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COMPLETE SPECIFICATION

lmproVed Cathoﬂe F ollower _
ifmpedance load, In addition to vuluge reduc— |

We, Tixas INSTRUMENTS INCORPORATED, of
6000, Lemmon Avenite, Dallas 9, Texas,
corporation

organised and existing under the laws of the

State of Deluware, United States of America,

the invention, for which we
pray that a paten t  may be pranted to us, and
thé method g; which it is to be performed, to
be particularly described in dnd by the follow-
ing statement: —

This invention relates to an lmproved type

do hereby decl

‘of cathode follower circuit for connecting a

high itmpedance source to a low impedance
load. More specifically, this invention relates to
a cathode follower cifcuit and a method
where::-no1 the \:::éaggc difference  between the
input voltage the ‘outptit voltage is

fied andfedbackmsuchanmnnerastor

the ottput 1mpedance of the cathode folloWer
circuit and, in addition; reduce distortion in
the output voltage. In the prior art there are
several well-known devices for connecti the
voitage developed across a high imp
soutce to 2 Jow impedance load: One of these
devices is a transformer in which the primaty
side is im edanoe—matched to the source and
the secoridary side is impedance—matched to
the load by winding each side with the num-
ber of turns of wire required to provide the
necessary impedance transformation ratio. The
number of tuttis on the secondary then is

smaller than the number of turns on the pri-

mary and is in a proportion to the primary
tuens as the square root of the ratio of the
soutce to the impedance of the load. Such a
device is known as a step-down transformer

.and, according to transformer theory, the volt-
-age in the seconda

§s to the voltage in the
ptimary as the number of turns in the secon-
dary is to the number of turns in the primary.
in a step-down transformer, the
voltage in the secon
proportion to thie ratio of the number of secon-
dry tuini to the number of pritsry turns and
thus, such & device Is undesitable for use in
cohnecting 4 lugh impedance source to a low

 Iprics ¥ AP C 3

.voltage ampli

is reduced in direct.

~in

tion from the primary to the secondary,

formers have a limmed frequsericy response and,
in applicatima where it is desired to feed back
‘p:n of the output voltage to reduce distortion,
terstage teansformers tend to limit the
negative feedback which may be

- mﬂmher mieans well-kﬂuwn in the art for
connecting voltage developed across a high
impedance source to & low impedance load is
the cathode follower, discussions of which can
be found in Applied Blectronics by Gray,
Second Bdmon, pp. 428--435; Radio
Engineen etmati, pp. 308——311 and
n%ngm eering Principles by Ryder,
pp 179L—183 In a cathode follower circuit
the plate load impedance s eliminated anti

voltage is developed across the cathode resistor

trans- -

50

55 -

WL\
I

and thus follows the voltage applied to the

grid. An analysis of the cathode cirouit
tevedls two 1mportan; features. First, nlta Wllti
age amplification, e.u1/em, approaches p/(n+

as. the load imp,eclm'u:el ,becomes large.

Thus, the maximum voltage amplification .

obtainable is somewhat less than unity and the
cathode follower is, thetefote, not useful as a

fier. Second, its ititernal output
nmpedance which the load faces is iapprom—

mately r,/ (p+1) and apptoudies — as g
becomes farge compared with unity. Ks a.cop-

uence of this small omFut impedance, the .

cathode follower is useful for supplying a low
itpedance load and hence finds extensive appli-
cations as an impedance * transformer >
between a source having a high impedance-and
2 load having 4 low lmz:lanee By virtue of the
fact that it is posdble

almost approach the input voimﬁ&tbe cathode
follower avoids the voltage loss

advantages of excellenmse, high input
though it lacks Voltage ampl!ﬁution, the

etent in the .
- step-down transfortber dnd has the added
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An analysis of this series augnented cathode tortion of less than 0.2% in
t he range foll ower by nmeans of its equivalent circuit of 30
to Sgr-s g —— strows—t-hat the no-| oad

vol tdge gain fromgridg nmodul ation distortign which never rises

to cathptle is approximtely: - ‘above 0.9% until the output
vol t gge < approaches the point at which the

begins to act as
curve

tube 65 10 .. -

a diémethhis Batter describe 794,341

fol | qns#yéery cl ose rtion of the no.. where r.] =t vol t a in
 om o<or o of el i vt it o o MR A
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AR I forrgir therf are certain limitations to jts use 6
di startion arisegpial s lbe €hsidbed. Yonk ithdoR ©n P lafpreci oltage
of - tubes e caaidi folipwarid|thdt,i dér =S Eivegeac( ﬁﬁ%_rt_zﬂ heisagce 17HLS impottarit Sifice th1d
e eathofier tfollnyery eutplits tpositivie grid Fusrentwehichyit ¢amsupply to an

S su med l})oinpjyevoltm the

15

25
30

3

begins to be clipped on negative peaks when
the output load impedance is sufficiently low
that the peak ac current through the output
loads equals the quiescent current in the
cathode follower load resistance. This follows
from a consideration of the fact that if the load
impedance is sufficiently low, the current
through the tube flows mainly through the
load impedance rather than the cathode load
resistance. Since the current through the
cathode resistance follows the voltage swings of
the grid, the current through the load resis-
tance is limited to the quiescent current
through the cathode load resistance until the
tube reaches its cut-off point and the negative
peak voltages are then clipped at that level.
Another limitation is that, on positive ac volt-
age peaks, the cathode follower can deliver
positive current peaks far larger than its
quiescent cathode current, but the output volt-
age begins to be distorted when the current
required by the load produces an internal volt-
age drop across the effective internal resistance
1/g. which is appreciable compared to the
input voltage. Thus, with a load whose value

depends on the voltage across it, larger and’

" larger percentages of the input voltage appear

. 45

50

35

across the internal resistance as the load
increases while smaller and smaller percentages
appear across the load. This distortion can be
partly compensated by employing overall nega-
tive feedback around the entire circuit so that
in the region of appreciable positive grid cur-
rent in the output tube where the follower

" tends to limit on positive peaks, this feed-back

increases the grid voltage of the cathode fol-
lower and thus its output limiting on positive
voltage peaks. The limits to this method of
correction arise mainly from the limited voltage
swing and distortion generation of the tube
preceding the cathode follower. .

- In many types of circuits, such as audio
amplifier circuits, it is very desirable to transfer
power to the output tubes at a high efficiency.
Among the many ways in which high power
transfer at high efficiency can be accomplished,
one method is to operate the output tubes in
either class. A,, AB,, or B, amplification; but
all of these modes of operation require that the
grids of the output tubes be driven positive
and draw grid current during part of each
cycle. In the ordinary cathode follower, the
fact that the cathode follower output begins to
be clipped on negative peaks when the load
impedance is suﬁimﬂy low is of no con-
sequence when the cathode follower is used as

output tube grid is limited. Therefore, the pre-
sent invention has been conceived to overcome
some of the limitations on the use of the
cathode follower as an impedance transformer
and thus constitutes an improved type. of
cathode followes. :

Accordingly it is the principal object of this
invention to augment the impedance trans-
forming characteristics of the cathode follower
in such a manner that the output impedance
of the cathode follower will be further
decreased thereby making it suitable for use in
a circuit between a high impedance source and
an extremely low impedance load.

According to the invention there is provided
in a cathode follower circuit for reducing out-
put impedance and output voltage distortion, a
cathode follower, a separate differential ampli-
fier connected external to the main amplifica-
tion path to sample the magnitude of the input
and output voltages within said cathode fol-
lower circuit and develop an amplified error
signal proportional to the difference there-
between, and amplifier means connected in cir-
cuit with said cathode follower to conduct in
response to the amplitude of said amplifier
error signal.

The invention may consist, for example,
essentially of a tube with a resistor connected
in the cathode path to ground or to a fixed
negative potential as in the ordinary cathode
follower and an additiomal tube connected
either in parallel or in series with the first tube,
The input voltage is applied to the grid of the
first tube thereby producing an output voltage
which is nearly equal to but smaller than that
of the input voltage. The difference- between
the input and output voltage is then fed to a
differential amplifier and this amplified error
voltage applied to the grid of either the parallel
or series connected tube and with such a phase
sense that the error at the output of the first
tube is reduced. The feedback is thus negative
feedback and augments the cathode follower,

or in other words, reduces its output impe-

dance and the distortion in its output voltage.
It should be noted here that, although the
invention is described herein in terms. of

vacuum-tubes, suitable transistors such as field-

effect transistors can be used to build up the
improved cathode follower of this invention
and achieve the same reduced output impe-
dance and reduced output voltage distortion.
The invention provides an augmented
cathode follower driver which may be used for
direct coupling to and biasing of output tubes
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vol tage i s concer ned,
cat hode foll ower

t he parallel augnented
driver is far
| arger than

ik t he

I npe- | ower represents an

hq_ws that the parallel

_ o 20 the anplification
| ower, while the series augnented cathode

3

I denti cal .
Since [err] are very nearly equal and
SUPET |« i ks s s TS
series drivei and the ordinary cathode fol-
factor [er r{]  will be essen-
fol - i al Fyfunity. As to tube V5, its output-
|nprovenent bver the dance is apprOX|naty:- :
ordinary cat hode follower driver. The dash l|798841 S
augrreg:t‘é‘dw - ver—can 80
[ err] the T 1 h
Lerr]™s thelplat .onF?s?Q‘P@g@%’cms‘ et C‘F‘i‘}’éé& thesjnvep
Wi chghr e askurod 1, Ba ShAy MIEFL 5 g al
the oup® i hpedanc@uioltigs @adbeiniRbiled andli: parn
for ré@duci ngf 85 qulary loads op
ve high positive grid current during a portion of a
e cycle. -
an: The invention will now be described by way
re- 75 10 of example with reference to the accompanying
we drawings, in which:— :
he Figure 1 is a schematic circuit diagram for
1er an augmented cathode follower circuit wherein
of a tube is connected in parallel to the cathode
. 8o 15 follower. - i
his Figure 2 is a curve of the theoretical and
as- experimental ratio of the output voltage with
ver - total load Ry to the output voltage with only
ce cathode lead resistance R, plotted against the
r 85 20 load resistance for the paralledl augmented
in cathode follower driver circuit of Figure 1;
ad Figure 3 is a curve of the theoretical and
experimental ratio of the error voltage
ed normalized with respect to the input voltage
- N0 25 plotted against load resistance for the parallel
p a - augmented cathode follower circuit of Figure
1= 1 3 . .
a- Figure 4 is a schematic circuit diagram for
ut an augmented cathode follower circuit wherein
A 95 30 a tube is connected in series with the cathode
or follower; and o
e- Figure 5 is a plot of the intermodulation dis-
Ir- tortion against rms output voltage for an
m ordinary cathode follower driver, a series aug-
er 100 35 mented cathode follower driver all driving an
output tube grid, and for a parallel augmented
le, - cathode follower driver with no added
i‘g load. '
& Beginning now the description of the draw-
de- 105 40 ings, a paralle] augmented cathode follower
ed - circuit is shown schematically in Figuee 1. The
x. input voltage ¢, is fed by lead 10 to the grid
he of tube V1 which in this diagram is shown as
ge one-half of a double triode tube. Tube V2, the
at 110 45 other half of the double triode tube, is con-
e nected in parallel with tube V1 by means of
‘a lead 13 connecting the plates of the two tubes.
or The dc voltage to the plates of tubes V1 and
lel V2 is supplied by a voltage source to the com~
se 115 50 mon plate connection, lead 13. Cathode resis-
rst tor 11 is connected in series with tube V1 by
ve a lead 14 and in series with tube V2 by
Ty a lead 15. The output voltage e, is developed
e 120 across resistor 11 and applied to a low impe-
i sS dance load by lead 12, _
of : In order to augment the cathode follower
d- - action of tube V1, the input voltage ¢, is fed
he . through resistor 17 to the grid of tube V3 by
ne 125 lead 16 while the output voltage e, is applied
on 60 to the grid of tube V4 by lead 18. The cathodes
e . of tubes V3 and V4 are connected together by
:d a common lead 20 and in series with resistor
; 19. The plate of tube V3 is connected directly
.: ‘130 to.a dc voltage source while the plate of tube
s 65 V4 is connected to a second dg¢ voltage source

getrTver—output—yrradcurrentsTup T to 00 TeE W th

im pithensinglerrpdid o psh pullicistior t i ofravgh plus lpad fesigtor 20.0%he\whewitaon-

" Where: p =

ST

supudivblage ef il 4 oiler Gledchibed tin

epyeisking ®E a gridiwhich draws v Victwmmabel iAstplifiers, Radiation Labora-

tory Series Volume 18, Section 11—10. Tube
V3 is connected as a cathode follower and
thus, the input voltage e, to its grid is trans-
mitted with very little drop to the cathode of
tube V4. Tube V4, however, acts as an ampli-
fier with its grid biassed negatively with
respect to its cathode. The difference between
the input. voltage ¢, and the output voltage e,
is amplified by the voltage gain across resistor
21 to give the amplified error signal (g.e,—
£:&.) or, its approximate equivalent, gle, - ;)
where g, and g, are as defined hereinafter, This

_error voltage provides a high. swbility and
reduced distortion when fed back ttyo the

cathode follower V2. Further, this *active
error ” feed-back path of the augmented
cathode follower is outside the main amplifica-
tion path of any circuit into which it might be
connected and thus allows greater overall nega-
tive feedback to be used in the entire circuit
with no amplification of the distortion from
stages ahead of the augmented cathode fol-
lower driver. _

“The error voltage from tube V4 follows a
path through lead 22, condenser 26 and lead

-25 to the grid of tube V2. Condenser 26 pro-

vides an ac bypass around resistor 23 and, since
resistor 24 is of considerable magnitude com-
pared with the reactance of condenser 26 at
frequencies of interest, the error voltage feeds
to the grid of tube V2 with very little or no
voltage drop through resistor 24. The grid of
tube V2 is provided with a negative dc bias -
equal to that of the negative dc bias on the
grid of tube V1 by means of a voltage divider
consisting of resistors 23 and 24, The voltage
across resistor 21 is applied to the voltage
divider and the voltage drop across resistor 23
reduces the voltage to the proper dc level for
the grid of tube V2. °

From the circuit described, it follows then
that as the load requires more current, the out-
put voltage e, will tend to drop. This results
in an increased error voltage which is amplified
and fed to the grid of the parallel connected
tube V2, Since tube V2 is a cathode follower
also, the voltage across resistor 11 tends to

- increase to compensate for the current supplied

to the load thereby reducing the error voltage.

Bxpressing the circuit of Figure 1 by means

of formulas, feeding the amplified error voltage

into the parallel connected tube V2 results in

a no-load voltage gain for the parallel aug-

mented cathode follower equal to:—
e #1+g,)

+2(14+ )+ /Ry
e L bes V1
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[ | ower,
:goFér?] Cﬁhgoggrrgs aug - anplifier connected external to
t he ml anpl i -- t fication path
to sarfle the magnitude of the i npedance by the factor [err] I nput
and oyfMut vol tages within said cathode 90 30 To illustrate the effect f
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Where g, and g, are denoted by their mean

valie g which is much greater thar unity,

. In so far #s the voltage diop through the

cathode follower is concerned, the internal

tesistance r, for the augimented cathode fol-

lower is app'rbximatelf equal to l:-— ‘
p

Ig fwll i -'_'= gmg
Whien mmpﬁlt;d wi!glgn’e internal resistance of
essentially — for a well designed ordinary

Y < ; ;
cithode follower, it can be seen that by aug-
menting the catflode_'follower, the internal
resistanice is reduced by the factot g. In actul
output impedarice, ¢his is a feduction in the
ohinta tf:it tl;e :tﬁdinuf{i cattil‘lode mo;wer to
dpprogittute _ohms for the parallel aug-
metited 'cht!_'xgde follower of Fig pa 1. "
~ As a furiher verification of_:ge operation of
the parallel augmented cathode follower of

Figure 1, reference is now made to the cutves

shown in Figures 2 and 3. In Figure 2, a cutve
Is drawn for the fatio of the output voltage
w‘illth'atoulimdk,, to the output voltage with
only cathy

the!;md load resistatice R,, inoreases. The solid

- Hine tepresenting theoretical voltage amplifica-

tion is comparatively small. However, as the
load resistanice increases, the voltage amplifica-
tion increases until it approaches unity. The
triangula;}:oints represent experimental points
ing values of load resistance across the output
of the parallel augmented cathode follower.
The close correspondence of the experimental
points with the theoretically calcufated curve
shiows that the theoty of the augmented cathode

- follower is sound in actwaf practice. In Figure

3, a plot of the etror voltage e, normalized with
fespect to the Input voltage e, is shown for

- increasing values of the total load resistance -

R,. The theoretically calculated curve shown

- by the solid line indicates that the error volt-
age should be large in comparison with the

input voltage for low values of load resistance
and that this ratio should dectease as the load
resistance increases. Again, the experimental
points shown by the small ttiangles indicate

that the actual performance of the par_al!el aug-

|teRser is

thode resistance foad R, as the value of

si‘gnal .
S

X age. .
H&Ye%:afsm%ﬁd mg;h 2i a&]! C'{;ﬂ!&b&E m%:?é?rp tepﬁfeh n céi“ o?s
, oFi T et ! .
- e Ciriode, reistanes cof | cob ;&ﬁe igrobyube NS hrotgh Adad 40y B

S is connected to a fixed
potential through resistor 41.. How-
ever, tube V5 is cortrected ig series with tube
V9 by the connection 50 between the plaie of
tube V3 and the cathode. of tube V9. The our-
put voltage e, developed actoss resistor 41 is
?mzas being fed to an output tube V10 by

As in the parallel augriiented cathode fol-
lower, the tldg;rmce between the input vole-
age e, and the outpist vol%x:, is amplified in
a differential ifier. is 18 accomplished

connecting the output voltage ¢, to the grid
of tube V7 through lead 43. The input voltage

e, is connected into thv?'rid of a cathode fol- |

lower tube VB and the voltage drop across resis-
tor 45 in the cathode circuit of tube V8 is fed
to the grid of tube V6 by lead 46, Tubes V6
and V7 are identical halves of a double triode

-tube;, have 4 common cathode connection 47

and are connected in series with lead 48 to a
fixed negative potentisl. The difference between
the halves of the double trivde lies in the fact
that tube V6 is a cathode follower while tibe

CRHEPGIAESveRf 60
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V7 is an amplifier. As i the parallel augmented -

cathode follower circuit of Figure 1, the gain
through tube V7 is equal to (g,e, - ga¢x) which
is essentially equal to 5:; - &v). This amplified
error voltage is then fi iyy lead 51 to the grid
of tube V9. Thus, the series atginented
cathode follower is likewise provided with
error feedback to increase its stability

back path is éssentially out of the main ampli-
fication path 9f any circuit into which it might
be connected, - .
. The erior voltage is applied to the grid of
tube V2 by lead 51 and acts to augment the
cathode follower tube V5 in the following

manner. As clirrent is supplied to 2 low resis-

tance load such as the grid of the output tube. °
- V10 when.driven positive, the voltage drop .
across the tube V5 increases. However, any -

internal resistance drop will be compensated by
an increase in the plate voltage of tube V5 due

to the errcr voltage e, supplied to the grid of .
tube V9 by the amplified error voltage. This -

compensation. effect continues as .the load
increases until the grid of tube V9-arrives at
the zero bias condition for the tube. Compensa-

tion is limited at this poitit since there can be -

no further voltage drop across tube V9. Com-

pared with the parallel augmented cathode fol-
- lower. circuit, the output  impedance of the:

series augmented cathode follower is consider-
ably higher, being in the order of 50—70 olims
as against 5 ohms for the parallel circuit. How-

ever, the series augmented cathode follower

{ o

“and .
reduce distortion and its “active errot * feed- l
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of distortion is approximately 0.24% at an out- first-nmentioned cathode
fol | ower. 100 40 put voltage of 30 volts rms, the point at which
3. At . . succeedi ng out put
stage start sai d- rrpl;fler nmeans i s connect ‘ed in series with draw ng '

positive~grjd current, and as the out- "-said cathode follower. put volt age -
I ncreases# fhe i nt er modul ation di s- 4. Acircuit as claimed in CQaim1l
or 3,#in toftion ri ses sharply until it is_approximtely which said
anpl L.f_L.e.c...rraans conprises a plural - 105 45 4boo at_an output of 45 volt s3
rms. efhegl nfer- coﬁéx&i&%g au eﬁﬁ‘%hedrax? f"foﬂﬁ VSV'aﬁ %ol&fﬁ& tie Jhn”‘BQx“ Eﬁn‘a& .
di stedtio NGT CAREAS arflindistorRd Sﬁ{pu te € Sortidh i id-
cat hode fr o t hamaipminet wipn compsrdd a:dmﬂﬁ&yl icatode ffolloive: veil mleltmrvd ﬂ:bahd s -
reac anfl t hegathod lwe%gw fpdyigtion beigg i . WMWr follpwer driver -
subst gntesal fy “as™ASE 16 ¢ s'r p o Spo flis- 60
descibbed a hd i | oliéwer & dsrbf eAE i 30\/%6“5 h/%mgr ﬁﬁt put .
t ube x¢ds: st i cie thatrhe1d-togt ﬁtwgﬂg&omrgﬁél mmmhauwmdom Cadveel Qlisesf -
pl até"’curren oo O‘#féj*r*‘l’l’l‘lﬂﬂem@“;f:‘lm-t-cants above 0.9% untl the output vol
20 *moo appronchesthepmntatwh:chtheou ut tw 65
‘Of 10 G:.== - begins to act as & diode. This latter described
put- . - £+ pis curye follows very closely a portion of the no-
1 s : whete g, the voltage gain from the gtid of load curve for the el avgruented cathode ’
) by V8 to the plate of V7 follower driver which represesits the distortion
L 75 g,=the voltage gain from the grid of When no output grid current is deawn, - This
$~ V7 to the plate of V7 distortion atises almost entirely from tie pre-
rolt- 13 = amplification factor of tibes VS ceding amplifier siage stage (trot wot shown). Thus, it can
d in _ V9, assumed to be be seen that whete distortion in the outpur
shed _1 : identical. . voltage is conicernied, the poaviilel dugimented
grid '. Sinoe g dnd g, are very nearly equal and tathode follower driver is far sitperior to both 75
lt?gle ~ usually, in. practice, considerably than - the series driver and the otdinary cathode fol-
ol 20 b the ampnncaﬁg; factoit; e G, e ensen ;m, .Zh'le th; se:ines,n_tmted cathode fﬁ .
s fed d;:,‘ze“i:*?mi:;g, °_5’ its ourput dtmpe- v athode foflowes driver. The dust ine.
s V6 i " shows that the parallel augmented driver cait 80
riode 83 - Py deliver output grid curretits up to 100 fna with .
n 47 - +g Zm(l'i'g,/fh) _ mm&nw&:hdmdismﬁmoflmﬂlm 10%
to a : where Ty 18 the ate resistance of tubes V5 ° k‘ the outpuit stige. S .
wfeen . 25 - and V9 whiich are assumed to be equal. There- What we claim is:— _ '
>lact . ' fore, since the output lmpedance of the ordinacy 1. Th a cathode follower circuit f°f reducitig” 85
mgt; 90 output i folland output voltage dist:::z
nt ' = .. tiof, 8 ca ower, a separate differen
Ef’h cadmdefollowa-is equal to T thesetieswg ﬁ'gp“ﬁ""g“ - ,th mmd :?p&i; |
meitted cathode follower reduces the output tion Pﬂ to sampie the e
'hﬁeg o  impedatice by tie Factor (1+2,/p,). mﬁ ‘3:8” withinsaid cathodo 90
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