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3 Claims. (C. 179-171) 
Our invention relates to improvements in elec 

trical amplifiers and it has particular relation to 
filtering systems. 
One of the major problems in amplifier design 

is to provide uniform amplification of all signal 
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frequencies. This problem has been solved in a 
fairly Successful manner for amplifiers designed 
to operate in the audio-frequency range of the 
Sound spectrum and particularly for frequencies 
between 100 and 5000 cycles per second. Very 
often, however, there is a demand for an ampli 
fier that will operate effectively over a range ex 
tending well into the radio frequencies. For ex 
ample, television signals, wherein the allowable 
distortion is extremely small, extend over a broad 
range of frequencies. 
In the amplifiers constructed according to the 

teaching of the prior art, the interelectrode im 
pedances of the amplifying tubes practically 
short-circuit the coupling impedances at high fre 
quencies, thereby decreasing the amplitude of the 
signal transmitted from the plate circuit of one 
amplifier tube to the grid circuit of the succeed 
ing tube and causing distortion. 

It is, accordingly, an object of our invention 
to reduce distortion in electrical amplifiers. 
Another object of our invention is to provide an 

amplifier that shall cut off sharply at the fre 
quency beyond which no response is desirable. 

Still another object of our invention is to in 
crease the high-frequency response in electrical 
amplifiers. 
An additional object of our invention is to pro 

vide an amplifier that shall have a uniform fre 
quency-response characteristic. 
More specifically stated, it is an object of our 

invention to eliminate reflection of electrical 
waves in the coupling circuits of electrical an 
plifiers. 
According to our invention, we provide addi 

tional impedances for amplifier-coupling circuits 
of such value and nature that the characteristic 
impedance of the coupling circuit is made Sub 
stantially equivalent to the coupling impedance. 
The novel features that we consider character 

istic of our invention are set forth with particu 
larity in the appended claims. The invention it 
self, however, both as to its organization and its 
method of operation, together with additional 
objects and advantages thereof, will best be un 
derstood from the following description of a 
Specific embodiment, when read in connection 
With the accompanying drawings, in which 
Figure 1 is a schematic representation of a sec 

tion of a resistance-coupled amplifier, not pro 
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Vided with our improvement. 
Fig. 2 is a schematic representation of an elec 

trical network equivalent to that of Fig. 1 at high 
frequencies. 

Fig. 3 is a vector diagram showing the relation 
existing between the currents and electromotive 
forces indicated in Fig. 2. 

Fig. 4 is a Schematic representation of the sec 
tion of the amplifier shown in Fig. 1, with a pre 
ferred embodiment of our invention included 
therein. 

Fig. 5 is a schematic representation of the elec 
trical network equivalent to that of Fig. 4 at high 
frequencies. 

Fig.6 is a vector diagram showing the relations 
existing between the currents, and the electromo 
tive forces indicated in Fig. 5. 

Fig. 7 is a Schematic representation of an elec 
trical network equivalent to that indicated in Fig. 
4 at low frequencies. 

FigS. 8 and 9 are drawingS. inserted to aid in 
describing the effects of electrical discontinuities 
On the propagation of an electrical disturbance 
along a wire. . 

Fig. 10 is a schematic representation of a tube 
showing the agents that effect certain of its ap 
parent properties. 

Figs. 11 and 14 are graphs showing certain 
properties of the circuits discussed herein. 

FigS. 12 and 13 are Schematic drawings show 
ing the apparent electrical form assumed by cer 
tain modifications of what is shown in Figs. 1 
and 4. 

Referring to the drawings in detail, the ampli 
fier section depicted in Fig. 1 comprises two ther 
mionic tubes 1 and 2, each containing a cathode 
3, a control electrode or grid 4 and a plate elec 
trode 5. 
The two tubes are coupled electrically through 

a resistance 6. A blocking condenser 7 is custom 
arily inserted in the grid circuit of the Second tube 
2 in order to block direct current from the plate 
battery 8, which would otherwise bias the grid of 
the second tube. A high resistance 9 is employed 
as a grid leak, and the usual grid-biasing battery 
10 may be desirable. 
The signal to be amplified is impressed upon 

the input terminals 11, and the amplifier response 
is impressed upon the grid-cathode circuit of the 
second tube. r 
The equivalent circuit of Fig. 2 is derived from 

the amplifier of Fig. 1. At high frequencies, the 
large blocking condenser 7 offers a negligible im 
pedance to the signal current and may be con 
sidered a short circuit. The grid-leak resistor 9 
is large, as compared with the coupling resistor 
6 and also may be neglected. 
The coupling circuit, at high frequencies, thus 

reduces the equivalent network of Fig. 2, in which 
the capacitor Cp is equivalent to the cathode 
plate capacitance of the first tube 1, and the ca 
pacitor C9 is equivalent to the apparent cathode 
grid capacitance of the second tube 2. r repre 
sents the plate resistance of the first tube in the 
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network, and e represents the effective signal 
voltage induced in the plate circuit of the first 
tube 1. The portion of the network of Figs. 2 and 
5, designated by the characters a b c d, is Ordi 
narily regarded as a coupling circuit. 
The apparent cathode-grid capacity C9 is not 

precisely the actual capacity between grid and 
cathode, since the grid is influenced in its elec 
trical action by the plate. The value of C9 is a 
function of the constants of the thermionic tube 
and of the circuit in which it is used. The func 
tional relation between C9 and these constants 
may be obtained by analysis of the circuit repre 
sented in Fig. 10, in which 
Cgp=grid-plate capacity 
Cgc=actual grid-cathode capacity 
rp=apparent resistance between cathode and 

plate 
Il-total current entering grid 
Ic=current from grid to plate 
icg=current from flament to grid 
p=positive value of the amplification coefficient 

of the tube 
2p=impedance of the external circuit into 

which the tube delivers its current 
On Setting up and Solving Kirchoff's equations 

for the electrical network comprised in the tubes, 
we find that the apparent grid-cathode capacity 
may be defined by the equation 

ur - 2p (1) Cd=(1+ f2)cap+Cae 
In Certain tubes, particularly those of the three 

electrode type, the capacities Cg and Cp are ap 
proximately equivalent. On the other hand, for 
tubes including a screening grid, and also, in rare 
cases, in three-electrode tubes, Cp may be neg 
lected in comparison with Cg. Our invention may 
be applied to both types of tubes as will appear 
hereinafter. We shall first, however, apply it to 
the type wherein Cp=Cg. 
As shown in Fig. 4, our invention comprises the 

disposition of an inductance 12 between the plate 
of one tube and the grid of the succeeding tube. 
In Fig. 5, which shows Schematically the electri 
cal equivalent of Fig. 4 at high frequencies, the 
inductance 12 is represented by the inductance L, 
The function of the inductance 12 may be best 

demonstrated by analyzing Fig. 2, with the aid of 
Fig. 3 and Fig. 5, with the aid of Fig. 6, and by 
comparing the ratio of the output to the input 
currents which each analysis yields. From the 
analysis, the specific value of the inductance, as 
defined by the constants of the network, will also 
appear. 
In addition to the characters in Figs. 2, 3, 5 and 

6 defined hereinabove, other characters are pres 
ent which represent the physical properties of the 
circuit as follows: 

Icp=current through Cp 
Icg=current through cg. 
IR=current through R. 
I=current through r 
IL-current through L. 
ER=potential drop acroSSR 
Er=potential drop across r 
Er-potential drop across I 
Ecp=potential drop across C 
y 

force impressed. 
frequency of the alternating electromotive 
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phase and magnitude relationship. The vectors 
are labelled in accordance with the table herein 
above set forth. 
In Fig. 6, the corresponding vector diagram is 

shown for Fig. 5. 
By applying Kirchoff's law to Fig. 2, as shown 

in Fig. 3, and adding the COndition Cy=Cp, we 
obtain the expression 

(2) -- - - 
I, V1-4 WRC 

and the corresponding equation 
----- 

I, W(1-wilC)2+ wiCR2 (2-WLC); 
is obtained by applying Kirchoff's law as shown 
in Fig. 5, to Fig. 4, and adding the condition 
Cg=Cp. 

Furthermore, by applying the condition 
L=2RCd 

We obtain from (3) the relation A. 
Is 1 A 

Fig. 11 shows the curves obtained by plotting 
Ir 
r 

against WRCg. Curve II is obtained from Equa 
tion 2, and curve IV is obtained from Equation 4. 
Curves II and IV give the frequency characteris 
tic of the output current of the two respective 
circuits for an input current having a flat fre 
quency characteristic. 

It is obvious from the two curves, that by add 
ing the inductance in the circuit, we have raised 
the response at the high-frequency end of the 
spectrum. In addition, in an amplifier construct 
ed according to our invention, the cut-off at the 
higher frequency is considerably sharper than in 
an amplifier constructed according to the teach 
ings of the prior art. 

It should be further noted that we may obtain 
a considerable variety of frequency-response 
characteristics for the output currents by merely 
putting into the circuit the requisite value of L. 
Of particular interest in this connection is the 
application of Our invention to the case wherein 
the frequency-response characteristic Of the in 
put current is not flat. 
We do not wish, therefore, to be restricted to 

the One value of L. defined by the relation 
L=2RPCg. 

The particular application of our. invention 
demonstrated hereinbefore may also be con 
sidered with reference to the well-established 
principle that, in order to prevent reflections of 
electrical waves in an electrical network, the net 
work should terminate in a load impedance equal 
to the characteristic impedance of the network. 
This principle is reduced to our particular net 
work, as will appear from the following considera 
tion. 
The characteristic impedance of a distributed 

network is represented by the well known relation 

20= (E impedance )%= V5 network admittance 

A simple case illustrating the meaning of this 
statement is presented in Fig. 8, which shows 

In Fig. 3, the vectors representing the currents a single electrical signal wave of current 13 trav 
and electromotive forces, for a circuit of the type eling along a conductor 14, in the direction of the 

S illustrated in Fig. 2, are shown in their proper arrow, toward an open circuit (infinite imped 
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mitted wave. 
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1987,68? . 
ance) terminal 15. The wave, upon reaching 
this terminal, is reflected and reversed in sign, 
because of the high terminal impedance. The 
reflected wave 16, indicated in Fig. 9, since it is 
of opposite sign, wipes out the transmitted Wave 
13, the result baing a Zero transmission of current. 
As the terminal impedance decreases, the value 

of the reflected Wave decreases until the terminal 
impedance is equal, in value, to the characteris 
tic impedance of the conductor. Such a terminal 
impedance, with reference to the current wave, 
cannot be distinguished from the conductor, and 
hence no reflection occurs. 

Similarly, it may be shown that an electrical 
wave of voltage, upon meeting an open-circuit 
terminal, is reflected without reversal of sign, and, 
therefore, the reflected wave adds to the trans 

As the terminal impedance de 
creases, the reflected voltage wave decreases until, 
when this characteristics of the line and terminal 
are equal, no reflection occurs. Further decrease 
of terminal impedance below the value of the con 
ductor characteristicimpedance causes the reflect 
ed wave to increase with reversal of sign with re 
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spect to the original reflections, until, for a short 
circuit, (zero impedance) terminal, the current 
wave is fully reflected in the same sign, and the 
voltage wave is fully reflected in the opposite 
sign with respect to the transmitted waves. 
Thus, for a circuit in which the load or terminal 
impedance and the line characteristic are equal 
ized and reflection is prevented, the transmitted 
power is theoretically equivalent to the input, 
power. 
For networks, such as the filter section of Figs. 

2, 5 in which the impedance consists, practically, 
of inductance, and the admittance consists of 
capacitance only, the characteristic impedance 
becomes: 

network inductance L 
-------m 20 (E E)% w: 

This relationship is approximate since in the 
present case the impedances L and C are lumped 
rather than distributed. However, the approxi 
nation is sufficient for practical purposes. A 
more accurate relationship for lumped imped 
ances is found on page 125 of Johnson's "Trans 
mission Circuits for Telephonic Communication' 
and has the following form. When reduced to the 
Symbols used here. 
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Since the resistance-coupled amplifier of Fig. 1 
has practically no inductance, the characteristic 
impedance of the filter section represented in Fig. 
2 is: 

which indicates that a balanced circuit (Zo=load 
impedance=R) requires a zero load or coupling 
resistance R. However, the value of the coupling 
resistance is determined by the electron-tube 
characteristics, and is a definite, finite value. It 
is essential, therefore, to provide an inductance 
having the value 

L=RC=2R°C (assuming Cp=C) 
in order to have a characteristic impedance equal 
to the load impedance, thus insuring distortion 
less signal transmission. . 

If the more accurate relationship is used, the 
desired condition is 

Rs w-- 2C(l-6LC) 
but 

8 se-A- w= 
- - 

Rs. 4. Wve?) 
which for large W becomes 

R= w 4T / L. 
W2C2 2C 

L = 2R2C s 
The improved operation resulting from the 

particular application of our invention may be 

and hence 

whence 

shown, in still another light, by referring to fre 
quency cut-off values of filters. Low-pass filters, 
Such that shown in Fig. 5, are designed to pass, 
with negligible attenuation, the currents of all 
frequencies below the cut-off frequency. When 
the terminal impedance R is equal to the charac 
teristic impedance of the filter, all frequencies are 
passed, with low, uniform attenuation, below a 
cut-off frequency determined by the well-known 
formula: 

(5) y 2ntytctylcar, 
or since L-2RC in this case, 

y 1. 
(6) 2 rRC 

It should be noted that the capacities Ca and Cp, 
being in series with respect to the resonant cir 
cuit, result in a net capacity lower in value than 
either of the component parts. The lower the 
net capacity, the higher is the high-frequency 
cut-off value as indicated by the Formula 5. 
In the amplifying circuit, as heretofore used, 

illustrated in Figs. 1 and 2, the above Formula 5 
would give a theoretical cut-off frequency of in 
finity, since L=0. The attenuation of current in 
creases, however, with the frequency, since the 
capacitors are compensated by no inductance. 
Assuming an attenuation of approximately 30% 
that is, referring to Fig. 2. 

(assuming Cp = Cs) 

--- IR W -T- 1.00-0.30-f Vic2+IR: (where Io-Iep+Ica) 
EIR 

WW2ER2C2+ER2/R2 
or solving for 27 

Wy i. 
(7) 22rRCT4trRC 

the effective cut-off frequency, 

(assuming Cp = Cs) 

3. 

10 

2 5 

30 

40 

50 

55 

60 

A comparison of Formulae (6) and (7) indicates 
that, by the insertion of a suitable inductance into 
the amplifier circuit, the effective cut-off fre 
quency or maximum working frequency is prac 
tically doubled. 
The device thus opens a new field to amplifiers 

of electrical energy, in which there has been a 
failure to obtain suitable response. 
At low frequencies, the equivalent coupling 

network for the amplifier of Fig.2 reduces to the 
form shown in Fig. 7. The electron-tube inter 
electrode capacitances are very small and may be 
regarded as open circuits. The circuit of Fig. 7 
resembles a high-pass filter, feeding the load 
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4. 
resistance re. The inductance offers a negligible 
impedance at the lower frequencies, and, there 
fore, does not materially alter the low-frequency 
transmission of signals by the coupling circuit. 
The criterion of cut-off frequency is the relation 
of grid-leak resistance R to the impedance of 
the blocking condenser 7. Below the frequency 
at which these two quantities become equal, am 
plifier performances may be considered unsatis 
factory. 
We shall now demonstrate how our invention 

may be applied to a system wherein. Cp may be re 
garded as small in comparison to Co. In Figs. 
12 and 13, the electrical form that the system, 
with and without our improvement, assumes at 
high frequencies is shown schematically. 

Attention is called to the position of the in 
ductance. As shown, it is now disposed between 
the coupling resistance and the grid, 

For the circuit not including Our improvement 
we obtain, by applying Kirchoff's laws, 

re 
(8) I.V1+ward 
For the circuit including our improvement, 

Kirchoff's laws yield 

(9) --1------ee I, W(1-W LC)?--W R2C, 
and if we put 

RC6 
T 2 

(9) becomes 
--- 

(10) I, W1-4 WRC 
In Fig. 14, curve VIII shows graphically the 

frequency-response relation given by Equation 8, 
and curve X is the corresponding curve for Equa 
tion (10). The advantage of the inductance is 
obvious from the Curves. 
Analysis of the ratio 

Ire 
Ir 

shows that the inductor L. may with considerable 
advantage be disposed between resistance r and 
the grid. 
Our invention is not to be confused with the 

use of filters in combination with electron tubes 
for excluding certain undesirable signal or in 
terference frequencies. We have appreciated 
the injurious influence of electron-tube interellec 
trode capacitances, and have coordinated these 
capacitances with the external amplifier circuits 
and appropriate compensating elements, to pro 
duce a resultant amplifier, not for the purpose 
of excluding certain frequencies, nor for narrow 
ing the frequency range, but for passing all pos 
sible frequencies up to a certain point with Sub 
stantially no discrimination. 
Our invention, therefore, is directed to a bal 

ancing of the coupling-circuit characteristic in 
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pedance to the coupling impedance and effects 
the following improvements in amplifier per 
formance, 

(1) The effective maximum frequency of an 
electrical amplifier is increased. 

(2) The response of an electrical amplifier 
at high frequencies is increased. 

(3) Distortion is decreased. 
(4) Signals above the frequency range desired 

are diminished. 
Each of these results, in itself, attests the im 

portance of our invention, but the combination of 
these three benefits is unquestionably a marked 
advance in coupling-circuit design and permits 
vastly improved performance in the exacting field 
of broad frequency-range amplification. 
Although we have shown and described cer 

tain specific embodiments of our invention, we 
are fully aware that many modifications thereof, 
are possible. Our invention, therefore, is not 
to be restricted except insofar as is necessitated 
by the prior art and by the spirit of the appended 
claims. 
We claim as our invention: 
1. An electrical network comprising a plu 

rality of electric discharge devices, each of said 
devices containing a plurality of capacitively re 
lated electrodes, means for electrically coupling 
certain of the capacitively-related electrodes of 
One of Said devices to capacitively-related elec 
trodes of another of said devices, impedance 
means in circuit with said coupling means, and 
means for decreasing the discrepancy, between 
the value of the characteristic impedance of the 
circuit comprising said coupling means and said 
coupled capacitively associated electrodes and 
the value of the impedance in circuit with said 
coupling means. 

2. An electrical network comprising an electric 
discharge device containing output elements, 
said output elements being capacitively related, 
a second electric discharge device containing in 
put elements, said input elements being capaci 
tively related, coupling means for electrically 
connecting said output elements to said input 
elements, a coupling impedance in circuit with 
said coupling means, and means for making the 
characteristic impedance of the circuit, compris 
ing said coupling means and said capacitively 
related elements, substantially equal to the im 
pedance in circuit with said coupling means. 

3. A resistance-coupled amplifier comprising 
thermionic tubes and an inductance disposed be 
tween the plate of one tube and grid of the suc 
ceeding tube, the value of said inductance being 
substantially defined by the relation L-R2C 
where L is the value of said inductance, R is the . 
value of said coupling resistance, C is the value 
of the sum of the apparent capacities of the con 
densers formed by the flament and the plate 
of said first tube, and by the filament and the 
grid of said second tube. 

VERNON ID. LANDON. 
RCHARD W. CARISE. 
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