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10 Claims. (Cl 179-171) 
This invention relates to electronic amplifiers 

and more particularly to a novel method of and 
means for substantially increasing the efficiency 
of operation of vacuum tube power amplifiers. 
Th present invention is generally applicable to 

audio frequency and radio frequency circuits in 
corporating linear power amplification. The in 
creased efficiency of power amplification by the 
invention may be used for amplifying carrier 
waves, modulating signals, or signal-modulated 
carrier waves, for the generation of radio waves 
by the Oscillation principle, and so forth. The 
well known class B type amplifier is used where 
high efficiency linear power amplification is de 
sired. However, the plate-circuit efficiency of 
Such amplifiers depends upon the magnitude of 
the signal voltage, since the efficiency is sub 
stantially proportional to the ratio of the signal 
voltage output to the applied direct-current volt 
age. Where the signal is of variable amplitude, 
the average efficiency of the power amplification 
by Such prior-art Systems is relatively low. 
Where, however, the signal is at a constant maxi 
mum, higher efficiency values for the class B and 
C amplification result, ranging in practice from 
40 to 65%. 

In accordance with the present invention, 
a substantially higher power-conversion efficiency 
is afforded than by class B linear amplification. 
The invention is particularly useful for signal 
modulated carrier-wave amplification, where the 
modulating signal is of a varying amplitude, as 
occurs for example in speech. A plurality of 
parallel amplifying paths or branches are pro 
vided for individually amplifying separate por- 35 
tions of the impressed signal. Each amplifier is 
responsive only to a predetermined magnitude 
level or portion of the impressed signal, thereby 
selectively amplifying sections of the signal. The 
outputs of the amplifiers are combined to recon 
struct the Original impressed signal wave form. 
Each of the amplifier branches is preferably 
biased for class B amplification, as will be here 
inafter set forth in detail. Thus, each of the . 
parallel amplifier branches is operated at a sig 
nal value corresponding to its maximum capacity, 
and correspondingly amplifies its signal portion 
at the maximum operating efficiency the am 
plifier branch is capable of. When no signal por 
tion is impressed On an amplifier branch no di 

rect current energy is dissipated therein. The 
overall result for the system is accordingly an 
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amplification efficiency substantially higher than 
heretofore possible in practice. Practical ex 
amples and applications thereof are described in 
detail hereinafter. 

It is well known that the maximum power-han 
dling capacity of any vacuum tube is ordinarily 
limited by the maximum permissible values of its 
average and peak plate currents, its peak plate 
voltage, and its average plate power dissipation 
capacity. If the efficiency of its average plate 
power dissipation is for example increased from 
50% to 75% as is feasible by the invention, the 
power-handling capacity of the vacuum tube is 
doubled. Since, in accordance with the present 
invention, the average plate current is much 
closer to the peak plate current than in conven 
tional amplifiers, it has been found that in prac 
tical embodiments of the invention such double 
power output from a given tube complement 
is readily obtained as compared to conventional 
circuits. This is of substantial advantage in high 
power installations from the standpoint of cost. 
In lower power mobile radio transmitting equip 
ment a substantial reduction in space and weight 
requirements is afforded. The invention system 
results, for amplifiers of about one-third, and 
for transmitters of about one-half the conven 

This is 
due mainly to a substantial reduction in the heat 
dissipation of the tubes and for other reasons to 
be later set forth. The present invention has 
been found more economical than conventional 
arrangements for amplifiers or transmitters hav 
ing power outputs greater than about 100 watts. 
The principles of the invention are useful for all 
commercial and military communication serv 
ices, including point-to-point and trans-oceanic 

40 telephony, civilian and military aviation, and 
other Services in general. 
These and further advantages, capabilities and 

objects of the present invention will become more 
apparent from the following detailed description 

45 of preferred embodiments thereof, illustrated in 

50 may assume in practice; 

the accompanying drawings, in which: 
Fig. 1 is a schematic diagram illustrating the 

principles of the invention; Fig. 2 is a circuit 
diagram of one embodiment which the invention 

Figs, 3 to 9 are curves 



2 
used in describing the principles and operation 
of the invention; Figs. 10 to 12 are curves rep 
resenting efficiencies of amplification for varying 
numbers of amplifier branches; Fig. 13 is a 
Schematic output impedance-matching, diagram 
for the form of the invention shown in Fig. 2; 
Fig. 14 is a circuit diagram of a modified output 
coupling unit, for the circuit of Fig. 2; Figs, 15 to 
17 are curves used illustrating the operation of 
the modified form of the invention corresponding 
to Fig. 14: Fig. 18 is a schematic diagram of a 
further application of the invention; Figs. 19 to 
22 are curves illustrating one mode of operation 
of the system of Fig. 18; Fig. 23 is a block dia 
gran of an Oscillator employing the circuit of 
Figure 2. 

Fig. 1 schematically indicates the principle of 
the present invention. Signal source 20 of a wave 
form S is shown applied to the input of a plu 
rality of "signal shapers' 2, 22, 23. A sinusoidal 
wave shape is used for S for simplicity of pres 
entation. The invention is of course applicable 
to any Wave form. The signal shapers are units 
arranged to divide the input signal S into sepa 
rate components as A, B, C respectively. Such 
division is effected by suitable circuit arrange 
ments to be described, whereby predetermined 
Sections of the wave S are passed through the re 
Spective branches I, II, III of the system. The 
inches have individual amplifier units 24, 25, S. 
The wave forms A, B, C passed through am 

plifiers 24, 25, 26, result from the corresponding 
introduced sinusoid sections A, B, C for one form 
of circuit coupling. The outputs of the ampli 
flers 24, 25, 26 are impressed upon an impedance 
unit 27, across which the signal components A, 
B', C combine substantially to reconstruct the 
original wave Shape. The re-formed Wave shape 
S’ is shown as containing harmonic components. 
For many applications a minor harmonic content 
is not objectionable. However, by use of suitable 
filters or degenerative feed-back, such harmonics 
may be reduced to any extent desired. The load 
circuit is connected to impedance unit 27 and re 
ceives the signal indicated at S', corresponding 
to the input wave form S, and without the har 
nonics if desired. 

Fig. 2 is a circuit diagram of one form which 
the invention may assume in practice. This 
form comprises the three branches I, II, III. The 
input circuit of each of these branches is con 
nected to the signal source 20. The outputs of 
the branches are coupled to a transformer unit 
30. The output of transformer 30 is connected to 
load 3 i. Load 3 may be a suitable translating 
device, such as a radiation circuit, as will be un 
derstood by those skilled in the art. The branch 
circuits are preferably designed in push-pullar 
rangement, namely with opposed pairs of tubes 
for each portion. The signal shapers comprise 
triodes 32, 33 for branch I; 34, 35 for branch II; 
and 36, 37 for branch III. The amplifiers sin 
ilarly comprise triode paths 38, 39 for branch I; 
40, 4 for branch II; and 42, 43 for branch . 
Triodes have been shown for simplicity. How 
ever, pentodes or other suitable vacuum tubeS 
may instead be used. 
The amplifier units are connected in a conven 

tional manner, and are coupled to the outputs of 
the signal-shaper tubes by the indicated resist 
ance-capacity coupling. Input resistance units 
44 to 4s are provided in pairs for the respective 
branches. The resistances are of such values as 
to give the required voltages in each of the three 
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branches into which the circuit is divided. The 
amplitude of the voltage applied to branch I is 
controlled by resistances 44, 45; to branch II, by 
resistances 46, 47; and to branch III, by resist 
ances 8, 49. Direct-current grid-bias potentials 
50, 5, 52 are provided for the grid circuits of the 
respective signal-shaper portions. The division 
of the applied signal from source 20 to the grid 
electrodes of the signal shapers of the respective 
branches is accordingly predetermined by the 
values of the respective resistances 44, 45 and bias 
50 for branch I; resistances 46, 47 and bias 5 
for branch II; and resistances 48, 49 and bias 52 
for branch II, 

It is thus feasible to divide the applied signal 
into three predetermined sections which, when 
amplified and recombined, reform the original 
wave shape. In accordance with the invention 
such division of the input signal is made so that 
each of the resultant waves is of such form and 
amplitude that it is transmitted through the am 
plifier units of the respective branches with sub 
stantially higher efficiency than in the original 
wave shape. The overall efficiency obtained is 
accordingly substantially higher than heretofore 
possible with prior circuits. This condition can 
be derived in a number of ways to attain the ob 
jects of the present invention. One of such 
methods which has been found satisfactory will 
OW be set forth in detail. 
For the three-branch embodiment illustrated in 

Fig. 2, the ratio of the maximum power outputs 
of the respective branches is designed to be 1:2:4 
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for the branches I, II, III. That is to say, the 
load currents from the three branches are in the 
ratios 1:14:2. These outputs are applied to the 
primary winding 53 of transformer 30. The out 
put of branch I is shown connected across the 
outer terminals of primary winding 53; the out 
put of branch II, across an intermediate Section 
of winding 53; and the output of branch III, to 
the central section of winding 53. The taps on 
the output-transformer winding 53 are selected 
to suit the respective branches SO that each pair 
of output tubes connects into an appropriate load 
impedance. Also, each of the output tube pairs 
38, 39, 40, 4 and 42, 43 is biased to the point 
where the anode current thereof is normally re 
duced to Zero. The amplifier units are accord 
ingly operated as class B or class C amplifiers. 
The tube pairs comprising the signal shapers are 
essentially driver stages for the respective am 
plifiers, and are used to shape the signals im 
pressed thereon from source 20 for the grid elec 
trodes of the power-amplifier tube units. 

Figs. 3, 4 and 5 illustrate preferred wave forms 
of the voltages passed by the signal-shaped por 
tions to the inputs of their corresponding am 
plifiers. The principles of the invention are for 
the sake of simplicity illustrated in connection 
with an original signal having a sinusoidal wave 
shape. Figs. 3, 4 and 5 are curves representing 
a manner in which the original Sinusoidal signal 
S is divided by the signal shaper portions of the 
three branches I, II, III. The forms of the waves 
in these figures are drawn to have the same am 
plitude, which condition is, however, not essen 
tial. In a circuit in which it is desired that no 
grid current shall flow in the power amplifier 
tubes, the maximum value of the wave.impressed 
upon the grid electrodes of the respective power 
amplifier units is the value of their respective 
grid-bias voltage, or the value which will result in 
maximum permissible plate current for the tubes, 
whichever is less. However, in a circuit where 
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grid current is permissible, the peak grid drive 
impressed upon the amplifier units is adjusted so 
that the maximum plate current is obtained. 
The invention takes advantage of the well 

known fact that a vacuum tube amplifier unit 
will operate at its maximum effective efficiency, 
when the amplitude of its input or driver signal 
is at the peak value and the plate current of each 
of the tubes is transmitting its peak current 
value. In a conventional class B or class C ann 
plifier an efficiency of the order of 90% is realized 

5 

10 

at the moment when it is delivering its instan 
taneous peak output, this efficiency being the 
ratio of the peak output voltage to the D. C. input 
voltage for the tubes. Thus, if a considerable 
portion of the output energy is transmitted while 
the tubes are operating at such peak current 
points, then the whole output power of the tubes 
is obtained at a relatively high efficiency. In ac 
cordance with the present invention, the respec 
tive branches are designed with signals impressed 
upon their amplifier units to Operate close to 
their peak current ratings, resulting in a higher 
operating efficiency for the system than hereto 
fore obtainable. The signal-shaping circuits are 
arranged to divide the input signal into signal 
sections having relative amplitudes correspond 
ing to the relative peak power outputs of the am 
plifier sections. 
In practice I have found that a 3 decibel (db.) 

separation or current ratio between adjacent 
branches is a satisfactory and practical one. 
Thus, the load-current ratio for the respective 
power amplifier units for the three branches 
would be in the ratio of 1:0.7:0.5 for branches 
I, II, III. The load currents for the system are 
divided among the three branches in this man 
ner. For the sine-Wave signal S, branch I will 
pass signal section A as indicated in Figs. 1 and 
3. Resistances 44, 45 and bias 50 of branch I 
are designed so that it will pass all portions of the 
input signal S below 0.5 in relative amplitude; 
section. A thus corresponding to one-half of the 
applied signal amplitude. The next 3 db. am 
plitude range, namely from 0.5 to 0.7 is trans 
mitted by branch II, corresponding to signal sec 
tion B shown in Figs. 1 and 4. Resistances 46, 
47 and bias 5 of branch II are designed so that 
driver tubes 34, 35 pass only a signal correspond 
ing to section B from the impressed signal, and 
no other portion. Finally, the third 3 db. signal 
section, corresponding to C and lying between 
0.7 and 1.0 in amplitude, is transmitted only by 
branch II. Resistances 48, 49 and bias 52 for 
signal-shaper tubes 36, 3 of branch III are de 
signed to pass only the corresponding 3 db, cur 
rent section C. 
It is to be understood that the invention is not 

limited as to the branches or to the signal in 
tervals. Thus, if 3 db. intervals are used be 
tween adjacent branches, and there are more 
than three branches, the relative current values 
below 0.5 would be handled by more than one 
branch. Also, the interval ratio between the sig 
nal sections for the branches may be as much 
less than 3 db. as desired, with the use of a cor 
respondingly larger number of branches. Fur 
thermore, the interval ratio of the signal sections 
between adjacent branches need not be the same 
as that between any other adjacent branches. A 
high efficiency system still results with a ratio 
interval of more than 3 db. 
The particular ratios for the signal Sections are 

determined in practical design by the ratings of 
available tubes used, and also by the average 
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3 
configurations of the wave shapes to be amplified. 
If the volume range is large, and during the major 
portion of the time the wave has a relatively 
small amplitude, then there preferably should be 
a relatively large interval between the maximum 
current-capacity of the highest branch and the 
adjacent branch. Also, there preferably should 
be a relatively small interval between the lowest 
power branch and the branch adjacent to it, with 
the intervening intervals having intermediate 
values. Such a general scheme is preferred for 
a signal amplitude-modulated carrier wave. On 
the other hand, where the range. of amplitude 
variation is small, and the wave is at or near the 
peak value for the greater part of a cycle, then 
the interval between the highest-power branch 
and the adjacent branch is preferably relatively 
small, and the lowest-power branch should pref 
erably handle a relatively large current. Other 
factors remaining equal, there is generally more 
justification for a relatively large number of 
branches in the first category referred to herein, 
and for a relatively small number, possibly only 
two, in the latter case. 
The grid biases 50, 5, 52 for the respective 

signal-shaper circuits for push-pull driver tubes, 
are adjusted to provide conventional class B oper 
ation. Also, the respective gains of the signal 
shaper drivers-are adjusted in conjunction with 
the plate coupling resistances so that the peak 
power is used to cause plate-current saturation in 
their respective coupled power-amplifier units. 
As the input signal from source 20 progresses from 
0 phase angle to 30, the circuit is such that only 
branch I conducts, the other driver tubes being 
biased too far down to permit any plate current 
to then flow in the other branches. Fig. 3 shows 
the relative signal thus passed by the signal 
shaper Section of branch I. 

Fig. 6 shows the corresponding current passing 
through the plate circuit of the corresponding 
power-amplifier tubes 38, 39 of branch I. At the 
30 phase angle, the power-amplifier tubes 38, 39 
will have reached their maximum current rating, 
and at this point also the power-amplifier tubes 
40, 4 of branch II begin to conduct. This causes 
a much higher resistance to be reflected back to 
the power-amplifier tubes 38, 39 of branch I, and 
their load current promptly drops off in the suc 
ceeding few degrees to almost zero, as indicated 
in Fig. 6. The branch II power-amplifier tubes 
40, 4 at the same time then rapidly rise to their 
peak current, reaching the 0.707 relative value 
at a phase angle of 45° as seen in curve B in 
Fig. 7. The signal section B of Fig. 4 is seen 
passing into driver tubes 34, 35 between the 30° 
and 45 phase angular relations, and levelling off 
at 45 with the relative signal grid voltage at 
One-half the peak value for signal S. At this 
point also, the branch III tubes start conducting, 
and the output current of branch II rapidly drops 
off as a result of the much higher load impedance 
thereupon presented to the branch II output. 
Curve C' of Fig. 8 illustrates the relative load 

current passing through output tubes 42, 43 of 
branch III, reaching its maximum current 
rating at the 90° phase angle position, and 
decreasing to zero at about 135°. When sig 
nal C reduces to zero, there results a reduction 
in the load impedance reflected into power-am 
plifier tubes 40, 4 of branch II, which almost im 
mediately start to conduct at their maximum cur 
rent value, as indicated in Fig. 7. As it reduces in 
value. With the advance of the phase angle, the 
plate current B of the tubes of branch II ap 



4. 
proaches zero at about the 150 position. There 
upon, the load impedance reflected into the out 
put of branch is rapidly reduced permitting 
amplifier tubes S, 3 to conduct and complete 
the wave form A' of Fig. 6 at 180°. It is to be 
understood that the relative signal-shaping ac 
tions resulting in the signal sections for the 
branches are correlated with the output currents 
of the branches, and the respective reflected im 
pedance efficiently to produce the corresponding 
waveform therefor. 
The functioning of the output transformer in 

reflecting the resistances between the outputs of 
the respective branches may be better understood 

... by reference to the schematic diagram of the 
system represented by Fig. 13. This schematic 
circuit is an idealized representation. Of the three 
branches of Fig. 2. The impedances of the re 
spective branches are indicated at 21, 2a, 23. The 
load resistance is ZL. The signal voltage of the 
respective branches are indicated as e1, e2, e3. 
The impedances of the respective sections of the 
transformer coupled to the branches are indicated 
as Z1, Z2, Z3. The switches indicated at S1, S2, S3 
represent the operation of the signal shaping sec 
tions of the respective branches, ASSume switch 
S1 closed and switches S2 and S3 open. The 
voltage attap Z2 is equal to 

2 - 2, WZZ-- a 
Now, if switch S2 is closed, and the voltage of 22 
delivered by branch II is slightly greater than 
this, then the voltage appearing at Z1 will be 
raised slightly and the current flowing into 21 is 
no longer the former value of 

e 
2- Z. 

but is equal to 
e-ed 
Z-- Z. 

where ed is the back voltage at the tap Zi. The 
corresponding current in in branch I is reduced 
as voltage ed increases. When voltage ed becomes 
equal to e1, current it in branch I becomes zero. 
Thus, the impedance of the transformer winding 
facing branch I approaches infinity. This Same 
process is repeated for the transition between 
branch II and branch III. 
The output signals from branches I, II, III in 

pressed upon the primary 53 of the output trans 
former 30 combine to induce the resultant signal 
S’ in the secondary winding 54, and at load 3f. 
Fig. 9 shows the resultant signal S', substantially 
corresponding to the sinusoidal input signal S in 
wave shape. The signal components A, B, C., 
corresponding to the curves of Figs. 6, 7 and 8 are 
integrated to form the signal S'. The wave form 
pf S has a high frequency harmonic content. As 
the number of branches for the system is in 
creased above three, the order of the harmonic 
content correspondingly increases. However, the 
amplitude of the corresponding harmonic de 
creases substantially inversely proportionately 
therewith. It is to be noted that for most appli 
cations to which the present invention is indi 
cated, such amount of distortion, in practical 
designs lying between 6% and 14%, is tolerable. 
In practice it is known that a distortion content 
of 20% is tolerable for commercial and military 
communication services, such as point-to-point. 
and trans-oceanic radio telephony, civil and mili 
tary aviation, tank radio, and other military and 
naval applications. 
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Where low-distortion systems are required, the 

well-known principle of degenerative or negative 
feed-back may be employed to reduce the har 
monic content of the output wave form to any 
desired value. The application of...negative feed 
back is indicated in the form of the invention 
disclosed in connection with Fig. 18. It is to be 
noted that the frequency range required to be 
transmitted with little discrimination between the 
plate circuit of the signal shaper, or driver tubes 
and the input circuit of the power amplifier tubes 
is more strict than for other systems of amplif 
cation in view of the non-sinusoidal wave form 
of the signal sections. In practice, the use of a 
plurality of branches in the system design does 
not involve difficulties as to unequal amplification. 
In the first place, all branches are subject to the 
same gain-determining factors, such as tempera 
ture, humidity, aging, atmospheric pressure, etc. 
In any event, the use of negative feed-back coun 
teracts any distortion which might tend to occur 
in this connection. 
The signal-shaping portion of the respective 

branches may be provided in different form than 
that illustrated in Fig. 2. For example, three 
electrode gaseous conducting "trigger' tubes of 
the Thyratron type could readily be adopted for 
this purpose. The grid electrodes of the Thyra 
trons are biased so that conduction therethrough 
would start at the desired phase angle of the input 
wave. Also, in order that the Thyratron would 
become extinguished at the required phase angle 
of each cycle, it is necessary, for example, to sup 
ply then with a relatively high-frequency anode 
power supply, such as 50-kilocycle current. In 
Such a case, the combined output current must 
be rectified so as to pass only the signal frequency, 
rejecting the 50-kilocycle signal and the asso 
ciated high frequency components. On the other 
hand, it is also feasible to set up the signal com 
ponents of the input wave by means of mechani 
cal contacts. 
With such alternative arrangements it is possi 

ble to obtain a resultant wave form somewhat 
more preferable than that illustrated at S' in 
Fig. 9. A still further arrangement for the signal. 
shaping action is to use the input circuit of the 
power amplifier tubes of each branch to shape 
the Signal pulses. This may be accomplished by 
adjusting the amplitude of the input wave, and 
the grid bias of the power amplifiers, so that the 
plate current cut-off is obtained at the requisite 
signal phase angle, and the peak grid voltage is 
of the required value to produce maximum per 
missible plate current, or by using the plate cur. 
rent of branch I to reduce the bias of branch II 
power amplifier tubes and thereby bring them 
into operation at the required time. What is sig 
nificant in the present invention is the resultant 
division of the original signal wave form on an 
amplitude basis into component sections by suit 
able means, namely by the “signal shapers'; 
which component signal sections can be amplified 
and transmitted by separate amplifiers each oper 
ating at relatively high efficiency. 

Fig. 10 illustrates the power efficiency of the 
invention System for different numbers of 
branches, The curve of Fig. 10 is based upon 
3 db. intervals between the branches. The ef 
ficiency is plotted on the vertical coordinate and 
is equal to the ratio of the peak output signal 

76 

voltage to the direct current plate voltage, ex 
pressed in percent. The horizontal coordinate 
is a percentage Scale. One hundred represents 
the maximum amount of plate current of the 
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highest power branch. Line OHJ shows the ef 
ficiency of this highest power branch alone, op 
erating on a sine-wave input. When two 
branches are used, the efficiency rises to a maxi 
mum at 70.7% on the horizontal scale, the point 
at which the lower power branch reaches its max 
imum output circuit. This produces the line 
OFG. If the lower-power branch is dropped out 
immediately at point G, the efficiency would drop 
to point H, the point on the higher-power branch 
where the current is 0.707 of the peak value, and 
then would rise along the line H.J. In practice, 
however, the lower-power branch continues for a 
short time to deliver power at a relatively high 
efficiency, and the resulting efficiency follows that 
shown by the curved line G.J. A similar process 
is involved as additional branches are added to the 
system, resulting in the following efficiency char. 
acteristics: 
Efficiency curve for three branches=OEGJ 
Efficiency curve for four branches=OCEGJ 
Efficiency curve for five branches=OACEGJ 
Efficiency curve for ten branches=OKACEGJ 
If an input Wave having a sinusoidal form is 

impressed on Systems with different numbers of 
branches, different average efficiencies of trans 
mission will result. The manner in which the 
efficiency thus varies is shown by Fig. 11. This 
curve is readily obtained by averaging over one 
cycle the efficiency of a sine wave with a peak 
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value coinciding with iO0 on the horizontal scale 
of Fig. 10. Fig. 12 shows a similar efficiency char 
acteristic for a signal corresponding to a sine 
wave signal-modulated carrier signal. It is to 
be noted that Figs. 11 and 12 apply only to Sys 
tems wherein there is a 3 db. interval between the 
respective branches. It is to be understood that 
the efficiency values indicated herein can be ap 
preciably improved by a suitable adjustment of 
the maximum current ratio between the branches, 
as hereinabove set forth. The curves of Figs. 
11 and 12 indicate the large improvement in ef 
ficiency which the present invention makes pos 
sible. The data represented by these curves 
has been verified experimentally, and in all cases 
the efficiencies measured have been slightly 
greater than these theoretical curves show. This 
may be explained by the slight variations in the 
shapes of the curves joining the points of peak 
efficiencies in Fig. 10. 
The usual efficiency of a conventional class B 

amplifier is about 50% for a sine wave output. A 
class C amplifier has a higher efficiency than the 
class B case but is not linear and accordingly is 
suitable only as a carrier amplifier. For three 
branches, the present invention affords an ef 
ficiency of the order of 70%; for ten branches 
80% as seen in Fig. 11. A conventional class B 
amplifier has an efficiency of about 33% for a 
100% modulated wave. This compares with 
about a 50% efficiency for a class C carrier am 
plifier, plate-modulated by a class B signal am 
plfier, and about a 60%. Overall efficiency for the 
modulated wave amplifier exemplified by U. S. 
Patent No. 2,210,028 of W. H. Doherty. However, 
the Doherty amplifier has the disadvantage of 
a complicated load circuit, which is operable only 
at a single carrier frequency. The efficiency of 
the three branch system illustrated in Fig. 2 for 
the case of a signal modulated carrier wave is 
seen in Fig. 12 as of the order of 60%. By in 
creasing the number of branches in the circuit, 
and by careful choice of the ratio of maximum 
load ratings of adjacent branches, the efficiency 

35 

40 

50 

60 

75 

5 
can be increased much beyond that of Such three 
branch circuit. Fig. 12 shows a corresponding 
efficiency of about 78% therefor. 
The impedance unit 2 indicated in Fig. 1, 

whereby the output circuits of the several branch 
units are combined to re-form the signal wave, 
may take different forms. The form illustrated 
in Fig. 2 comprises a transformer 30 which affords 
close coupling between the outputs of the respec 
tive branch circuits. Such close coupling results 
in the amplified wave shapes A, B, C' illustrated 
in Figs. 6, 7, 8 for corresponding wave sections 
A, B, C of Figs. 3, 4, 5. The matching of the 
power-amplifier units to the load may be per 
formed by an impedance-matching unit which 
gives a close coupling between each branch and 
the output load, and substantially zero coupling 
between the respective branches. Fig. 14 shows 
One embodiment for the latter type impedance 
Coupling unit. This unit comprises bridge Or 
hybrid-coil circuits. Bridge unit 55 comprises 
four arms 66, 57, 58, 59 across which the output 
circuits of branches I and II are connected. The 
second bridge unit 60 is connected across the 
terminal of One of the bridge arms 59. A diagonal 
pair of terminals of unit 60 is coupled to the out 
put circuit of branch III. Bridge 60 comprises 
arms 6,62, 63, 64. The load 65 is shown coupled 
to bridge arm 64 through coupling coil 66. Load 
65 may, however, be connected directly in bridge 
60, replacing arm 64 thereof. Where more than 
three branches are used, additional bridge units 
are employed connected in a similar manner to 
that shown for three branches in Fig. 14. Also, if 
only two branches are used in the system, a single 
impedance bridge unit such as 55 is sufficient. 

Figs. 15, 16 and it illustrate the resultant am 
plified wave forms A', B', C', corresponding to 
the respective divided signal wave forms A, B, C, 
produced at the signal-shaping units in a manner 
described in connection with Figs. 3, 4 and 5. The 
wave shapes A, B, C are of the Same wave form 
as the original signal-Wave sections A, B, C. In 
this case the amplified waves comprise square 
top horizontal pulses, rather than the vertical nar 
row pulses produced by the transformer coupling, 
as shown at A, B, C' in Figs. 6, 7, and 8. The 
amplified wave forms A', B', C' are recombined 
at the load 65 to reconstruct the original wave 
forms as will now be evident to those skilled in 
the art. In practice, this alternative form of 
circuit for the output-impedance unit results in 
about the same efficiencies for sine-Wave ampli 
fication as the vertical-division coupling system 
of Fig. 2 provided by transformer 30. For a sine 
modulated carrier wave, the resultant efficiency 
is of the order of 5 to 10% greater than that given 
by the system of Fig. 2. 

Fig. 18 is a schematic diagram illustrating a 
number of general applications of the funda 
mental aspects of my present invention, The 
system of Fig. 18 is applicable for signal-modul 
lating a carrier wave. Separate sets of branch 
amplifiers are indicated for both the carrier wave 
and the signal wave. Referring particularly to 
Fig. 18, the carrier-frequency source is indicated 
at 70, the output of which is connected to the in 
puts of a plurality of signal-shaping circuits, f, 
72, 73. A three-branch amplification circuit is 
indicated, and the signal shapers may Correspond 
to those shown in Fig. 2, or modifications thereof, 
as indicated hereinabove. The output of each 
of the signal shapers T, T2, 73 is connected to re 
spective power amplifiers 74, 75, T6. The ampli 
fiers 4, 75, 76 correspond to those set forth in 
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connection with Fig. 2. The outputs of ampli 
fiers 74, 75, 76 are in turn connected to impedance 

Impedance unit 77 corresponds to unit 
27 in Fig. 1, 30 in Fig. 2, or may be an impedance 
circuit as shown in Fig. 14. The output of im 
pedance unit 77 is connected to the load generally 
indicated at 8. 
The signal wave which is to modulate the car 

rier wave is in turn amplified by a three-branch 
arrangement comprising signal shapers 8, 82, 83 
directly coupled to source 80. The signal shapers 
8, 82, 83 are in turn connected to the power ann 
plifiers 84, 85, 86. The outputs of the respective 
amplifiers 84, 85, 86 are in turn connected in a 
suitable modulating circuit connection to respec 
tive amplifier units 74, 75, 76. In accordance 
with the general arrangement provided by the 
system of Fig. 18, the carrier wave is split up 
into a plurality of signal sections by the signal 
shapers and correspondingly amplified at 74, 75, 
76. The modulating signal 80 is also split up into 
a number of sections in accordance with the prin 
ciple of the invention, which sections are ampli 
fied at 84, 85, 86 and in turn used to modulate 
the amplified carrier sections at 74, 75, T6. The 
component modulated sections are combined at 
impedance unit 7 to form the resultant desired 
signal-modulated carrier wave, which signal is 
connected to the load circuit 8. 

If it is desired Substantially to decrease the un 
desired harmonic signal components, a degenera 
tive or negative feed-back circuit arrangement is 
provided for the System as already mentioned. 
Such negative feed-back circuit is indicated in the 
system of Fig. 18 and Comprises an isolation cir 
cuit unit 87 connected to a demodulator 88 which 
in turn is coupled to the signal source 80 by an 
impedance-matching unit 89. It is noted, how 
ever, that many applications of the invention are 
commercially practical without such negative 
feed-back arrangement. 
The system generally indicated in Fig. 18 is in 

practice capable of several different operative 
arrangements as follows. The arrangement 
which provides the greatest overall efficiency is 
that in which the carrier and the modulating 
signal are split up into a number of branches in 
accordance with the fundamental principles of 
the invention and as indicated in Fig. 18, and 
wherein the amplifier branches of the signal 80 
at 84, 85, 86 are arranged to plate-modulate a 
corresponding amplified carrier-branch signal at 
74, 75, 76. The resultant wave shape at outputs 
77, 78 will not be the conventional signal-modul 
lated wave shape, but will have the same power 
and frequency content which, when demodulated 
by any type of detector, will provide the identical 
signal output as the conventional type. Experi 
mentally, I found that the efficiency of such a 
signal-modulated system is of the order of 70% 
using a 3 db. ratio of signal division between the 
respective branches. It is to be understood that 
the number of amplifier branches for either the 
carrier or the modulator signal is not necessarily 
three, but may be more or less in accordance with 
the desired design characteristics. Also, the sig 
nal division need not be 3 db. as set forth gen 
erally hereinabove in connection with Fig. 2, 
Also, it is not requisite that the carrier amplifier 
contain signal shapers. Instead class C ampli 
ferS Operating in parallel may be used, which 
amplifiers are in turn modulated by the inven 
tion-type signal-divided amplifiers. In this latter 
case I have found that the power-conversion ef 
ficiency is of the Order of 60% in one embodiment, 
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Furthermore, another arrangement is effected 
by branch amplifying signal-shaped sections of 
a constant-voltage carrier wave, but convention 
ally amplifying the modulating signal by a num 
ber of parallel amplifiers. The output of the sig 
nal amplifiers is then connected to the carrier 
branch amplifiers for the modulation. It is to 
be understood that it is not necessary that a 
like number of amplifiers be used for carrier and 
signal source amplification. In Fig. 18 each 
branch of the signal amplifier is shown as modul 
lating a single branch of the carrier amplifier. 
However, this is merely schematic and not req 
uisite. Several branches of the signal amplifier 
may be combined by an output circuit and used 
to modulate a single branch of the carrier am 
plifier. Also, one branch of the signal amplifier 
may modulate several branches of the carrier 
amplifier. The only requirement is that the 
maximum amplitude of each signal pulse must 
be great enough to give the required depth of 
modulation, Ordinarily 100%, to the associated 
carrier branch or branches, 
Other modifications for operating the system 

of Fig. 18 will be apparent to those skilled in 
the art. For example, instead of employing 
plate-modulations between the signal-amplified 
branches and the carrier branches, so-called low 
level modulation may be used. Thus, each car 
rier branch is modulated by a signal branch at 
either the control-grid, suppressor-grid or screen 
grid electrodes of the respective power tubes. A 
further equivalent of this arrangement is to sim 
ilarly modulate or plate-modulate the signal 
shaper or drive stages preceding the power-am 
plification stages. A somewhat lower efficiency 
results with the low-level modulation as against. . 
the plate modulation. . . . . . 
An extension of the principle of my present in 

vention will now be described in connection with 
Figs. 19 to 22. This is a method of amplifying 
a signal-modulated wave which, when used with 
the circuit of Fig. 2, results in an output having 
a considerably reduced D. C. power requirement 
as compared with conventional types of modula 
tion systems. The modulated wave signal is 
schematically indicated by curve a, Fig. 19. Sig 
nal a is rectified and filtered to produce a direct 
current pulse having a wave shape correspond 
ing to the envelope of curve a. Fig. 20 shows 
the rectified pulse at b. The uni-directional 
current pulse, corresponding to curve b, is con 
nected in series with the original wave, corre 
sponding to curve (, resulting in Wave C shown 
in Fig. 21. The signal c contains all the con 
ponents of the original wave, but is uni-direc 
tional in nature, and is not an alternating cur 
rent. Its amplitude is zero when no modulation 
is present. The current corresponding to Wave c 
is then applied to the system of Fig. 2 at the 
position corresponding to signal source 20. Plate 
current proportional to curve c will flow upon 
application of signal c through the system. The 
output at 3 will appear as indicated by curved, 
Fig. 22. It is to be noted that the horizontal 
scale of Fig. 22 is expanded for clarity. Similar 
operation is effected when signal a is a modulat 
ing signal, and the system used as a signal modu 
lator of a carrier Wave. 

In the system just described, there is no out 
put energy from the signal-modulated carrier 
amplifier until the signal is applied. As indicated 
by Fig. 22, the carrier is completely modulated 
for all levels of the signal wave. Thus it is seen 
that the carrier level is automatically adjusted 
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so that its peak amplitude is always just equal 
to the peak amplitude of the signal wave. The 
advantages of such an amplification method for 
the system of Fig. 2 are more apparent at modul 
lations below 100%. However, a large Overall 
reduction in input power is obtained by a reduc 
tion in the carrier level. 
known that such reduction is by a factor lying 
between 0.80 and 0.88. When this factor is com 
bined with the considerable improvement and 
efficiency at 100% modulation that the present 
invention makes possible, it is found that the 
power input for a variable signal modulated car 
rier wave with a specified peak value is less by 
a factor of about 20 to 1 over a conventional sys 
tem. Such resultant advantages will accrue 
where the carrier-wave modulation is by tele 
phonic currents, and possibly also by telegraphic 
pulses of audio-frequency energy. 
The design technique of rectifier and filter 

circuits which provide a uni-directional bias at 
all times equal to the peak value of the input sig 
nal wave is a well known and highly developed 
art. No design or operating difficulties of un 
known character are involved. Circuits of this 
type have been in wide use in, film-recording Sys 
tems for many years, and the novelty of the 
present invention involves their application to a 
signal-modulated carrier amplifier of high ef 
ficiency, in such way as to render the input power 
substantially proportional to the amplitude of 
the output wave. For a description of such 
variable-bias circuits in film recording, reference 
is made to the Journal of the Society of Motion 
Picture Engineers of February 1942, pages 
125-147. 

Wariations of the principles of the present in 
vention and their application in practice will 
become evident to those skilled in the art. The 
significant advantages of the linear amplifica 
tion performed by the present invention reside 
in the substantial increase in power-conversion 
eficiency of direct-current input to alternating 
current output. Such efficiency improvement in 
practical engineering design is much greater 
than the actual percentage difference might 
appear to convey. The maximum power han 
dling capacity of a given vacuum tube ordinarily 
is limited by maximum permissible values of 
average and peak plate currents, peak plate 
voltage and average plate-power dissipation. 
On the factor of plate-power dissipation alone, 
if its efficiency is increased from 50% to 75% by 
the invention system, the power handling capac 
ity of a vacuum tube is doubled. Also, since in 
each of the branches of the multiple-path an 
plifier arrangement, the average plate current is 
much closer to the peak plate current than in 
a conventional amplifier, and the peak plate 
voltages are the same, it has been found possible 
to obtain in a practical design embodying the 
disclosed principles about double the power out 
put from a given tube complement as compared 
to a conventional system, This is of great ad 
vantage in high-power systems from the stand 
point of cost. In low-power mobile radio trans 

For steady speech it is , 
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mitting equipment, it provides a marked im 
provement in space and filament-power require 
mentS. 
The principles of the invention are particu 

larly indicated for amplifiers with power out 
puts of about 100 watts and upwards. The ap 
plications of the invention principles are numer 
ous, and are flexible as to frequency ranges, 
function, or power rating. The extra cost of 
sockets, small components and wiring for ap .75 

7 
plications of my invention to systems of over 
100 watts is negligible, being not more than 1 
to 5% of the total. Also, although the filament 
power requirements may be 25% greater due to 
the larger number of tubes, the fact that the 
filament power is obtained at high efficiency and 
low cost makes this difference unimportant. 
What is significant is that for a given output 
requirement, the invention permits an amplifier 
of about one-third, and a transmitter of about 
one-half, of the conventional cubic space and 
weight requirements. This is mainly due to the 
reduction in heat dissipation referred to. Also, 

... this same factor will result in an improvement 
in tube life of the order of 2:1. These factors 
do not include the large improvements further 
made possible by the arrangements disclosed in 
Figs, 19 to 22. For radio transmitter power out 
put above 1000 watts, the use of the multiple 
branch carrier amplifier modulated by a mul 
tiple-branch signal amplifier as disclosed in 
connection with Fig. 18 is preferred. For trans 
mitter power ratings between 100 and 1000 
Watts, a single-branch carrier amplifier modul 
lated by a multiple-branch signal amplifier or a 
straight modulated-wave multiple-branch linear 
amplifier is preferred. 
The significant practical improvements made 

possible by the present invention may be further 
emphasized by a consideration of the following. 
It is well known that the efficiency of a conven 
tional class B amplifier is proportional to the sig 
nal amplitude so that its efficiency varies between 
0 and 70% for speech amplification. The aver 
age value of the speech wave is, in standard en 
gineering practice, considered as not more than 
25% of the peak value. Thus, the efficiency of 
such amplifier when averaged over a period of 
speech modulation is less than 0.25X70% or about 
17%. With an amplifier for this purpose de 
signed in accordance with the present invention, 
overal eficiencies of 77%, 72% and 60% result 
for corresponding peak sine-wave inputs of 100%, 
50% and 25% relative signal value. Thus, an 
average speech efficiency of about 60% is realized 
as compared to the 17% for the conventional ar 
rangement. The same consideration for a 100% 
signal-modulated carrier wave results in a 32% 
efficiency by the conventional class B amplifier, 
and 72% by the invention multiple-branch am 
plifier. 
An important commercial application of the in 

vention amplifier is its use as a linear amplifier in 
the output stage of a radio transmitter in which 
the carrier wave is suppressed and only the side 
bands transmittted. Considering a carrier wave 
of 100 watts, the total power output of the trans 
mitter when completely modulated by a signal 
wave is 150 watts, including carrier wave and side 
bands. For the varying degree of modulation 
that occurs during the telephonic transmission, 
the output power of a conventional transmitter 
varies between 100 and 150 watts, and if low 
level modulation is used, then the varying modul 
lated wave is amplified by a linear output stage. 
If, however, the carrier is suppressed by a bridge 
circuit or by a balanced modulator, then the out 
put power from the transmitter varies between 0 
and 50 watts. This represents a much wider am 
plitude range than the previous 100 to 150 Watts 
and therefore is a case in which the improvement 
of the multiple-branch amplifier over the conven 
tional single-branch amplifier is very large. 
The following is a tabulation comparing the 

relative efficiencies of several conventional output 
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systems with corresponding ones employing the 
principles of the present invention: 
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plifiers having signal output capacities in the 
ratio of about three decibels between adjacent 

Efficiency Output power D-C input (watts) Est: relative to 
E. for s for sign EA S.Af ation percent of- per cent o- modulation 

per cent of-f". 
O 20 100 O 20 100 20 100 20 100 

1A. Conventional plate-modulated system--------- 100 102 150 150 172 262 67 57.5 1.0 1.00 
18. 3-branch plate-nodulated systern. ------------- 100 102 50 140 145 230 70 65.5 i. 19 1, 14 
2A. Conventional grid-modulated system.---------- 100 102 0 30 300 300 3350 0.50 0.87 
2B. 3-branch grid-modulated system........... 100 102 150 167 215 264 47 57 0.89 0.99 3A, Conventional plate-modulated system with 

carrier control.-------...--- - - - - - - - - - - w - - - - - - - - 0. 6 150 0. 53 262 1257 3.24 100 3B. 3-branch plate-modulated system with carrier 
control--------------------------------------- O 6 150 O 18 230 33 65 9.55 i. 14 4A, Conventional grid-modulated systein with 
carrier suppression.-------------------------- O 2 50 0 30 150 6 33 5,72 1.75 4B. 3-branch grid-modulated system with carrier 
suppression---------------------------------- 0 2 50 O 6 70 33 70 28, 3: 74 

The present invention may also be used to ma- 20 amplifiers, signal shaping means individually terially improve the efficiency in electronically 
generating a radio wave by the oscillator princi 
ple. An oscillator is essentially an amplifier 
which obtains its input wave as a portion of the 
output power. Thus, the circuit of Fig. 2 can be 
made to oscillate by feeding part of the output 
energy from secondary winding 54 back into the 
input circuit of the amplifier at signal source 20, 
in the correct phase. An efficiency of the order 
of 65% is realized in a conventional class C oscil 
lator. Using similar tubes for a three-branch 
circuit with 3 db. separation between adjacent 
branches, an oscillator efficiency of more than 
75% is obtainable. 

Fig. 23 diagrammatically indicates such an os 
cillator. The frequency source for the oscillator 
is indicated at 90, and may be any suitable type 
of signal generator Such as quartz crystal, Vac 
uum tube, or the like. The output of signal 
source 90 is impressed upon the input of a multi 
ple-branch amplifier 9 constructed in accord 
ance with the invention. The three-branch ann 
plifier indicated at 9 may well correspond to the 
amplifier of Fig. 2. The output of amplifier 9 is 
impressed upon output circuit 92. A portion of 
the output energy at 92 is fed back to the input 
of amplifier 9, as schematically indicated by lead 
93. Such feed-back is in proper phase so as to 
combine with the signal from source 90, and re 
sults in the high efficiency oscillator output at 
terminals 94. 
Although the invention has been described in 

connection with various applications, modifica 
tions and exemplifications, it is to be understood 
that further embodiments and variations thereof, 
falling within the broader spirit and scope of the 
invention, may be practiced by those skilled in 
the art, and accordingly it is not intended to be 
limited except as set forth in the following claims. 
What is claimed is: 
1. An amplifying system comprising a plurality 

of amplifiers, means connecting the input of each 
of said amplifiers to a signal source, said means 
having elements for predetermining the mag 
nitude levels of the signal impressed upon each 
amplifier, a translating unit connecting the out 
put of each amplifier to a load circut for combin 
ing the amplified signal portions into the original 
signal wave form, said unit comprising bridge 
circuits arranged to effect substantially zero cou 
pling between the outputs of the respective 
branches while effecting substantial coupling be 
tween each amplifier and the load circuit. 

2. An amplifying System comprising an alter 
, nating signal Source, a plurality of class B am 
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connecting the input of each of said amplifiers 
to said signal source, said means including elec 
tronic paths for predetermining the magnitude of 
a signal portion to be impressed upon each an 
plifier in correspondence with its output capacity, 
an impedance unit connecting the output of each 
amplifier to a load circuit for combining the am 
plified signal portions into the original signal 
wave form, said unit comprising bridge circuits 
arranged to effect substantially zero coupling be 
tween the outputs of the respective branches 
while effecting substantial coupling between each 
amplifier and the load circuit. 

3. An amplifying system comprising a plural 
ity of amplifiers, each with substantially the same 
phase shift, means connecting the input of each 
of said amplifiers to a signal source, said means 
each with Substantially the same phase shift and 
having elements for predetermining the mag 
nitude levels of the signal impressed upon each 
amplifier, and a translating unit connected to the 
Output of each amplifier for combining the am 
plified signal portions into the original signal 
Wave form. y 

4. An fmplifying System comprising a signal 
Source, t, plurality of amplifiers, each with sub 
stantially the same phase shift, signal shaping 
means individually connecting the input of each 
of said amplifiers to said signal source, said means 
each. With substantially the same phase shift and 
having elements for predetermining the mag 
nitude levels of the signal impressed upon each 
amplifier, and an impedance unit connected to 
the output of each amplifier for combining the 
amplified signal portions into the Original signal 
Wave form, 

5. An amplifying System comprising a signal 
source, a plurality of amplifiers, each with sub 
stantially the same phase shift, signal shapers in 
cluding circuit connections between the input of 
each of Said amplifiers and said signal source, 
each of Said signal shapers with substantially the 
Same phase shift and including an electronic path 
with biasing elements for predetermining the 
magnitude levels of the signal impressed upon 
each amplifier, and a translating unit connected 
to the output of each amplifier for combining the 
amplified signal portions into the original signal 
Wave form. 

6. An amplifying system comprising a plurality 
of linear amplifiers of different signal output ca 
pacities, each with substantially the same phase 
shift, means including circuit connections in 
dividually connecting the input of each of said 

75 amplifiers to a signal source, said means each 
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with substantially the same phase shift and hav 
ing elements for predetermining the magnitude 
levels of the signal impressed upon each amplifier 
in correspondence with its output capacity, and 
an impedance-matching unit connected to the 
output of each amplifier for combining the am 
plified signal portions into the original signal 
Wave form. 

7. An amplifying System comprising an alter 
nating signal source, a plurality of class B am 
plifiers having signal output capacities in the 
ratio of about three decibels between adjacent 
amplifiers, each with substantially the same phase 
shift, signal shaping means individually connect 
ing the input of each of said amplifiers to said 
signal source, said means each with substantially 
the Same phase shift and predetermining, the 
magnitude levels of the signal impressed upon 
each amplifier in correspondence with its output 
capacity, and an impedance unit connected to the 
Output of each amplifier for combining the am 
plified signal portions into the original signal 
Wave form, 

8. An amplifying system comprising an alter 
nating signal source, a plurality of class B am 
plifiers having signal output capacities in the 
ratio of about three decibels between adjacent 
amplifiers, each with substantially the same phase 
shift, signal shaping means individually con 
necting the input of each of said amplifiers to said 
signal source, said means each with substantially 
the same phase shift and including electronic 
paths for predetermining the magnitude of a 
signal portion to be impressed upon each amplifier 
in accordance with its output capacity, and a 
transformer connected to the output of each an 
plifier for combining the amplified signal portions 
into the original signal wave form. 
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9. An amplifying system comprising a plurality 

of amplifiers, each with Substantially the same 
phase shift, means connecting the input of each 
of said amplifiers to a signal source, said means 
each with Substantially the same phase shift and 
having elements for predetermining the mag 
nitude levels of the signal impressed upon each 
amplifier, a translating unit connected to the out 
put of each amplifier for combining the amplified 
signal portions into the original signal Wave form, 
and a negative feedback circuit responsive to the 
Outputs of Said amplifiers and in circuit connec 
tion to the inputs thereof for substantially sup 
pressing harmonic distortion in the combined sig 
nal. 

10. An amplifying system comprising an alter 
nating signal Source, a plurality of class B am 
plifiers having a signal output capacities in the 
ratio of about three decibels between adjacent 
amplifiers, each with substantially the same 
phase shift, signal shaping means individually 
connecting the input of each of said amplifiers to 
said signal source, said means each with Substan 
tially the same phase shift and including elec 
tronic paths for predetermining the magnitude of 
a signal portion to be impressed upon each am 
plifier in correspondence with its output capacity, 
a translating unit connected with the output of 
each amplifier for combining the amplified sig 
nal portions substantially into the original signal 
wave form, and a negative feedback circuit re 
sponsive to the output of said amplifiers and in 
circuit connection to the inputs thereof for sub 
stantially suppressing harmonic distortion in the 
combined signal. 

CHARLEs B. FISHER. 


