = 1.9-10°S
Wyl = W2 = Iv3 = Iyg = B u= 101
faviZTav2=Tav3=Tavd=Ta Iy = 5310°Q

-1 —12 .
Coag3= 1:6:10 % Cpeg3=03310 F Cyegs= 16510 X
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15.5.1.2

RO = 1.10°Q

R6 = 1000-10°0
Rl = 75:10°Q

3
RS, = 24332:10°Q

3
RS, = 15:10°Q

R10,, = 100-10°Q

R10, 16‘5~103Q

00

6
Cip=22:10 F

6
C5:=22:10 °F

=1
Cytray.1:= 10-10 F

Component figures:

Rla = 523-10°Q
R2 = 100Q
R7 = 100Q
RI2 = 47.5-10°Q
3
Ry, = 100-10°Q — RS,

3
R4, = 100-10°Q — RS,

3
Ry = 100-10°Q — R10,,

R9%0

3
100-107Q = R10,,
=9
Cl =470-10 'F
—6,
CI1 = 100-10 'F

=1
Cstray.2:= 5-10 2F

15.5.2 Gain calculations

1 1y
PR
RS5,, R6

1 1y
r,+ +— +(1+wR3
g (RSOC R6J (+1

R10
G2y = p——2
r, + R10,,
I3
T ==
a.v3.4 )
RI11
G3 =

M avaat (1 +wRII

RIb = 475-10°Q

R3 = 1.10°Q
R8 = 1.10°Q
RI3 = 100Q

3
R4, = 75.668 x 10°Q

3
R4y, = 85x 10°Q
R9y, = 0% 10
3

Ry, = 83.5%10°Q

6
C4:=2210 'F
12 = Clt

—1
Cstray.3:= 4-10 2F

0
Gly = —13.422 10

0
Gl = -22.022x 10

0
G2y, = —39.608 x 10

0
G2y, = —23.978x 10

G3 = 986.778 x 107 °
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0
Age = Gl G2G3 Ay = 52457 % 10

0
Agg = Gl G2,,G3 Agy = 521.07% 10
15.5.3 Network calculations f:= 10Hz, 20Hz.. 20000 Hz
15.53.1 Tl:
Ciloc.tot = (1 w |Gloc| ) 'Cg.a.83 N Cg.c.83+ Cstray.l Z1 (0 = 2jm£Cy,
C —34724x 10 \2F 721 (D) = !

il.oc.tot = 7™ l.oc\V = ¢
2j1-£Cj 1 oc tot
Ci Loo.tot = (1 ¥ |Gloo| ) Cga83% Cgc.837% Cstray. 1
C 48.485x 10~ \2F 727 - (f) : !
i lLoo.tot = *° l.ooW = -
2J-£Cj 1 o0 tot
RO C.in R2
Z11
C.i.1.tot
v.0 Ria Rib vR1b TZZ ;o |ved
o - * »
Figure 15.31 TI1(f) network (= Fig. 15.10)
721 oo (D -1
1. 1 1

M 5 (—+—j = 47113%10°Q

0T R2+ 221 (o (D Rla RIb

1 1 !
L —
RIb  R2+Z2; oo (D)

b 1 1 -
2D+ | —t————
Rlb  R2+22; (D
il ! -
Rla [ 1 ) i
2L+ | =t —————
Rlb  R2+72; (D
0D = = S—
1 1
RO+| — +

Rla 1 1 =1
Z1(9) + [— + —]
Rlb  R2+72; (D

Tl 6o (D) = Mg () N (D040 (D
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221 60
Moo = 0 72,

1 1 :
L L
RIb  R2+7Z2; o (D

e 1 1 -l
2@ +| ==+ ———
RIb  R2+ 22 oo ()
e ! -
Rla | i ; —1]
2+t —————
RIb  R2+22; oo (h
Ogo(D = : B : -
RO+| — +

Rla 1 1 -1
o+ [R_lb ’ R2+221.00(ﬂ)

Tl 00 = Mo (D) N (D00 (H

15.5.3.2 Tel:
Tely (D =1
RSO0 +1, 1 1
Te.l.oo = Rocloo= | —+72
o ptl O ol R3
1
B=— _3
2-m-0.2HzR ) ] o0 CI3=1989%x10 "F
R
Tdoo(f) — 0.cl.oo
. -1
Ry o o0+ (2i1 £CI3)
Tlyo(D = Tl oo (H-Tel () Tlyo(® = Ty oo (H-Tel o (D
Tloe o(f) = 20-log( |Tloc (D] ) Tl e() = 20-l0g( [ T1o0(9)] )

Im(TIOC(ﬁ)J Im(T1
0o = atan| ———= _ (Tloo(9)
oc aw{Re(Tloc(ﬂ) 610D = am{Re(Tloo(t))
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10 100 1-1f03 110
[Hz]

110

10 100 1»1{03 110* 110
[Hz]

Figure 15.32 Transfers of T1(f)

Figure 15.33 Phases of T1(f)

TZSZ } 2
‘ Figure 15.34 T2(f) network

15.5.3.3 T2:
R.o.a1
L \ 722
C.o.1.tot
vi2 vZ1.2 RE
thz
o "
1 1
Roal.oc = i
R5,. 1+ (1+mwR3
R, . 1 + 1
a.1.00 =
R5,, 1+ (1+ PR3

Co.l.oc.tot = Cga.83 Cac.83

12

C 1.93x10 °F

o.l.oc.tot =

Co.loo.tot = Cg.a, 837 Cac.83

—12
C ot = 1.8 %10 °F

0.1.00.t
Z1y (D) : L
2. =
* 2jm-£Co 1 oc.tot
Z1 ) : !
2. = 7
* 2)1FCo 1 g0 tot

(= Fig 15.13)

-1
} Ry a 1oc = 21031 x10°Q

-1
} Ry 4 100 = 13676 10°Q

Ci2.oc.tot = (1 i |G200| ) ‘Cg.a.83 i Cstray.Z+ Cg.c.83

12

C 71.623x 10 °F

i.2.0c.tot =

Ci2.00.tot = (1 P |G200| ) 'Cg.a.83 w Cstray.2+ Cg.c.83

12

C (=46615x10 °F

1.2.00.t0

1
2j-m-£C1

72, oo (D =

1

72 ) =—
269 2jm-£C1
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1
73y g = ———— 1

2j-m-£C; 23) 00 =
i.2.0c.tot 2j 1 -£C; 5 o0.tot

1 1 o

0 ; | el
72 () + (—242(0 + —232@]

1 1
+
Z1,(f

vz1.2(0 = Vi

Ro.a.l N
1 1

1
Z%(f) + [E F _Z32(ﬂj

1 1 =1
(z42(1) TR+ z32(t)]

VRe(D = vz.1.2(0

2,0+ — L 1
2 Z4y () R7+Z3,(D
Z3(9 .
= —_— (D)
Y02 = Yre(M R7+ Z3,(D) T2(f) = vo D
12
1 1 -l
+
Z1H e 1 i\
2% oD+ (R + Z32.oc(f)]
T21‘0c(f) = =
1 1
Ro,a, Loct Z12.oc(t) + ) ) _1
20D+ (E * zsm(ﬂj
1 1 Fr
+
Z15 00 1 -l
22 00D + (R—é + 232.00@)
T2 oo (D = ) ) —
Ro.a.l‘oo"' 212.00(ﬂ > | . _1
22 00 + [R_6 + 232.00“))

R B

R6  R7+Z3, () 235 oo(d
T2 oc® = 1 1 TURTE 235 (0

P00 % (R_ﬁ TR7+ Z32'00(f)j
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1 1 !
S
R6  R7+Z3y (D

Z32.00(ﬂ

R ) Lo !
0.2.00 T
Tc2.00 RS

Cl4 = 1.964% 10 °F

T2 oo (D =
SO S N
2.0 R6  R7+Z3y oo (D

15.5.3.4 Tc2:
Te2, () =1
) RIO,+ 1,
c.2.00 * Lt 1
Cl4 = 1

2-w-0.2HzR) 05 oo

R
0.€2.00

Te2,, (1) =

. -1
Ryc2.00t (2jm-£C14)

T2, (D) = T2y oo (-T2 o () Te2 ()

T2 (D) = 20-1og( |Tzoc(f)|)

Im( T2
2000 = ata..[ il °°“))J

Re(T2,()

0.1

0.2

— T2c.e(D
= 0.3

E T7oo.e(ﬂ 0.4

0.5

0.6
10 100 1-1f03 110" 110°

[Hz]

Figure 15.35 Transfers of T2(f)

5 =0 _
0260(D O[T
6 de
£ 020(0
deg ~10 |+ il
15—

T240(f) = T2y o6 (D T2 oo () T2, (D

2006 () = 20-log( |T250() )

Im( T2,
9245(D = atan[ m( oo(ﬂ)}

Re(T20,(9)

10 100 1-10° 1-16* 1-10°
f
[Hz]

Figure 15.36 Phases of T2(f)
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15.5.3.5 T3:
Ro.a2 R12
.1
C.o.21at C.i.3.tot
Vi3 wZ13 v.03
TZI 3 223
s
Figure 15.37 T3(f) network (= Fig. 15.16)
Vo.3(D Z25(9)
T3() = m Vo 3(D) = VZ'HU)'M

R U T
Z13()  RI3+2Z2(D

vz1.3(0 = vi3(H-

1 1 =
Roa2.0c = =
RI0,, 1+ (1+WRS

R

o, 1 !
0.2.2.00 =
R10,, r,+(1+WRS

Ciztot = Cga.83* Cstray.3t (1= |G3| )Cg .83

1 1 -1
Ro.a.2+ A
Zly()  RI3+Z2(D)

Ry a2.00 = 60784 10°0
Ry a2.00 = 14913x10°Q

=12
Ci3ot = 5622%x10° °F

12

Contot = Cac.83% Cga.83 Contot = 1.93x10 F
—12
Cistot = Cg.a. 83+ Cstray.3+ (-3 )'Cg.c.83 Ciztot = 5-622x10 °F
_ ~12
Co2.00.t0t = Cac.83F Cg.a. 83 Co2.00.t0t = 19310 "F
Z15(f) : ! Z2:(9)
3 = ———— 3(0 = ————
2jm£C 5 tot 2j - £Ci 3 10t
Z1 D : ! 27 = —
3.00D) =73 F ==
2j£C 2 00 tot 2j - £Ci 3 40t
SR U o
2135 RI13+72;(9 225(%)
T3,.(0) =

1 1 -
R T —
0.2.2.00 [213@ RI13+ 223(f)j

1 Z24(f) + R13
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(o)
Zl3 o RI3+225( 225(9
T3oo(D) = ) ; : -1 Z2,() + RI3
022007 | 71 T Ri3+ 22,9
Im(T3,.()
T3gc () 1= 20-log( | T3,(0)) 03p0(H = atav{Re((T;’c(ﬂ))j
ocC
Im( T3, (f)
T3g0,¢ (D) = 20-log( | T350(H) ) 0340 = atal{Re((T;O(ﬂ;j
00
0 piiaE
N
= The (0.1 035D -1 il
= Tooe® 45 ?D—deg 2 L]
£ 03,4(0
0.5 deg 4 ||
10 100 1<1f03 110t 10 T
[Hz] -4 =

10 100 1~1fo3 110" 110

Figure 15.38 Transfers of T3(f) [Hz]

Figure 15.39 Phases of T3(f)

15.5.3.6 T4:
Roc3 c4 Cc5
— +—
Z14 724
VAR R v.RIf R12 v.o4
Figure 15.40 T4(f) network (= Fig. 15.19)
. 1, 4 = 259.804 x 10°Q
c3 ™ pt 1 c3™ .

(! 0
Roc3: e RII R, . 3= 258.907 x 10" Q
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Z1y(0) = —— 72,0 = —1—
AT gjnfca 47T 9jn£Cs
(
TA(H) = Yo.4 T4 = R12
vi 4(D R, o 3+ RI2+ Z14(H + Z24(D
Im(T4
T4,(f) = 20-log( | T4(9|) 04(f) = am{%)
2
_ 1
£ oach ol
%ﬂ deg 0
T
T10 100 |-1f03 110* 1-10° ) e
[E] 10 100 141f03 1-10° 110
[Hz]
Figure 15.41 Transfer of T4(f)

54.25
54.2
54.15

54.1
AocAtotAéf)54‘05

54
Aoo.tot.dD53.95
""" 53.9

53.85
53.8
53.75

Ago.tot® = Tloo (-

Figure 15.42 Phase of T4(f)

15.5.4 Total gains A,y «(f) and phases ¢ ,, ,(f) for the “flat” pre-amps:

Agc.totD = Tloe() T2 (0 T30 (H-T4D-Age Aoc.tot.e = 20-10g( ‘Aoc.tot(ﬂ‘)

T200(0T300(D-T4(H)-Agq Agortot.e(D = 20'103( ‘Aoo.tot(f)‘ )

10 100 1»1f03 110 1-10
[Hz]

Figure 15.43 Frequency responses of both pre-amps
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0 A oc. oD = ata I Ascs) On o (= ata (Ao ar(9)
A.oc.tot\V * Re(Aoc.tot(ﬂ) A.oo.tot\"V - Re(Aooitot(f))
10
5k

® Aoc.tot(D NN
g deg 0 ﬁ,ﬂﬂ<A\_r
o0
ﬁ q’Aoo.tot(f) -5

deg
""" -10
=15 -
10 100 1-1f03 1-10 1'105
[Hz]
Figure 15.44 Phases responses of both pre-amps
3 0 9 A.oc.tot(20H2) 0
Aoc.tot.e( 10 Hz) = 53984 x 10 T =2239% 10
g
3 0 9 A.00.tot(20H2) 0
Aoo.mt.e(lo Hz) = 53989 x 10 T =34x%10
g
)
3 0 q’A.oc.tot(ZO'lO H 0
AOC.[Ot.e(ZO'IO HZ) = 53.815x 10 di = —14.402 x 10
cg
3
N tot(20-10 Hz)

Aoo.mt.e(204103Hz) = 53.959 x 10 ZAootot™” 7 soa6x 10°

deg

|
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15.5.5 Inputimpedances Z;, 4 ,(f) of the 2 versions:

1
ZinA.odD = E"’
[
Zin A.ooD = E"’
4.8-10*

4
E |iixLA.oc(f)|4'7'10
K |Zin.Aoo(D|

4.6-10"

4.5-10"

Z1,() + {L +

R1b

| =1
R2+ Zzl.oc(f)j |

1 1 =L
2D+ =t ————
RIb  R2+Z2; oo (D |
10 100 1f~103 1-10* 1-10°
[Hz]

Figure 15.45 Input impedances of the two versions
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15.6 Example calculations for a 3-stage MM phono pre-amp (B ,.+B o0

versions)

15.6.1 Circuit diagram and components:

Wl

R1D

5

la2 la3

R1Z [¥0

00: connectedj

oc: not conn.

Figure 15.46 Basic pre-amp design with passive RIAA equalization and without
overall feedback (= Fig. 15.4)

00! not conn.

oc: connected

1
0 T o el
v (f k=il c1(f)
1 T
,/

v
A
Tz >

A B = inserlion points of RIAA networks.

T3
ar

ca
Tar(t) e

Figure 15.47 Simplified equivalent circuit of Figure 15.46 (= Fig. 15.5)

15.6.1.1 Valve constants and data sheet figures:

VI ...4: 1/2 ECC83-12AX7

L1=lpp=liz=ly=1,

Veel.oe = Veel.oo = Vee2.oc = Vee2.00 = 420V

V, | = 250V V, 5= 250V

Sm.vl = Em.v2 = Em.v3 = Em.v4 = 8m

W1 = B2 = I3 = g = B

TaviTTav2=Tav3= Tavd = fa

Coagy= 1610 Cyogy= 03310 ' F

=3
I, = 1710 "A
Vo3 = 420V
Va3 = Vee3

=3
gm=19-10 °S
p:= 101
I, = 53-1039

—1

Coegy= 165107
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15.6.1.2 Component figures:

RO:=1.10°Q Rla = 523:10°Q
R2 = 100Q

R6 = 1000~103Q R7 = 100Q

RI11 = 75-1039 RI12 = 47.5-1039

3 3
RS, = 47:10°Q Ré = 100-10°Q — RS,

RS, = 15:10°Q R4, = 100-10°Q — RS,

3
RI10,, = 47.510°Q oc

3
R10,, = 16.5:10°Q 0o

C= 2210 %F Cl = 470107 °F

6 6,

C5:=2210 F Cl1 = 10-10 'F

—1 —1
Catray.1= 10-10 % Ctray.2= 510 25
15.6.2 Gain calculations

Glye == ; 1
L+|—+—| +(1+pR3
2 (RS Raj d+n
1 iy
Rs. ' Re
00
Gly, = pﬁ
T, +—
a (RSOO st
R10,,
G20¢ =
1+ R10,, + (1+ p)-R8
R10
00
G2y = —p————
T, + R1000
ra
Tav3.4 = Y
R11
G3 =

M avaat (1 +wRII

R9,, = 100-10°Q — R10,,

3
Ry, = 100:10°Q —R10,,

RIb = 475-10°Q

R3 = 1»1039
R8 = 1'1039
R13 = 0.1Q

3
Rdy, = 53x 10°Q
4 = 85%10°0
R4, =85x10
3
R9,, = 525x10°Q
3
R9y, = 835% 10°Q
6
C4=22.10 °F
ci2 = cCll
410 %

Cstray.3=

0
Gly = —22.682 % 10

Gl,, = 22.022><100

00 ~

0
G2y, = —23.691 x 10

0
G2y, = ~23.978x 10

G3 = 986.778 X 10~
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By = Gl o 'G2,,G3 By = 530.262 x 10°

By = GlyyG2y,°G3 By, = 521.07 x 10°

15.6.3 Network calculations

15.63.1 TI:

Ci loc.tot = (1 w |Gloc| ) Cga.837 Cgc.837 Cstray. 1
~ _12

Ci Loctor = 49541 x 107 1 °F

Ci Loo.tot = (1 ¥ |G100| ) Cga.83% Cgc.837 Cstray. 1

12

Ci1.00.tot = 48485% 10

RO

f:= 10Hz,20Hz.. 20000 Hz

f;)pt = 0.2Hz

1

Zh() = ———
7 gjntey,

1
720 () =
l.oc P
2jm£Ci 1 oc.tot

1
721 (D =
l.oo 2
2j 7 £Ci 1 00.tot

v.0 Ria
¢ Figure 15.48 TI(f) network
(= Fig. 15.10)
72, (D -1
Mog() = (L+Lj — 47113x10°Q
R2+ 72 oo (D Rla RIb
| 1 -1
Rib T R2+ 22, (D
l.oc
Noc(D = =
Z1,(H + S S—
RIb  R2+72; o.(D
il ! -
Rla [ i —1]
2+ |t ————
RIb  R2+22; (D
Ooc(ﬂ — q - | } -1
RO+| — +
Rla | ; -1
2+ —F——
RIb  R2+ 22 (D

Tl 6o (D) = Mg () N (D040 (D
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221 50
My () = ——————
00D = 577 721 0o
1 1 -
(ﬁ TR+ 22, (t)j
Noo(® = = 1
le(ﬂ I ﬁ aF —R2 !
+22] oD
1 1 -l
. =
Rla 1 =1
Zho+ (ﬁ TR zzl‘m(f)]
Ogo(d = - - 1
RO+ L + L

1

Rla 1
le(t)+[

Tl 00 = Mo N (DO (H
15.6.3.2 Tel:

Tely (D =1

5 RSO0 +1,

r =
c.l.00 uet 1

1

Ry cl.00

Cl13 =

27 £y

Ry.cl.00

Telyo(f) = . =
Ry o o0+ (2i £C13)

Tlyo(D = Tl oo (H-Tel oo (D

Tl o(D = 20-1og( |T100(t)|)

o0l,.(D = ata“{ J

Im( Tloe ()
Re(Tl ()

I S
RIb  R2+Z2; o (D

J]

1

R =|=——
o.cl.oo (r

1]‘1
+—
c.loo R3

3

C13 =1989x10 “F

Tlyo(® = Tl o0 (B Telyo (D

Tlgoe (D = 20-log( | Tlyo(H) )

010D = atav{ J

Im(Tlo0(h)
Re(Tl,()
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loo.e(P-0.18 [T

%
g
""" il mi il 20100

10 100 1-1f03 1-10* 1-10°

£ L]
(Hz] 10 100 1»1{03 110* 110

[Hz]
Figure 15.49 Transfers of T1(f)

Figure 15.50 Phases of T1(f)
15.6.3.3 T2.r:

Ro.a1 W

Figure 15.51 T2(f) network for the passive RIAA transfer solution
(including 75ps time constant)

-1
1 1
= p— 3
Roa.l.oc {RSOC r(+ u)RJ Ry 4 1 oo = 36.064x 10°Q
PO PR B
-a.1.00 * R5,, 1+ (1+ PR3 Roaloo= 13676><10 Q
Co.l.oc.tot = Cga.83 Cac.83 Ci2.0c.tot = (l i |Gzoc| ) Cga.83% Cstray 2t Cgc.83
—12 —12
Coloetor = 193x 107 °F Cinoetor = 46,156 x 107 ' °F
Co.loo.tot = Cg.a. 837 Cac.83 Ci2.00.tot = (1 v |G200| ) 'Cg.a.83 i Cstray.2+ Cg.c.83
—12 —12
Colooto = 193 %107 °F Cin 00101 = 46615 x 107 °F

By varying R , and by keeping C2 fixed at a certain value we'll get app. the 75ps time
constant. The final time constant can be determined with the help of Figure 15.60 :

3 -9
Ry o = 6.34:10°Q €2y, = 18:10 F
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=1
1 1 >
(Czoc i CLZ.oc.tot) -(R —— _R6) =751%x10 s

3
Ry o0 = 62:10°Q

(C200 w Ci.2.00.tot) [ R

1

o0.a.Loc T RALoc

-9
€24, = 3710 F

1
oa.l.oo T Raoo RO

1
Z1 = 72 =——+R
2t 2jm-£Co 1 00 tot 2660 2jm-£Cl i
1 1
Z1 = Z =——+R
2000 2jm£Cy | g0 tot 2.00(D 2jm£C1 * RA .00
=1l
1 1
73 = Z = 2jm-FC2 . +—
20000 2jm 'f‘Ci.2.oc.t0t 20 ( ' o R6)
-1
1 1
735 oo () = — Z4y  (f) = (Zjﬂt £C2 +—j
200 2j1-FCj 5 60,10t .00 % R6
1 1 i
+
Z12_Oc(f) 222 s ( 1 . 1 -1
0 Z4) oo (D 735 oo (D
T2 oo s = .oc .0c —~
1 1
R + +
0.a.1.0c ZlZ.oc(f) . 0 ) . | 1
20N 24,000 23060
1 1 g
Z15 60 (D * 1 1 -1
7Z, | =
e [242.0009 z32.oo<oj
T2 gor(D = : : 1
+ +
e Td T T
200" | 2y 00 235 000
(s s |
Z4y oo (D R7T+Z3y (D Z35 oo (D
220000 = “1RT+ 23 (D
72, o () + L L 200
2.0 Z4y () RT+Z35 (D
(s )
Z4 oo RT+Z35 o () Z3) oo (D
T2 oo (D = -1 R7+ 73, .. ()
Z o+ l + 1 2.00
.00 Z4y oo RT+Z3, (D

17! 6
+—j =73.018%x10 s
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15.6.3.4 Te2 :
Te2, () =1
R10,, + 1, . Ly

= R = -
fe.2.00 Lt 1 0.c2.00 (rc.Z.oo w RSJ
C=— L _3

2Ry 2 60 Cl4 =1964x 10" "F
R,

Te2gg(h) = 0.€2.00

-1
R, o2 00+ (2j1-£C14)

T200+(D = T2 o0 1(DT2 o0 1(H:-Te2y () 20 1 o(f) = 20-log( |T20w(f)|)
T200.+(1) = T21 00,19 T2 g0 (B Te200 (D) T20r.e® = 20-10g( |T200.r(f)|)
0 o
N
~4

_ T2c.r.eD -8
g
= T20.r.e -12

-16

-20 a

Loy Hf03 110 10 Figure 15.52 T2(f) transfer plots for
[Hz] the passive RIAA transfer solution
15.6.3.5 T3.r:
Ro.az2 R.B R3
| — L |

c3

vi3 wZ13 CoZtot 733

l D
vZ33 Ci3tot vo3
Fal z2
T 3 ) T 3
. I ‘ <

Figure 15.53 T3(f) network for the passive RIAA transfer solution
(including time constants 318us and 3180ps)

-1
I I
= — 3
Roa2.00 |:R1000 r+ (1+ u)R8:| Ropaae = S M@
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R } L, 1 !
0.2.2.00
RI0,, 1, +(1+WRS

Cistot = Cga.83F Cstray.3+ (1 = |G3| )Cgc.83

Co2.0c.tot = Cac.83t Cga 83

C C

0.2.00.tot = ~0.2.0c.tot

R = 14‘9l3><103§2

0.2.2.00

-12
Cizqor = 5:622x 107 °F

12

C =193x10 F

0.2.0c.tot

By varying R g and keeping C3 and R (- fixed at certain values we'll get app. the time

constants 318 s and 3180ps. The final time constants can be determined with the help of

Figure 15.60 :

3 3 3
Rp oc=249-10°Q + 0.825-10°Q R = 31.6:107Q + 200Q

3 3
Rp o0 = 270-10°Q + 1.3:10°Q

-3
C3-(Rp oo+ R+ Ry 50 o) =318 %10 s

=3
C3~(RB.00+ Ro+ Rola_z_oo) =3.18x10 s

1
Z13 oo () =

jm 'f'co.2.oc.t0t

1
Zly oo () =

2jm-£C4 2 00 tot

Vo.3(D
T vz

C3 = 10-10°F

C3-R¢ = 318 % 107%

1

225() = ————
> 2) £y 3 ot
250 = ———
’ 2jm-£C 3 40t
Z3,(f) = Rp+ ————
30 =g 2jm £C3
72,(%)
Vo3(D =

233075 9+ rs

1 1 =t
(233(9 TRa+ Z23(f)j

vz3.3(0 = vz1.3(D

2jm£Cy 0 ot T |:RB + (

-1
Rg+ S R
Z33()  R3+2Z25(D

=il
1 1 !

R S

Z33()  R3+2Z25(D)

vz.1.3(D = vi3()

—1
1 1
+[ 27 fC o or | R+ | oo+ o
Ryan a] 0.2.tot |:B (233(3 R3+Z23(f)j :|

=1
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30
T Z23(H+R3

1 1 pt 1 1 t
[233«) "Ra+ 223(f)] (2330) " Ra+ 223(3)
Quo(d =

1 1 =t 1 1 =t
Rgget|=—+—— R ot | ——+——
B.oc (233(9 R3+ 223(1)) B.oo (133«) R3+ 223(9]

1 1 2k
2 £C i B ETCM ek e
4] 0.2.0c.tot B.oc [233(0 R3+ ZZ3(f)]

Roc(h = =

1 R
+| 2jm £C Ry ot | ———————
Ro.a.2.00 J 0.2.0c.tot B.oc [233(f) R3+ 223(0]

QoD =

=1

-1

1 1 -1
2i.w £C +| R +lo—=t
] 0.2.00.tot B.oo (233 () R3+ Z23(f)]

Ry (h) = -1
ST PP IR A R T o
0.2.2.00 J 106 2. 00.tot B.0o 7350 R3+225(f)

T34c. (D = P(D-Qpc (D Ry (D T340 (D = P(1)-Qqo (D -Ryo (D)

3oy o(f) = 20-log( |T30m(f)|) T300,1.¢() = 20-log( |T30m.(t)|)

0
Thoord®
g oc.r.¢ 10 ’\
= T3yo.r.eld)
""" -15
20 =

10 100 1~1f03 116" 110°
[Hz]

Figure 15.54 T3(f) transfer plots for
the passive RIAA solution
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15.6.3.6 T4:

R.oc3 C4 Cc5

_Tav34
c3 pt 1
& L,
0.c.3 e
.3 RIl
Z1,(H
7T i fcs
40
Ta(f) = —
vi4(D

T4, (f) = 20-log( |T4(f) )

0

-0.02

-0.04
T4, (f)
-0.06

[dB]

-0.08

=0.1
S

10 100 1-1f03 1-16* 1410
[Hz]

Figure 15.56 Transfer of T4(f)

Figure 15.55 T4(f) network for the passive
RIAA transfer solution

. 3 = 259.804 x 10°Q

0
R, . 3= 258907 x 10°Q

1

22,(f) = ————
A7 o £Cs
RI2
T4 =
R, o 3+ RI2+ Z1y(D + 224 (D

_ Im(T4(f))
Lty ata"( Re(T4(t)>J

[degrees]

10 100 1-1f03 110 110
[Hz]

Figure 15.57 Phase of T4(f)
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15.6.4 Total gains B, ,(f) of both pre-amp versions

Boe.r.totD = Tloe() T2¢ (DT3¢ (B T4(D By Boc.r.tot.eld = 20»10g( |B0c.r.tot(f)|)

Boour.tot(d = Tloo (D T250,1 (D T30+ (- T4(H By Boor.tot.ed = 20~log( |Boo.r.tot(f)|)

10 100 110° 1-10* 1-10°
f
[Hz]

Figure 15.58 Frequency responses of the two pre-amps with
passive RIAA network

0 0
Boc.r.tot.e(20H2) = 53.228 x 10 Byo.rtot.e(20H2) = 53229 X 10
3 0 3 0
Boc'r'wt_e(l() Hz) =33.956 x 10 Boo.r.tot.e(lo HZ) = 34,003 x 10
3 0 3 0
Boc,r_tot_e(zo»lo Hz) = 14344 x 10 Boo_r_mt‘e(zo-lo Hz) = 14453 x 10

15.5.5 Deviation D,, (f) from the exact RIAA transfer Ry(f):
B =B B (103Hz)
oc.r.tot.dif. dD = Boc.r.tot.e(D ~ Boc.r.tot.c

3
Boour.tot.dif.e® = Boor.tot.e(D ~ Boo.r.tot.c(lo HZ)

Boc.r.tot.dif.e) 5 N

Boo.r.tot.dif.ed) 72
""" -10
-15
-20

[dB]

10 100 110> 116t 110
f
[Hz]

Figure 15.59 RIAA transfers ref. 0dB/1kHz




284 How to Gain Gain

»  MCD Worksheet XV-3 local feedback versions (RIAA)

page 12

/1 + (2~1r»103Hz~318<10_65)2

Ryg00 =
/ 6

1+ (2»1: 10°HZ3180-10~ 5)24/1 + (2<n-103HZ<75<1076s)2

1+ (2<n-f<318»10_65)2

“1
Ro() =Rygpp -

/1 + (2-n-f-3180~10’6s)2-/1 + (2-n -f-75-1076s)2

Doc.r(D = 20~log(RO(f)) ~Boc.r.tot.dif.dD Door(D = 20~log(R0(f)) = Boor.tot.dif.e(P

0.25
0.2
0.15
0.1

10 100 1»1fo3 110 110°
[Hz]

Figure 15.60 Deviations from the exact RIAA transfer
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15.6.6 Inputimpedances Z;, g ,(f) of the 2 versions:

_ —1
1 1
ZinB.odD = Rila | | 1
O+ | —t—————
RIb  R2+ 272 (D)
[ 1 1 g
ZnB.ooD = | ) 1 0
YWD+ | -t =
RIb  R2+ 22 o (D
4.8-10*
4 Ll
= |Zin.B.oc(f)|4'7'10 ™
5
= |Zin4B.00(ﬂ|4 610"
4
4.5-10
10 100 1f-103 110 110°
[Hz]

Figure 15.61 Input impedances of the two versions

15.6.7 Final remarks:

15.6.7.1 Varying f,,; will lead to drastic changes in the low frequency range of the
B () plot - shown in Figure 15.60

15.6.7.2 To compensate the losses of the passive networks between V1 ... 3 gains
B, and B ,, must be set > 500. Trimming of RS, 10 will lead to gains of
+34dB of By, | 1 o(f) and B ; (¢ o(f) - shown in Figure 15.58

15.6.7.3 To get lowest deviation from the exact RIAA transfer only Ry andR g
need trimming - assumed that Rc and C2, C3 got fixed values that were
guessed with the respective formulae given in my book “The Sound of
Silence”




Chapter 16 Valve data' (DS)

Given is a selection of data sheet characteristic charts of valves used in the example
calculations. As long as there exist no other sources (like in the solid state world) to simulate
valves for calculation purposes these types of charts are the only sources to get the valve
constants at certain plate-cathode voltages.

EU UsS valves with equal data
but heater differences

16.1 E188C 2 7308 ECC88°  6DJ8
ER8CC* 6922 CCa
PCC88°  7DJ8
uccss ®

16.2 EC92 6AB4

16.3 ECC83 12AX7 6AX7

Data concerning valve related capacitances are not given in this chapter because they can
easily be found in valve data hand books like eg. “Réhren Taschentabelle” (valve pocket
table), Franzis-Verlag 1963, Munich, Germany,

or in the internet: “http://frank.pocnet.net/sheetsE1.html”

heater voltage and current: 6.3V, 325 mA

heater voltage and current: 6.3V, 365 mA

heater voltage and current: 6.3V, 300 mA

heater voltage and current: 7.0V, 300 mA

heater voltage and current: 21.0V, 100 mA

=NV S
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16.1 E188CC /7308’
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Figure 16.1 E188CC /7308 valve constants vs. plate current
at 90V plate-cathode voltage
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Figure 16.2 E188CC / 7308 valve constants vs. plate current
at 150V plate-cathode voltage

characteristic charts taken from the 1968 Philips Data Handbook on Electronic Components and
Materials; S=g,,, Ri=r,
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Figure 16.3 E188CC /7308 grid voltage vs. plate current
and plate-cathode voltage
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16.2 EC92 / 6AB4®

AVERAGE CHARACTERISTICS
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Figure 16.4 EC92 / 6AB4 valve constants vs. plate current
at 250V and 100V plate-cathode voltage
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Figure 16.5 EC92 / 6AB4 grid voltage vs. plate current and plate-cathode voltage
8

characteristic charts taken from the 1956 General Electric data sheet
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1632 ECC83 / 12AX7’

71 T,
o 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 la (mA) 2
Figure 16.6 ECC83 / 12AX7 valve constants vs. plate current
at 100V plate-cathode voltage
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Figure 16.7 ECC83 / 12AX7 valve constants vs. plate current
at 250V plate-cathode voltage

characteristic charts taken from the 1968 MAZDA-BELVU data sheet
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Vg (V) -4 -3 -2 -l 0

Figure 16.8 ECC83 / 12AX7 grid voltage vs. plate current and plate-cathode voltage



Chapter 17 Book Ending Sections

17.1 Abbreviations
17.2 Subscripts
17.3 List of figures
17.4 Index

17.5 Epilogue
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17.1

Abbreviations:
A = auxiliary term of a function or equation
A = example version of Chapter 15
AC = alternating current, stands also for small signal
AIK = Aikido gain stage
amp = amplifier
atan = arctan in MCD
B = bandwidth
B = auxiliary term of a function or equation
B = example version of Chapter 15
BAL = balanced gain stage
Book = in a bandwidth of 20Hz ... 20 kHz = audio band
CFx = type of cathode follower
C = capacitance
Cea = capacitance between grid and plate
Coc = capacitance between grid and cathode
Cac = capacitance between plate and cathode
C; = input capacitance
Cin = i/p capacitor that keeps DC voltage from the previous stage off the
gate
Ciot = total input capacitance
Co = output capacitance
Cout = o/p capacitor that keeps DC voltage off Ry
Citray = stray capacitances
CAS = cascode amp stage
CCF = cascaded cathode follower
CF = cathode follower
CM = Miller capacitance
CMRR = common mode rejection ratio
CCS = common cathode stage
CCS+Cc = common cathode stage with cathode AC grounded
CGS = common grid stage
CSi = current sink
CSo = current source
DC = direct current
deg = degrees
DS = data sheet(s)
EX = example
f = page plus the following one
® = a frequency dependent function (eg. T(f))
ff = page plus following ones
St = triode’s mutual conductance (t = triode’s specific indication)
G = gain factor of a gain stage
Gen = Generator
hp = high-pass
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i = AC current

Iy = anode or plate AC current

i = cathode AC current

i/p = input

I = DC current

Im = imaginary component of an equation

k = kilo decimal point of a resistor, eg. 5k62 = 5.62 kQ

Ip = low-pass

M = Mega decimal point of a resistor, eg. SM62 = 5.62 MQ

M = auxiliary term of a function or equation

MCD = MathCad

MM = Moving Magnet cartridge

n = nano decimal point of a capacitance, eg. 22n1 = 22.1nF

N = auxiliary term of a function or equation

o/p = output

(6] = auxiliary term of a function or equation

P = pico decimal point of a capacitance, eg. 22p1 =22.1pF

P = auxiliary term of a function or equation

PAR = valves in paralleled operation

PEN = pentode

Q = auxiliary term of a function or equation

Tat = plate or anode resistance (= triode’s internal resistance)

Tet = cathode resistance (= triode’s internal resistance)

rot = rule of thumb

Tot = grid input resistance (= triode’s internal resistance)

R = resistance

R = decimal point of a resistor, eg. SR62 = 5.62 Q

R = auxiliary term of a function or equation

R, = plate loading resistor

R, = bias resistance for the cathode = cathode resistor

Re = real component of an equation

Ri. = cathode input resistance

Ry = plate output resistance

Roc = cathode output resistance

R, = bias resistance for the grid = grid resistor

R = oscillation prevention resistor at the grid

Ry = gain stage load resistance = input resistance of next stage

(Ry) =a Ry dependent function (eg. G(Rr))

Rs = source impedance

SRPP = shunt regulated push-pull gain stage

T = transfer function

TSOS = The Sound of Silence (ISBN 978-3-540-76883-8)

v = AC voltage

v = DC voltage

Var = DC voltage between plate and ground (0V)-level

Vit = DC voltage between plate and cathode in a multi (x) valve
arrangement

Vi = DC voltage between cathode and ground (0V)-level

Vi = DC voltage between grid and ground (0V)-level

Vext = DC voltage between grid and ground (0V)-level in a multi (x) valve

arrangement or between grid and cathode as specifically indicated in the
respective illustration

Vx = valve number x

Vac = AC voltage between plate and cathode = plate-cathode AC voltage
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Vge = AC voltage between grid and cathode = grid-cathode AC voltage
VR = AC voltage across R,

Vi = AC input voltage of the gain stage

Vo = AC output voltage of gain stage

Ve = positive gain stage DC supply voltage

Vee = negative gain stage DC supply voltage

Vx = valve x

Vo = idle voltage of a source (0=zero)

WCF = White cathode follower

n = micro decimal point of a capacitance, eg. 221 = 22.1pF

T = triode gain (assumption: plate loading resistance R, is infinite high
u-F = u-follower gain stage

Z = impedance

Zic = cathode input impedance of the gain stage

Zig = grid input impedance of the gain stage

Zoacff = effective plate output impedance of gain stage

Lo c.off = effective cathode output impedance of gain stage

[0) = phase angle in rad (in MCD)
¢/deg = phase angle in degrees (in MCD)
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17.2 Subscripts:

a = anode = plate

a.c = anode/plate-cathode ....

aik = Aikido gain stage

app = approximation, approximated

b = bypassed

b = balanced operation

c = cathode

cas = cascode amp

c.t = cathode of a specific triode t

cc = positive

cc = overall feedback plus local feedback around each valve
cef = cascoded cathode follower

cf = cathode follower

cfl = cf simple version

cf2 = cf improved version

co = overall feedback plus no local feedback for V2 only
e = logarithmic expression (e.g. H. = 20log(H))

ee = negative

eff = effective

g = for grid bias purposes

gg = oscillation prevention component via grid

g.a = grid-plate ....

g.c = grid-cathode ....

gx = grid of valve x in a multi valve (x =1 ... n)) arrangement
gl = grid 1 of pentode

g2 = grid 2 of pentode

23 = grid 3 of pentode

hi = high-Z (current source or sink)

i =in

in =in

it = i/p of a specific triode t

lo = low-Z (current source or sink)

L = load

m = mutual

n =new

n =n times

o = out

o.a = plate or anode o/p

oc = no overall feedback plus local feedback for V1 and V2
0.c = cathode o/p

00 = no overall feedback plus no local feedback for V1 and V2
opt = optimal

o.t = o/p of a specific triode t

out = out

p = peak

p = pentode

par = parallel operation

r = RIAA equalized

rot = rule of thumb
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R
red

SIpp
stray

wef

20k
83
92
188

= resistor

= reduce, reduced

= SRPP gain stage

= stray capacitance

= source

= stands for triode

= total

= un-bypassed

= unbalanced operation

= p-Follower gain stage

= valve number x (Vx)

= White cathode follower

= source voltage number 0

= one (times)

= two (times)

=20Hz ... 20kHz

= short form identification for ECC83 / 12AX7 in calculations
= short form identification for EC92 / 6AB4 in calculations
= short form identification for E188CC / 7308 in calculations

= in Figures the first point indicates a subscript, following points separate
different aspect namings, in all other cases any point separates different
aspect namings
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17.3

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9
Figure 1.10
Figure 1.11
Figure 1.12

Figure 2.1

Figure 2.2
Figure 2.3

Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13

Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13

List of Figures:
(Figures on text pages and on MCD worksheets)

Basic design of the Common Cathode Gain Stage (CCS)
Equivalent circuit of Figure 1.1

Valve capacitances

Simplified equivalent circuit of Figure 1.1 - including all
frequency and phase response relevant components

CCS example circuitry

= Figure 1.4

Transfer of i/p network

Phase of i/p network

Transfer of o/p network

Phase of o/p network

Frequency response of the whole CCs gain stage
Phase response of the whole CCs gain stage

Basic design of the Common Cathode Gain Stage with
grounded Cathode via C, (CCS+Cc)

Equivalent circuit of Figure 2.1

Simplified equivalent circuit of Figure 2.1 - including all
frequency and phase response relevant components

CCS+Cc example circuitry

= Figure 2.3

Transfer of i/p network

Phase of i/p network

Transfer of cathode network

Phase of cathode network

Transfer of o/p network

Phase of o/p network

Frequency response of the whole CCS+Cc gain stage
Phase response of the whole CCS+Cc gain stage

Basic design of a Cathode Follower gain stage (CF) with gain Gcpy < 1
Equivalent circuit of Figure 3.1

Simplified equivalent circuit of Figure 3.1 - including all

frequency and phase response relevant components

General CF gain stage with gain Gcg, = 1

and bootstrapped input resistance

Equivalent circuit of Figure 3.4 (without C,,)

Simplified equivalent circuit of Figure 3.3 (bypassed version) - including
all frequency and phase response relevant components

Simplified equivalent circuit of Figure 3.3 (un-bypassed version) - including all
frequency and phase response relevant components

CF'1 example circuitry
= Figure 3.3

Transfer of i/p network
Phase of i/p network
Transfer of o/p network
Phase of o/p network
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Figure 3.14
Figure 3.15

Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23

Figure 3.24
Figure 3.25
Figure 3.26
Figure 3.27
Figure 3.28
Figure 3.29
Figure 3.30
Figure 3.31

Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11

Figure 5.1
Figure 5.1-1
Figure 5.2
Figure 5.3
Figure 5.3-1

Figure 5.4

Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12

Figure 6.1
Figure 6.2

Frequency response of the whole CF1 gain stage
Phase response of the whole CF1 gain stage

CF2, example circuitry

= Figure 3.6

Transfer of i/p network

Phase of i/p network

Transfer of o/p network

Phase of o/p network

Frequency response of the whole CF2, gain stage
Phase response of the whole CF2, gain stage

CF2, example circuitry

= Figure 3.7

Transfer of i/p network

Phase of i/p network

Transfer of o/p network

Phase of o/p network

Frequency response of the whole CF2, gain stage
Phase response of the whole CF2, gain stage

Basic design of a Common Grid Gain Stage (CGS)
Equivalent circuit of Figure 4.1

Simplified equivalent circuit of Figure 4.1 - including all
frequency and phase response relevant components

CGS example circuitry

= Figure 4.3

Transfer of i/p network

Phase of i/p network

Transfer of o/p network

Phase of o/p network

Frequency response of the whole CGS gain stage
Phase response of the whole CGS gain stage

CCSo-lo that generates a lower impedance than the Figure 5.3 case
Equivalent circuit of the Figure 5.1 current source

CCSi-lo that generates a lower impedance than the Figure 5.4 case
CCSo-hi that generates a higher impedance the Figure 5.1 case
Equivalent circuit of Figure 5.3 - and its change into a Figure 5.1 type of
CCG

CCSi-hi that generates a higher impedance than the Figure 5.2 case

CCSo-lo example circuitry
Frequency response of the CCSo-lo
CCSi-lo example circuitry
Frequency response of the CCSi-lo
CCSo-hi example circuitry
Frequency response of the CCSo-hi
CCSi-hi example circuitry
Frequency response of the CCSi-hi

Basic design of the Cascode Amplifier Gain Stage (CAS)
Simplified equivalent circuit of the CAS gain stage
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Figure 6.3

Figure 6.4

Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11
Figure 6.12
Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16
Figure 6.17
Figure 6.18

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10
Figure 7.11
Figure 7.12
Figure 7.13
Figure 7.14
Figure 7.15
Figure 7.16
Figure 7.17
Figure 7.18
Figure 7.19

Figure 8.1
Figure 8.2
Figure 8.3
Figure 8.4

Figure 8.5

Figure 8.6

Simplified equivalent circuit of Figure 6.1 (bypassed version)

- including all frequency and phase response relevant components
Simplified equivalent circuit of Figure 6.1 (un-bypassed version)
- including all frequency and phase response relevant components

CAS example circuitry

= Figure 6.3

Transfer of b-i/p network

Phase of b-i/p network

Transfer of V1 cathode network

Phase of V1 cathode network

Transfer of V1 b-o/p network

Phase of V1 b-o/p network

Transfer of V2 b-o/p network

Phase of V2 b-o/p network

= Figure 6.3

Frequency responses of the bypassed and un-bypassed CAS gain stage
Phase responses of the bypassed and un-bypassed CAS gain stage
Input impedances for the bypassed and un-bypassed versions

Basic design of the Shunt Regulated Push-Pull Gain Stage (SRPP)
Equivalent circuit of Figure 7.1

Simplified equivalent circuit of Figure 7.2

Simplified equivalent circuit of Figure 7.1 (bypassed version)

- including all frequency and phase response relevant components
Simplified equivalent circuit of Figure 7.1 (un-bypassed version)
- including all frequency and phase response relevant components

SRPP example circuitry

= Figure 7.4

Transfer of i/p network

Phase of i/p network

Transfer of V1 cathode network

Phase of V1 cathode network

Transfer of VI o/p network

Phase of V1 o/p network

Transfer of V2 o/p network

Phase of V2 o/p network

= Figure 7.5

Frequency responses of the bypassed and un-bypassed SRPP gain stage
Phase responses of the bypassed and un-bypassed SRPP gain stage
Input impedances for the bypassed and un-bypassed versions

Basic design of the p-Follower Gain Stage

Equivalent circuit of Figure 8.1

Simplified equivalent circuit of Figure 8.2

Simplified equivalent circuit of Figure 8.1 (bypassed version)

- including all frequency and phase response relevant components
Simplified equivalent circuit of Figure 8.1 (un-bypassed version)
- including all frequency and phase response relevant components

u-Follower example circuitry
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Figure 8.7 = Figure 8.4
Figure 8.8 Transfer of i/p network
Figure 8.9 Phase of i/p network
Figure 8.10  Transfer of V1 cathode network
Figure 8.11  Phase of VI cathode network
Figure 8.12 Transfer of V1 o/p network
Figure 8.13  Phase of V1 o/p network
Figure 8.14 Transfer of V2 o/p network
Figure 8.15  Phase of V2 o/p network
Figure 8.16 = Figure 8.5
Figure 8.17  Frequency responses of the bypassed and un-bypassed p-F gain stage
Figure 8.18  Phase responses of the bypassed and un-bypassed u-F gain stage
Figure 8.19  Input impedances for the bypassed and un-bypassed versions
Figure 9.1 Basic design of the AIK Gain Stage
Figure 9.2 Current sources: low-Z (lo = a)) and high-Z (hi = b)) triode alternatives
Figure 9.3 Simplified equivalent circuit of Figure 9.1
Figure 9.4 Simplified equivalent circuit of Figure 9.1 (bypassed version)
- including all frequency and phase response relevant components
Figure 9.5 Simplified equivalent circuit of Figure 9.1 (un-bypassed version)
- including all frequency and phase response relevant components
Figure 9.6 AIK example circuitry with a low-Z current source plate load
Figure 9.7 Effective gain vs. R;, changes
Figure 9.8 = Figure 9.4
Figure 9.9 Transfer of i/p network
Figure 9.10  Phase of i/p network
Figure 9.11 Transfer of VI cathode network
Figure 9.12  Phase of VI cathode network
Figure 9.13  Transfer of V1 o/p network
Figure 9.14  Phase of V1 o/p network
Figure 9.15 = Figure 9.5
Figure 9.16  Frequency responses of the bypassed and un-bypassed AIK gain stage
Figure 9.17  Phase responses of the bypassed and un-bypassed AIK gain stage
Figure 9.18  Input impedances for the bypassed and un-bypassed versions
Figure 9.19  AIK example circuitry with a high-Z current source plate load
Figure 9.20  Effective gain vs. R, changes
Figure 9.21 High-Z current source impedance vs. frequency
Figure 9.22 = Figure 9.4
Figure 9.23 Transfer of i/p network
Figure 9.24  Phase of i/p network
Figure 9.25 Transfer of V1 cathode network
Figure 9.26  Phase of VI cathode network
Figure 9.27  Transfer of V1 o/p network
Figure 9.28  Phase of VI o/p network
Figure 9.29 = Figure 9.5
Figure 9.16  Frequency responses of the bypassed and un-bypassed AIK gain stage
Figure 9.17  Phase responses of the bypassed and un-bypassed AIK gain stage
Figure 9.18  Input impedances for the bypassed and un-bypassed versions
Figure 10.1 Basic design of the Cascoded Cathode Follower (CCF) gain stage

Figure 10.2

Constant current sink alternatives: a) = low-Z, b) = high-Z
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Figure 10.3

Figure 10.4

Figure 10.5
Figure 10.6
Figure 10.7
Figure 10.8
Figure 10.9
Figure 10.10
Figure 10.11
Figure 10.12
Figure 10.13
Figure 10.14

Figure 10.15
Figure 10.16
Figure 10.17
Figure 10.18
Figure 10.19
Figure 10.20
Figure 10.21
Figure 10.22
Figure 10.23
Figure 10.24

Figure 11.1
Figure 11.2

Figure 11.3
Figure 11.4
Figure 11.5
Figure 11.6
Figure 11.7
Figure 11.8
Figure 11.9

Figure 12.1
Figure 12.2

Figure 13.1
Figure 13.2
Figure 13.3

Figure 13.4
Figure 13.5

Figure 13.6
Figure 13.7

Simplified equivalent circuit of Figure 10.1 with the low-Z CCG as the
cathode load - including all frequency and phase response relevant
components

Simplified equivalent circuit of Figure 10.1 with the high-Z CCG as the
cathode load - including all frequency and phase response relevant components

CCF-lo example circuitry

DC voltage arrangement of Figure 10.5 - lo version
Impedance of the low-Z constant current sink
CCF-lo gain vs. frequency

CCF-lo phase vs. frequency

= Figure 10.3

Transfer of lo i/p network

Transfer of lo o/p network

Frequency response of the CCF-lo gain stage
Phase response of the CCF-lo gain stage

CCF-hi example circuitry

DC voltage arrangement of Figure 10.15 - hi version
Impedance of the low-Z constant current sink
CCF-hi gain vs. frequency

CCF-hi phase vs. frequency

= Figure 10.4

Transfer of hi i/p network

Transfer of hi o/p network

Frequency response of the CCF-hi gain stage

Phase response of the CCF-hi gain stage

Basic design of the White Cathode Follower gain stage (WCF)
Equivalent circuit of Figure 11.1

WCF example circuitry

DC voltage overview

Gains Gyeppr and Gy vS. Ry with fixed Ry o

Gains Gy and Gyt VS. Rajef With fixed Ry,

Gains GW(}/.bJIL and Gwc/,u.nL vs. Ru/,e[/'

Comparison between exact and rule-of-thumb R, calculation
Ro,b and Ro,u Vs. RaI,qff

Two triodes in parallel operation
Equivalent circuit of the parallel operation of two triodes

Two triodes configured as a differential (balanced) gain stage

for AC signal amplification purposes

Simplified equivalent circuits for each part of the differential (balanced)
input voltage v;, of Figure 13.1

Equivalent circuit for the common mode input voltage situation of V1 and
V2 respectively

Derivation of the term 2*r,

Improvements of Figure 13.1 to get equal gains of V1 and V2

BAL gain stage example circuitry
Input impedances
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Figure 13.8
Figure 13.9
Figure 13.10
Figure 13.11
Figure 13.12
Figure 13.13
Figure 13.14
Figure 13.15
Figure 13.16
Figure 13.17

Figure 14.1
Figure 14.2

Figure 14.3
Figure 14.4
Figure 14.5
Figure 14.6

Figure 15.1
Figure 15.2

Figure 15.3
Figure 15.4

Figure 15.5
Figure 15.6

Figure 15.7

Figure 15.8

Figure 15.9

Figure 15.10
Figure 15.11
Figure 15.12
Figure 15.13
Figure 15.14
Figure 15.15
Figure 15.16
Figure 15.17
Figure 15.18
Figure 15.19
Figure 15.20
Figure 15.21
Figure 15.22
Figure 15.23
Figure 15.24
Figure 15.25
Figure 15.26
Figure 15.27
Figure 15.28

Output impedances

Balanced gain stage with all relevant components
Simplifies equivalent circuit of Figure 13.9
Transfer of the input network

Phase of the input network

Transfer of the output network

Phase of the output network

Frequency response of the whole gain stage
Phase response of the whole gain stage

CMRR of the balanced gain stage with two different types of current
generators

General feedback circuitry
Feedback system with output resistance R, bigger than zero

General feedback circuitry

Feedback system with output resistance bigger than zero
Total gain G2 vs. output resistance R, ,

Total gain G2 vs. open loop gain G,

Basic pre-amp design with overall feedback - including the alternative to
change V2’s gain and local feedback situation

Simplified circuit diagram of Figure 15.1 including all calculation relevant
active and passive circuit blocks

A-versions and test sequence 1

Basic pre-amp design without overall feedback - including the alternative
to change V1’s and V2’s gain and local feedback situation

Simplified circuit diagram of Figure 15.4 including all calculation relevant
active and passive circuit blocks

B-versions and test sequence 2

Basic pre-amp design with overall feedback (= Fig. 15.1)
Simplified equivalent circuit of Figure 15.7 (= Fig. 15.2)
Plots of gains vs. Z2 of both pre-amps

T1(f) network

Transfers of T1(f)

Phases of T1(f)

T2(f) network

Transfers of T2(f)

Phases of T2(f)

T3(f) network

Transfers of T3(f)

Phases of T3(f)

T4(f) network

Transfer of T4(f)

Phase of T4(f)

Frequency responses of both “‘'flat” pre-amps

Phase responses of both “flat” pre-amps

RIAA network = Z2(f) for feedback equalization purposes
RIAA transfer of both pre-amps

RIAA transfer of both pre-amps ref. 0dB/1kHz
Deviations D, ,(f) from the exact RIAA transfer Ry(f) for both pre-amps
Input impedance for the 4 different versions



Book Ending Sections 305

Figure 15.29

Figure 15.30
Figure 15.31
Figure 15.32
Figure 15.33
Figure 15.34
Figure 15.35
Figure 15.36
Figure 15.37
Figure 15.38
Figure 15.39
Figure 15.40
Figure 15.41
Figure 15.42
Figure 15.43
Figure 15.44
Figure 15.45

Figure 15.46

Figure 15.47
Figure 15.48
Figure 15.49
Figure 15.50
Figure 15.51

Figure 15.52
Figure 15.53

Figure 15.54
Figure 15.55
Figure 15.56
Figure 15.57
Figure 15.58
Figure 15.59
Figure 15.60
Figure 15.61
Figure 16.1
Figure 16.2
Figure 16.3
Figure 16.4

Figure 16.5
Figure 16.6

Figure 16.7

Figure 16.8

Basic pre-amp design without overall feedback and no equalization
(= Fig. 15.4)

Simplified equivalent circuit of Figure 15.29 (= Fig. 15.5)
T1(f) network (= Fig. 15.10)

Transfers of T1(f)

Phases of T1(f)

T2(f) network (= Fig. 15.13)

Transfers of T2(f)

Phases of T2(f)

T3(f) network (= Fig. 15.16)

Transfers of T3(f)

Phases of T3(f)

T4(f) network (= Fig. 15.19)

Transfer of T4(f)

Phase of T4(f)

Frequency responses of both pre-amps

Phase responses of both pre-amps

Input Impedances of the two versions

Basic pre-amp design with passive RIAA equalization and without overall
feedback (= Fig. 15.4)

Simplified equivalent circuit of Figure 15.46 (= Fig. 15.5)

T1(f) network

Transfers of T1(f) (= Fig. 15.10)

Phases of T1(f)

T2(f) network for the passive RIAA transfer solution

(incl. 75us time constant)

T2(f) transfer plots for the passive RIAA transfer solution

T3(f) network for the passive RIAA transfer solution

(incl. time constants 318us and 3180us)

T3(f) transfer plots for the passive RIAA solution

T4(f) network

Transfer of T4(f)

Phase of T4(f)

Frequency responses of the two pre-amps with passive RIAA network
RIAA transfer ref. 0dB/1kHz

Deviations from the exact RIAA transfer

Input impedances of the two versions

E188CC /7308 valve constants vs. plate current

at 90V plate-cathode voltage

E188CC /7308 valve constants vs. plate current

at 150V plate-cathode voltage

E188CC / 7308 grid voltage vs. plate current

and plate-cathode voltage

EC92 / 6AB4 valve constants vs. plate current

at 250V and 100V plate-cathode voltage

EC92 / 6AB4 grid voltage vs. plate current and plate-cathode voltage
ECC83 / 12AX7 valve constants vs. plate current

at 100V plate-cathode voltage

ECC83 / 12AX7 valve constants vs. plate current

at 250V plate-cathode voltage

ECC83 / 12AX7 grid voltage vs. plate current and plate-cathode voltage
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17.4 Index

Note: A page number followed by ‘f* or ‘ff” indicates that the topic is also discussed in the

following page(s).
A

Abbreviations, 294 ff

Aikido gain stage (AIK), 143 ff
basic assumptions, 144
cathode capacitances, 149 f
cathode resistances, 149
circuit diagram, 143
constant current sources, 143
derivations, 146
equivalent circuit bypassed, 153
equivalent circuit un-bypassed, 155
example calculations, 157 ff, 164 {f
frequency response bypassed, 153 ff
frequency response un-bypassed, 155 ff
gain high-Z versions bypassed, 145
gain high-Z versions un-bypassed, 145
gain low-Z versions bypassed, 144
gain low-Z versions un-bypassed,

144, 145
input capacitances, 151
input impedance, 152
load impedance, 148 f
load resistance, 148 f
oscillation preventing resistor, 152,
153,155

output capacitances, 149
output impedances bypassed, 149
output impedances un-bypassed, 150
output resistances bypassed, 149
output resistances un-bypassed, 150
phase response bypassed, 153 ff
phase response un-bypassed, 155 ff
total gain of gain stage bypassed, 154
total gain of gain stage un-bypassed, 156
total phase of gain stage bypassed, 154
total phase of gain stage un-bypassed, 156
transfer functions bypassed, 153 ff
transfer functions un-bypassed, 155 ff

Aims of the book, ix

Anzai, 311

B

Balanced gain stage (BAL), 215 ff
amplification variants, 216
balanced input, 216 f
balanced output, 216 f
basic assumptions, 216
circuit diagram, 215
CMRR, 221 ff, 230
common mode gain, 219 f
common mode gain rule of thumb, 220
common mode input voltage, 219
common mode rejection ratio, 221
common mode rejection ratio rule of

thumb, 221
derivation of cathode resistance, 220
derivations, 218
differential gain, 218
equivalent circuit, 218, 227
example calculations, 224 ff
frequency response, 227 ff
gain, 216 f,
gain differences, 222 f
gain rule of thumb, 223
improvements, 222
input impedance, 219
Miller-C, 219
mutual conductance, 222
output impedance, 219
phase response, 227 ff
phase shift, 216 f
reduced mutual conductance, 222
rules of thumb, 220, 221, 223, 231
sources of friction, 221
un-balanced input, 217
un-balanced output, 216

Bateman, Cyril, 244

Biasing, viii

Building blocks, vii, viii

Bypassed, see Chapters 3, 6, 7, 8,

9,11
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C

Cascode amplifier (CAS), 81 ff

basic assumptions, 82

cathode capacitance, 87

circuit diagram, 81

derivations, 83

equivalent circuit bypassed, 88

equivalent circuit un-bypassed, 90

example calculations, 92

frequency response bypassed, 88 ff

frequency response un-bypassed, 90 ff

gain bypassed, 82

gain bypassed rule of thumb, 82

gain un-bypassed, 82

input capacitances, 87

input impedance, 99

oscillation preventing resistor, 88, 90

output capacitances, 87

phase response bypassed, 88 ff

phase response un-bypassed, 90 ff

plate output impedance, 82, 85

plate output resistance, 82, 85

role of Ry, 86

rule of thumb, 82

total gain of gain stage bypassed, 89

total gain of gain stage un-bypassed, 91

total phase of gain stage bypassed, 89

total phase of gain stage un-bypassed, 91

transfer functions bypassed, 88 ff

transfer functions un bypassed, 90 ff

Cascoded cathode follower (CCF), 173 ff

basic assumptions, 174

cathode output resistance high-Z
version, 176

cathode output resistance low-Z
version, 175

circuit diagram, 173

constant current sinks, 173

equivalent circuit, 177, 178

example calculations, 180 ff, 186 ff

frequency response high-Z version, 178 f

frequency response low-Z version, 177 £

gain, 174 ff

gain high-Z version, 175

gain high-Z version rule of thumb, 175 f

gain low-Z version, 174

gain low-Z version rule of thumb, 174

grid capacitance, 176

grid voltage divider high-Z version, 176

input impedance high-Z version, 176

input impedance low-Z version, 175

oscillation preventing resistor, 177, 178

output impedance high-Z version, 176

output impedance low-Z version, 175

phase, 177, 178

phase response high-Z version, 178

phase response low-Z version, 177 £
rules of thumb, 174, 175
transfer function, 177, 178

Cathode follower (CF), 25 ff

cathode capacitance, 31

cathode output resistance, 26, 31

cathode output resistance rule of thumb,
26, 31

circuit diagram, 25, 29

derivations, 27, 32

equivalent circuit, 27, 28, 32, 34

example calculations, 36 ff, 40 ff, 44 ff

frequency response, 28, 34 {f

gain, 26

gain bypassed, 30

gain un-bypassed, 30

input capacitance, 26, 31

input impedance, 26, 30

input resistance, 26, 30

oscillation preventing resistor, 28, 34

phase response, 28, 34 ff

rules of thumb, 26, 31

transfer function, 28, 34, 35

Circuit blocks, 242 ff
Common cathode gain stage

with grounded cathode (CCS+Cec), 15 ff
cathode capacitance, 16
cathode output resistance, 16
circuit diagram, 15
derivations, 17
equivalent circuit, 17, 19
example calculations, 20
frequency response, 19
gain, 16
input capacitance, 18
input impedance, 16
input resistance, 16
oscillation preventing resistor, 19
output capacitance, 18
phase, 19
phase response, 19
plate output impedance, 16
plate output resistance, 16
transfer function, 19

Common cathode gain stage (CCS), 1 ff

cathode output resistance, 2
circuit diagram, 1
derivations, 3

equivalent circuit, 3, 7
example calculations, 9 ff
frequency response, 7
gain, 2

gain rule of thumb, 2
input capacitance, 2, 6
input impedance, 2

input resistance, 2

Miller capacitance, 6
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oscillation preventing resistor, 7, 13
output capacitance, 6
output impedance, 2
output resistance, 2
phase, 8
phase response, 7 f
plate output impedance, 2
plate output resistance, 2
remarks, 13
rule of thumb, 2
stray capacitance, 6
transfer function, 8
Common grid gain stage (CGS), 49 ff
cathode input impedance, 50
cathode input resistance, 50
circuit diagram, 49
derivations, 51
equivalent circuit, 51, 53
example calculations, 55
frequency response, 53 ff
gain, 50
input capacitance, 50, 53
output capacitances, 53
phase response, 53 ff
plate output impedance, 50
plate output resistance, 50
total gain of gain stage, 53
total phase of gain stage, 53
Common mode, 219 ff
Constant current generators (CCG), 61 ff
constant current sink high-impedance, 68 ff
constant current sink low-impedance, 63 f
constant current source high-impedance, 65 ff
constant current source low-impedance, 61
example calculations, 71 f, 73 f, 75 ff, 78 f
Current consumption, 214

D

Data sheets (DS), 287 ff
E188CC /7308, 288 f
EC92 / 6AB4, 290
ECC83/12AX7,291 f

Design Example (EX), 241 ff
circuit diagrams, 242, 243
description of the pre-amps, 244
goals, 241
local feedback, 241
local feedback versions (flat), 261 ff
local feedback versions (RIAA), 273 ff
MathCad worksheets intro, 246
non-equalized, 241
overall feedback, 241
overall feedback versions, 247 ff
pre-amp versions, 241
remarks, 244
RIAA equalized, 241

RIAA network, 244

subscripts, 241

sub-versions, 241

test sequences, 242, 243
Differential, see balanced

E

Electronics World, 244, 245

Elektor Electronics, 311

Epcos, 244

Epilogue, 311 f

Examples, see Chapters 1 ...11, 13 ... 15

F

Feedback (FB), 233 ff
electronic model, 234
example calculations, 237 ff
feedback factor, 234 ff
feedback factor rule of thumb, 236
gain, 233 ff
negative feedback, 234 ff
output resistance, 234 f
positive feedback, 234
rule of thumb, 236

Figures, 299 ff

J

Jones, Morgan, viii

K

Kirchhof’s law, viii

L

Lem, Stanislaw, 233
M

Miller capacitance, 13 and in all chapters
p-Follower, 223
p-Follower gain stage (n-F), 121 ff
anode output resistance, 126 f
basic assumptions, 122
cathode bypass capacitance, 123, 126
cathode output resistance, 123, 126 f
circuit diagram, 121
derivations, 124
equivalent circuit bypassed, 129
equivalent circuit un-bypassed, 131
example calculations, 134
frequency response bypassed, 129 ff
frequency response un-bypassed, 131 ff
gain bypassed, 122
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gain bypassed rule of thumb, 123
gain un-bypassed, 123
gain un-bypassed rule of thumb, 123
input capacitances, 127, 128
input impedance, 128
oscillation preventing resistor, 129, 131
output capacitances, 128
output resistances bypassed, 126
output resistances un-bypassed, 127
phase response bypassed, 129 ff
phase response un-bypassed, 131 ff
plate (anode) output resistance, 126 f
rule of thumb, 123
total gain of gain stage bypassed, 131
total gain of gain stage un-bypassed, 133
total phase of gain stage bypassed, 131
total phase of gain stage un-bypassed, 133
transfer functions bypassed, 129 ff
transfer functions un-bypassed, 131 ff
u (triode gain), vii, viii
Mutual conductance, vii, viii

N

Noise in audio amplifiers, 13
Noise voltage, 70, 214

o

Ohm’s law, viii
Operating point, viii

P

Panasonic, 245 ff

Parallel operation (PAR), 209 ff
advantages, 214
cathode capacitor, 212
cathode output resistance, 211
circuit diagram, 209
component figures, 210
derivation, 210
disadvantages, 214
equivalent circuit, 210
frequency response, 214
gain, 211
grid input impedance, 211
input capacitance, 211
Miller capacitance, 211
output capacitance, 211
parallel operation of n triodes, 212 ff
phase response, 214
plate output impedance, 211
stray capacitance, 211
valve figures, 210

Plate resistance, vii, viii

Positive feedback, 233

R

Reduced mutual conductance, 222
RIAA equalization, 244 ff
RIAA networks, 241 ff

S

Schenk, U., vii

Self, Douglas, v, 245

Shunt regulated push-pull gain stage

(SRPP), 101 ff
basic assumptions, 102
cathode bypass capacitance, 103, 106
cathode output resistance bypassed, 103, 106
cathode output resistance un-bypassed,
103, 107

circuit diagram, 101
derivations, 104
equivalent circuit bypassed, 109
equivalent circuit un-bypassed, 111
example calculations, 113 ff
frequency response bypassed, 109 ff
frequency response un-bypassed, 111 ff
gain bypassed, 102
gain bypassed rule of thumb, 103
gain un-bypassed, 103
gain un-bypassed rule of thumb, 103
input capacitances, 108
input impedance, 108
oscillation preventing resistor, 109, 111
output capacitances, 108
output resistances bypassed, 106
output resistances un-bypassed, 107
phase response bypassed, 109 ff
phase response un-bypassed, 111 ff
rule of thumb, 103
total gain of gain stage bypassed, 110
total gain of gain stage un-bypassed, 112
total phase of gain stage bypassed, 110
total phase of gain stage un-bypassed, 112
transfer functions bypassed, 109 ff
transfer functions un bypassed, 111 ff

Sound of Silence, The, 14, 260, 311

SRPP, 223

Subscripts, 297 ff

T

Test sequence, 242
Tietze, C., vii

Tube cad journal, viii

U

Un-bypassed, see Chapters 3, 6, 7, 8,
9,11
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A\

Valve constants, viii, 13
Valve data, see data sheets
Valve noise, 13

W

White cathode follower (WCF), 193 ff
basic assumptions, 194
cathode capacitance, 196
circuit diagram, 193
clipping, 194
derivations, 197
equivalent circuit, 197
example calculations, 202 ff
feedback loop, 194
frequency response, 201
gain bypassed, 195

gain un-bypassed, 195

grid 2 capacitance, 196

input capacitance, 196, 201

input impedance, 196

input resistance, 196

Miller-C, 201

output capacitance, 196, 201

output resistance, 194, 201

output resistances bypassed, 195

output resistances bypassed rule
of thumb, 195

output resistances un-bypassed, 196

peak signal voltage, 194

phase response, 201

positive feedback, 194

remarks, 194

rule of thumb, 195, 196

Wima, 244
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17.5 Epilogue

The whole thing started after I’ve finished writing my book' on noise in audio pre-amps in
September 2007. I tried to calculate the noise of a moving magnet RIAA gain stage that is based
on the SRPP concept, developed 1969 by Mr Anzai from Japan. His recommendation to take a
ECCS81 / 12AT7 as the first stage valve was not followed by Elektor Electronics in their 1993
book on high-end audio®. Their proposed solution for the first valve was a ECC83 / 12AX7.
This triggered my intention to find out the difference - especially on noise. To calculate the
noise of these two-stage SRPP designs we need to know the gains of the stages as well as the
loss of the RIAA networks.

I discovered that the gain formulae I could find in many sources (books, internet, magazines,
etc. - my own university papers got teared to pieces long time ago) where not satisfying enough
to calculate things with the precision I wanted to get. Most descriptions were too complicate. Or
they were rather distorted and hidden in a lot of hobby blah-blah. Or they offered too many
simplifications. In addition, many formulae where simply wrong and I couldn’t find a source
that offers the broad range of triode gain stage possibilities on one spot - in a manner I was
dreaming of. No source gave easy to handle formulae to calculate transfer functions - from input
source to output load - of complete gain stages covering only one or several valves in a
sequence.

Finally, for my own purposes, I decided to start to develop all formulae that are capable to
describe the behaviour of many different triode gain stages in a way that makes calculation life
for me - and later on for the audio enthusiast, developer and / or - not only young - engineer
much more easy - with the help of a mathematical software and the respective worksheets, thus,
virtually producing a kind of simulation approach. And, most important of all my efforts, one
should be able to follow the derivation course. Despite the many subscripts and abbreviations
one should get a better understanding of the whole matter. The credo I was following up
became: “calculate first and do the roundings not before the end”.

But I must point out that the calculation examples I’m presenting on MathCad worksheets are
examples to show one possible calculation path only! They do not represent the top result of all
development efforts one could imagine. It will be the task of the user to find out the best results
by eg. changing the circuit variables and bias data - on a strictly own development basis.

Coming back to the results of my comparative SRPP calculations: from a noise point of view
the Signal-to-Noise-Ratio (SN) of the ECC81 / 12AT7 1" stage approach is approximately 2dB
better in a 20Hz ... 20kHz frequency band than the ECC83 / 12AX7 solution. It was calculated
with a 1k input load and with A-weighting. A second calculation with a Shure V15 VMM
cartridge as the input load ended up with nearly no difference in SN, hence, for low impedance
cartridges the ECC81 / 12AT?7 input device is the better solution. This is also valid for input

! TSOS (see Section 17.1)
2 “High-end Audio Equipment”, Elektor Electronics UK, 1993,
ISBN 0-905-70540-8
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step-up transformers for MC cartridge puposes. The price to pay is the nearly doubled 1* stage
DC current, meanwhile the overall gain doesn’t change significantly.

At the end of this reference book I wish all readers a lot of fun with triodes - despite the nasty
math! Old-timers never die! They reflect a certain emotional value and for many connoisseurs
the sound of eg. a 1976 “911” triggers the equivalent emotions like the soft glow of valves in

the background of a living room and the right music that enchant ones ears.

I guess that’s what many valve enthusiasts are living for!
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