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( 57 ) ABSTRACT 
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terminal , a reference terminal and a control terminal . The 
control terminal receives a time - varying input signal . The 
amplification component responds to the time - varying input 
signal to vary an output voltage on the output terminal and 
to vary a current flowing between the output terminal and the 
reference terminal . A load is AC - coupled to the output 
terminal . A steered current source has a voltage input 
coupled to the output terminal and has a steered current 
output coupled to the output terminal . The steered current 
source is configured to increase the steered current to 
provide current to the load when the output voltage on the 
output terminal of the amplification component increases 
and to decrease the steered current when the output voltage 
on the output terminal of the amplification component 
decreases . 
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STEERED CURRENT SOURCE FOR Furthermore , singled - ended amplifiers are limited by the 
SINGLE - ENDED CLASS - A AMPLIFIER amount of power that can be provided by a singled tube 

without overheating the tube . 
FIELD OF THE INVENTION Known single - ended amplifiers are typically implemented 

5 with one of three circuit topologies . FIG . 1 , for example , 
The present disclosure relates generally to audio ampli - illustrates a circuit 100 that implements a conventional 

fiers , and , more particularly , relates to Class A audio ampli topology wherein a triode vacuum tube 110 has a grid 
fiers having a single amplifying element to drive a load . terminal 112 , a cathode terminal 114 and a plate terminal 

116 . The grid terminal is fed with an input signal to be 
BACKGROUND 10 amplified from an AC input signal source 118 . The cathode 

terminal is connected to a circuit ground reference 124 via 
For decades , vacuum tubes were incorporated into almost a cathode - biasing resistor 120 and a parallel - connected first 

every aspect of electronic equipment , including audio ampli - AC - coupling capacitor 122 . The idle current flowing 
fiers . With the advent of transistors followed by integrated through the biasing resistor biases the cathode to a positive 
circuits , vacuum tubes fell into disuse such that few , if any , 15 voltage with respect to the grid terminal such that the grid is 
modern televisions , radios , and similar electronic devices at a negative voltage with respect to the cathode . The 
use vacuum tubes . However , a substantial group of " true ” cathode of the vacuum tube in the illustrated topology is 
audiophiles consider the sound quality and performance of biased to a desired idle operating point for the plate voltage 
transistors and integrated circuits in audio equipment ( e . g . , and the plate current . 
stereo amplifiers ) to be unsatisfactory because the sound 20 In FIG . 1 , the plate terminal 116 of the triode vacuum tube 
from such modern amplifies tends to be cold and sterile . An 110 is connected to a first terminal 134 of a primary winding 
increasing niche market exists for audio amplifiers having 132 of a power output transformer 130 . A second terminal 
vacuum tubes in the power output stages . 136 of the primary winding is connected to the output 

Two major methods of power stage operation are used to ( V PLATE + ) of a plate voltage source 140 , which is referenced 
implement vacuum tube amplifiers . The first major method 25 to the circuit ground reference 124 . The second terminal of 
of audio amplification is implemented as a single - ended the primary winding is also connected to the circuit ground 
amplifier . In a single - ended amplifier , a single power reference by a second AC - coupling capacitor 142 that allows 
vacuum tube is provided for the final power output stage of AC signals to bypass the plate voltage source . A secondary 
each audio channel . In some embodiments , two or more winding 150 of the power output transformer is connected to 
vacuum tubes may be connected in parallel ; however , the 30 an audio transducer ( e . g . , a loudspeaker ) 152 or to another 
multiple tubes operate in unison as a single tube . Although load . 
the discussion herein is directed to a single vacuum tubes , it The input signal applied to the grid terminal 112 of the 
should be understood that the discussion encompasses mul - vacuum tube 110 causes the plate voltage to vary about the 
tiple tubes connected in parallel . Because only a single idle operating point to cause an AC current to flow through 
vacuum tube is provided , the tube must handle ( e . g . , 35 the primary winding 132 and through the first and second 
amplify ) an entire input signal from a lowest input amplitude AC - coupling capacitors 122 , 142 . The varying AC current 
to a highest input amplitude . This operation is referred to as through the primary winding induces a secondary voltage in 
Class - A operation . The single vacuum tube is biased so that the secondary winding 150 , which causes current to flow 
the tube conducts plate current throughout the entire 360 through the loudspeaker ( or other load ) 152 . 
degrees of the AC cycle of the input signal and so that the 40 The circuit 100 of FIG . 1 operates well to amplify the 
tube is maintained in a highly linear range of operation at all input signal ; however , all of the AC current flowing through 
times . the primary winding 132 must also flow through the vacuum 

The second major method of audio amplification is imple - tube 110 throughout the entire cycle of the input signal . 
mented as a push - pull amplifier . In a push - pull amplifier , two Because the DC plate voltage and the DC idle current must 
tubes ( or two sets of parallel tubes ) work together ; however , 45 also flow through the primary winding , the power output 
each tube operates during alternate AC half cycles of the transformer 130 may require a gapped core to avoid satu 
input signal with respect to the other tube . Accordingly , each ration of the core . 
of the tubes in the push - pull amplifier performs half of the second known topology is a parallel feed ( “ parafeed " ) 
work of the single tube in the single - ended system . In the topology , which is represented by a circuit 200 in FIG . 2 . 
push - pull system , the two tubes are fed with an AC input 50 The parallel feed topology includes a triode vacuum tube 
signal ; however , the signal fed to one tube is 180 degrees out 210 having a grid terminal 212 , a cathode terminal 214 and 
of phase with the signal fed to the other tube . The two a plate terminal 216 . The grid terminal is fed with an input 
signals are otherwise identical and may be derived from a signal to be amplified from an AC input signal source 218 . 
phase inverter . The outputs ( e . g . , the plates ) of the two tubes The cathode terminal is connected to a circuit ground 
in the push - pull amplifier are summed , for example , in a 55 reference 224 via a cathode - biasing resistor 220 and a 
center tapped output power transformer . Because of the parallel - connected first AC - coupling capacitor 222 . The idle 
phasing of the input signals to the two tubes , the first tube , current flowing through the biasing resistor biases the cath 
for example , increases conduction during one half cycle ode to a positive voltage with respect to the grid terminal 
while the second tube decreases conduction . Then , during such that the grid is at a negative voltage with respect to the 
the next half cycle , the second tube increases conduction 60 cathode . The cathode of the vacuum tube in the illustrated 
while the first tube decreases conduction . Effectively , one topology is biased to a desired idle operating point for the 
tube pushes current while the other tube pulls current into plate voltage and the plate current . 
and out of the output power transformer . The plate terminal 216 of the vacuum tube 210 is con 

In general , a push - pull amplifier provides better efficiency nected to a first terminal 234 of a primary winding 232 of a 
than a single - ended amplifier , however , many advocates of 65 power output transformer 230 . A second terminal 236 of the 
single - ended amplifiers assert that single - ended amplifiers primary winding is connected to the circuit ground reference 
provide a better sound but at a cost of reduced efficiency . 224 via a second AC - coupling capacitor 240 . A secondary 
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winding 250 of the power output transformer is connected to provides a current corresponding to the desired idle current 
an audio transducer ( e . g . , a loudspeaker ) 252 or to another of the vacuum tube 310 at all times . When the plate voltage 
load . A common connection node 260 between the plate increases in response to a more positive input signal applied 
terminal of the vacuum tube and the first terminal of the to the grid terminal 312 , a portion of the current output by 
primary winding is connected to a first terminal 264 of an 5 the constant current source is provided to the primary 
inductor 262 . A second terminal 266 of the inductor is winding 342 of the power output transformer 340 , which 
connected to a plate voltage ( V PLATE + ) source 270 , which is reduces the current flow through the vacuum tube . On the 
referenced to the circuit ground reference . Accordingly , the other hand , when the plate voltage decreases , the plate 
DC idle current for the vacuum tube is provided to the plate current increases to sink both the full magnitude of the 
terminal via the inductor . The only current flowing through 10 output of the constant current source as well as the current 
the primary winding of the power output transformer is an from the primary winding . Accordingly , the total power 
AC current resulting from changes in the plate voltage consumption of the vacuum tube includes power generated 
caused by the AC input signal applied to the grid terminal . by the additional current from the constant current source 
Accordingly , the power output transformer can be smaller flowing through the vacuum tube . The additional power 
and simpler ( e . g . , no gap in the core ) . 15 consumed by the vacuum tube reduces the amount of 

In the circuit 200 of FIG . 2 implementing the parafeed amplification provided by the vacuum tube because the total 
topology , the inductor 260 inhibits AC current from passing power must be maintained below a safe power level for the 
through the plate voltage source 270 . As in the circuit 100 vacuum tube . 
of FIG . 1 implementing the conventional topology , the 
vacuum tube 200 of FIG . 2 in the parafeed topology must 20 BRIEF SUMMARY 
handle the AC current flowing through the primary winding 
throughout the entirety of each AC cycle . Accordingly , a need exists for single - ended Class - A 

A third known topology is a constant current source amplifier circuit that provides increased power to a load 
topology represented by a circuit 300 in FIG . 3 . The constant without stressing a vacuum tube or other amplification 
current source topology includes a triode vacuum tube 310 25 component . 
having a grid terminal 312 , a cathode terminal 314 and a An aspect of the embodiments disclosed herein is a 
plate terminal 316 . The grid terminal is fed with an input single - ended Class - A amplifier that includes an amplifica 
signal to be amplified from an AC signal input source 318 t ion component ( e . g . , a vacuum tube ) having at least an 
via a first AC - coupling capacitor 320 . output terminal , a reference terminal and a control terminal . 

Unlike the biased cathodes of the two previously 30 The control terminal receives a time - varying input signal . 
described circuits 100 , 200 , the cathode terminal 314 in the The amplification component responds to the time - varying 
circuit 300 of FIG . 3 is connected directly to a circuit ground input signal to vary an output voltage on the output terminal 
reference 330 . The grid terminal 312 is biased to an idle grid and to vary a current flowing between the output terminal 
voltage via a grid bias resistor 332 connected to the output and the reference terminal . A load is AC - coupled to the 
of a grid bias voltage source 334 . The grid bias voltage 35 output terminal . A steered current source has a voltage input 
source is referenced to the circuit ground reference . As coupled to the output terminal and has a steered current 
illustrated , the grid bias voltage source produces a negative output coupled to the output terminal . The steered current 
voltage ( e . g . , having a magnitude of 45 volts ) with respect source is configured to increase the steered current to 
to the circuit ground reference to establish an idle condition provide current to the load when the output voltage on the 
for the plate voltage ( e . g . , approximately 300 volts for a 40 output terminal of the amplification component increases 
configuration where the maximum plate voltage is approxi - and to decrease the steered current when the output voltage 
mately 600 volts ) . on the output terminal of the amplification component 

The plate terminal 316 of the vacuum tube 310 is con - decreases . 
nected to a first terminal 344 of the primary winding 342 of Another aspect of the embodiments disclosed herein is a 
a power output transformer 340 . A second terminal 346 of 45 steered current source for a class - A single - ended amplifier . 
the primary winding is connected to the circuit ground The amplifier includes an amplification component that 
reference 330 via a second AC - coupling capacitor 348 . A produces a time - varying amplified output voltage on an 
secondary winding 350 of the power output transformer is output terminal in response to an input signal on a control 
connected to an audio transducer ( e . g . , a loudspeaker ) 352 or terminal . The output terminal of the amplification compo 
to another load . 50 nent is AC - coupled to a load . The steered current source 

A common connection node 360 between the plate ter - comprises an input section coupled to the output terminal of 
minal 316 of the vacuum tube 310 and the first terminal 344 the amplification component . The input section receives the 
of the primary winding 342 of the power output transformer output voltage produced by the amplification component 
340 is connected to an output terminal 372 of a constant and produces a control signal responsive to the output 
current source 370 . A second terminal 374 of the constant 55 voltage . An output section of the steered current source 
current source is connected to a plate voltage ( V PLATE + ) generates a steered current responsive to the control signal 
source 380 , which is referenced to the circuit ground refer - produced by the input section . The steered current is pro 
ence 330 . A constant DC idle current for the vacuum tube is vided to the output terminal of the amplification component . 
provided to the plate terminal from the constant current The steered current increases in response to the output 
source . The only current flowing through the primary wind - 60 voltage increasing . The steered current decreases in 
ing of the power output transformer is an AC current response to the output voltage decreasing . 
resulting from changes in the plate voltage caused by the AC In certain embodiments according to this aspect , the input 
input signal applied to the grid terminal . Accordingly , the section produces a first current proportional to the output 
power output transformer can be smaller and simpler ( e . g . , voltage of the amplification component . The control signal 
no gap in the core ) . 65 is an input section voltage proportional to the first current . 

In the circuit 300 of FIG . 3 implementing the constant The steered current is proportional to the input section 
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terminal of the amplification component is proportional to current magnitude when the output voltage of the amplifi 
the output voltage of the amplification component . cation component is at the idle voltage magnitude . The 

In certain embodiments in accordance with this aspect magnitude of the amplifier current decreases below the idle 
the input section of the steered current source comprises a current magnitude when the magnitude of the output voltage 
first transistor having a control input terminal , a first con - 5 increases above the idle voltage magnitude . The magnitude 
trolled terminal and a second controlled terminal . The con of the amplifier current increases above the idle current trol input terminal is coupled to the output terminal of the magnitude when the magnitude of the output voltage 
amplification component . The first controlled terminal is decreases below the idle voltage magnitude . 
coupled to a first resistor to produce a first voltage across the Another aspect of the embodiments disclosed herein is an first resistor proportional to the output voltage on the output 10 amplification component having at least an output terminal , terminal of the amplification component and to produce a a reference terminal and a control terminal . The control first current through the first resistor proportional to the first terminal receives a time - varying input signal . The amplifi voltage . The first current flows between the first and second cation component is responsive to the time - varying input controlled terminals of the first transistor . A second resistor 
is coupled to the second controlled terminal of the first 15 signal to vary an output voltage on the output terminal and 
transistor to receive the first current . The second resistor to vary a current flowing between the output terminal and the 
produces the input section voltage proportional to the first reference terminal . A load is AC - coupled to the output 

terminal of the amplification component . A steered current 
comprises a second transistor having a control input termi source has a voltage input coupled to the output terminal of 
nal , a first controlled terminal and a second controlled 20 the amplification component and has a steered current output 
terminal . The control input terminal of the second transistor coupled to the output terminal of the amplification compo 
is coupled to receive the input section voltage . The first nent . The steered current source is configured to increase the 
controlled terminal of the second transistor is coupled to a steered current to provide current to the load when the output 
third resistor to reproduce the input section voltage across voltage on the output terminal of the amplification compo 
the third resistor . The third resistor produces the steered 25 nent increases and to decrease the steered current output 
current proportional to the input section voltage . The steered when the output voltage on the output terminal of the 
current propagates through the second transistor from the amplification component decreases . 
first controlled terminal to the second controlled terminal I n certain embodiments in accordance with this aspect , 
and to the output terminal of the amplification component . the amplification component is a vacuum tube , the control 
In certain embodiments , the first transistor comprises at least 30 terminal is a grid terminal , the output terminal is an anode 
one n - channel enhancement mode metal oxide semiconduc - terminal , and the reference terminal is a cathode terminal . 
tor field effect transistor ( MOSFET ) , and the second tran In certain embodiments in accordance with this aspect , 
sistor comprises at least one p - channel enhancement mode the load is the primary winding of an output transformer , the 
MOSFET . output transformer having a secondary winding coupled to 

In certain embodiments in accordance with this aspect , 35 an audio transducer . 
the amplification component comprises a vacuum tube hav - In certain embodiments in accordance with this aspect , 
ing at least a cathode , an anode and a grid . The output the DC current flowing through the amplification component 
terminal of the amplification component is the anode of the increases with increasing DC voltage on the output terminal , 
vacuum tube . and the AC current flowing through the amplification current 
Another aspect of the embodiments disclosed herein is a 40 decreases with increasing AC voltage on the output terminal . 

method for increasing the power provided to an AC - coupled 
load from a class - A single - ended amplifier having an ampli BRIEF DESCRIPTIONS OF THE SEVERAL 
fication component responsive to an input signal to produce VIEWS OF THE DRAWINGS 
a time - varying amplified output voltage on an output termi 
nal connected to the load . The method comprises coupling 45 FIG . 1 illustrates a conventional single - ended Class - A 
the output voltage from the output terminal of the amplifi - amplifier topology having a triode vacuum tube with an 
cation component to the input of a steered current source anode ( plate ) terminal connected to a voltage source via the 
The method further comprises generating a steered current primary winding of an output transformer . 
within the steered current source . The steered current is FIG . 2 illustrates a conventional single - ended Class - A 
proportional to the output voltage from the output terminal 50 amplifier topology having a triode vacuum tube with a plate 
of the amplification component . The method further com - ( anode ) terminal connected to a voltage source via an 
prises coupling the steered current to the output terminal of inductor and having the primary winding of an output 
the amplification component to provide at least a portion of transformer AC - coupled to the plate terminal . 
the steered current to the load . FIG . 3 illustrates a conventional single - ended Class - A 

In certain embodiments in accordance with this aspect , 55 amplifier topology having a triode vacuum tube with a plate 
the amplification component has an amplifier current that terminal connected to a voltage source via a constant current 
flows from the output terminal through the amplification source and having the primary winding of an output trans 
component to a reference voltage . The method further former AC - coupled to the plate terminal . 
comprises increasing the steered current from the steered FIG . 4 illustrates an improved single - ended Class - A 
current source and decreasing the amplifier current when the 60 amplifier topology having a triode vacuum tube with a plate 
output voltage increases . The method further comprises terminal connected to a voltage source via a steered current 
decreasing the steered current from the steered current source and having the primary winding of an output trans 
source and increasing the amplifier current when the output former AC - coupled to the plate terminal . 
voltage decreases . FIG . 5 illustrates a schematic diagram of the p - channel 

In certain embodiments in accordance with this aspect , 65 metal oxide semiconductor field effect transistor ( MOSFET ) 
the output voltage of the amplification component has an in the steered current source of FIG . 4 implemented as three 
idle voltage magnitude ; and the amplifier current has an idle p - channel MOSFETs connected in series . 
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FIG . 6 illustrates graphs of characteristic curves for the FIG . 16A illustrates the AC equivalent circuit of FIG . 15A 
DC relationship between the plate current versus the plate showing the current changes corresponding to the changes 
voltage for a typical triode vacuum tube for the single - ended of FIG . 12A in response to a decrease in plate voltage . 
Class - A amplifier topology of FIG . 4 wherein each curve FIG . 16B illustrates the AC equivalent circuit of FIG . 15A 
represents the DC relationship for a particular grid voltage 5 showing the negative load current change away from the 
with respect to the cathode voltage . plate terminal in FIG . 16A as a positive load current change 

FIG . 7 illustrates the improved single - ended Class - A toward the plate terminal . amplifier topology of FIG . 4 wherein the AC - coupling from FIG . 17 illustrates an AC load line superimposed on the the plate terminal to the primary winding of the output characteristic curves of FIG . 6 to illustrate the AC relation transformer is disconnected such that no current flows into 10 ship between changes in the plate current caused by changes or out of the primary winding . in the plate voltage and the resulting changes in the steered FIG . 8 illustrates a DC load line superimposed on the current of the improved single - ended Class - A amplifier characteristic curves of FIG . 6 to illustrate the DC relation 
ship between the plate current and the plate voltage of the topology of FIG . 4 with a 4 , 000 - ohm load replacing the 
improved single - ended Class - A amplifier topology with no 15 2 , 0 no 15 . 2 , 000 - ohm load of FIG . 10 . 
load connection ( e . g . , infinite load impedance ) as shown in FIG . 18 illustrates a table of the data represented by the 
FIG . 7 . AC load line of FIG . 17 with the 4 , 000 - ohm load . 

FIG . 9 illustrates a table of the data represented by the DC FIG . 19 illustrates the AC load line for a 2 , 000 - ohm load 
load line of FIG . 8 under the no - load condition represented as shown in FIG . 13 with a 40 - watt maximum vacuum tube 
in FIG . 7 . 20 dissipation curve superimposed on the characteristic curves 

FIG . 10 illustrates the improved single - ended Class - A to illustrate the substantial displacement of the vacuum tube 
amplifier topology of FIG . 4 with a 2 , 000 - ohm load imped - dissipation of the topology of FIG . 4 from the maximum 
ance AC - coupled to the plate terminal of the vacuum tube , dissipation . 
the topology annotated with current and voltage changes FIG . 20 illustrates the 40 - watt maximum vacuum dissi 
responsive to voltage changes on the plate terminal of the 25 pation curve of FIG . 19 with an AC load line for the 
vacuum tube . topology of FIG . 3 superimposed on the characteristic 

FIG . 11A illustrates the current summing at the plate curves to show the reduced displacement of the vacuum tube terminal when the AC plate voltage increases by 20 volts , dissipation from the maximum dissipation and further show which results in the AC plate current decreasing by 5 ing the reduced plate voltage swing available to maintain the milliamperes . s plate current within a maximum limit . FIG . 11B illustrates the current summing at the plate 
terminal when the AC plate voltage increases by 20 volts as DETAILED DESCRIPTION 
in FIG . 11A which results in the AC plate current decreasing 
by 5 milliamperes , the decrease in plate current in FIG . 11A Reference will now be made in detail to embodiments of shown as an increase in plate current in the opposite direc - 35 the present disclosure , one or more drawings of which are tion to better illustrate the current summing at the plate set forth herein . Each drawing is provided by way of terminal . 

FIG . 12A illustrates the current summing at the plate explanation of the present disclosure and is not a limitation . 
terminal when the AC plate voltage decreases by 20 volts , It will be apparent to those skilled in the art that various 
which results in the AC plate current increasing by 5 40 modifications and variations can be made to the teachings of 
milliamperes . the present disclosure without departing from the scope of 

FIG . 12B illustrates the current summing at the plate the disclosure . For instance , features illustrated or described 
terminal when the AC plate voltage decreases by 20 volts as as part of one embodiment can be used with another embodi 
in FIG . 12A which results in the AC plate current increasing ment to yield a still further embodiment . 
by 5 milliamperes , the decrease in load current in FIG . 12A 45 It is intended that the present disclosure covers such 
shown as an increase in load current in the opposite direction modifications and variations as come within the scope of the 
to better illustrate the current summing at the plate terminal . appended claims and their equivalents . Other objects , fea 

FIG . 13 illustrates an AC load line superimposed on the tures , and aspects of the present disclosure are disclosed in 
characteristic curves of FIG . 6 to illustrate the AC relation the following detailed description . It is to be understood by 
ship between changes in the plate current caused by changes 50 one of ordinary skill in the art that the present discussion is 
in the plate voltage and the resulting changes in the steered a description of exemplary embodiments only and is not 
current of the improved single - ended Class - A amplifier intended as limiting the broader aspects of the present 
topology of FIG . 4 with the 2 , 000 - ohm load connection of disclosure . 
FIG . 10 . FIG . 4 illustrates a Class A amplifier circuit 400 that 

FIG . 14 illustrates a table of the data represented by the 55 implements a steered current source ( SCS ) topology in 
AC load line of FIG . 13 with the 2 , 000 - ohm load connection accordance with aspects of the invention disclosed herein . 
as shown in FIG . 10 . The circuit comprises a triode vacuum tube 410 , which has 

FIG . 15A illustrates an AC equivalent circuit representing a grid terminal 412 , a first cathode / filament terminal 414 , a 
the vacuum tube as a voltage source and representing the second cathode / filament terminal 416 and a plate terminal 
steered current source as an equivalent negative resistance 60 418 . In the illustrated embodiment , the vacuum tube is a 
resistor in parallel with the load resistance showing the 300B , which is commercially available from Western Elec 
current changes corresponding to the changes of FIG . 11A tric of Rossville , Ga . , and from other manufacturers . The 
in response to an increase in plate voltage . circuitry described herein is adaptable for use with other 

FIG . 15B illustrates the AC equivalent circuit of FIG . 15A vacuum tubes and with field effect transistors ( FETs ) or the 
showing the negative plate current change and steered 65 like . Certain component values discussed in the following 
current change away from the plate terminal in FIG . 15A as paragraphs may be applicable only to embodiments employ 
positive current changes toward the plate terminal . ing the 300B vacuum tube and can be adjusted , if necessary , 
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to conform to the operating characteristics of a component and the output terminal of the SCS are both electrically 
( e . g . , another vacuum tube ) substituted for the 300B vacuum connected to the plate terminal of the vacuum tube via the 
tube . current summing node and are thus electrically at the same 

In the illustrated embodiment , the cathode of the 300B voltage potential , the two terminals are described as inde 
vacuum tube is directly heated ( e . g . , the filament and the 5 pendent terminals based on their respective functionalities . 
cathode are the same structure ) . Accordingly , the first and The input terminal of the SCS receives a variable voltage 
second cathode / filament terminals 414 , 416 are connected to input but draws substantially no current . The output terminal 
a floating filament power supply 420 , which may be an AC of the SCS provides a variable output current in response to 
filament supply or a DC filament supply . For example , the the voltage on the input terminal ; however , the output of the 
filament voltage may be approximately 5 volts . One of the 10 SCS does not affect the plate voltage . Accordingly , the 
first and second cathode / filament terminals ( e . g . , the second voltage on the current summing node is determined solely 
terminal ) is connected to a circuit ground reference 422 such by the plate voltage of the vacuum tube . As described below , 
that the cathode / filament of the vacuum tube is effectively the SCS operates in a servo mode wherein the input voltage 
grounded at a ground reference voltage ( e . g . , 0 volts ) . on the input terminal ( e . g . , the plate voltage ) is the driving 

The grid terminal 412 of the vacuum tube 410 is con - 15 input function to the servo and the steered current exiting 
nected to a signal input line 424 , which receives an AC input from the output terminal is the driven output function from 
signal to be amplified by the vacuum tube . In certain the servo 
embodiments , the signal input line is connected to the output The input section 470 of the SCS 460 comprises a first 
of a preamplifier or another signal source ( not shown ) . In the field effect transistor ( FET ) 480 having a control ( e . g . , gate ) 
illustrated embodiment , the input signal to be amplified is 20 terminal 482 , a source terminal 484 and a drain terminal 486 . 
DC biased at approximately - 60 volts with respect to the In the illustrated embodiment , the first FET is an n - channel 
cathode voltage ( e . g . , the ground reference voltage ) . The enhancement mode FET such as , for example , a BSP300 , 
vacuum tube has a plate voltage ( V PLATE ) at the plate which is commercially available from Infineon Technologies 
terminal . A plate current ( IPLATE ) flows from the plate AG of Munich , Germany . The first FET conducts current 
terminal to the grounded cathode terminal 416 . The DC bias 25 from the drain terminal to the source terminal when a 
of - 60 volts causes the vacuum tube to produce an idle plate voltage on the gate terminal of the first FET is greater than 
voltage ( V PLATE IDLE ) of approximately 300 volts and to the voltage on the source terminal . 
have an idle plate current ( IPLATE IDLE ) of approximately 75 The source terminal 484 of the first FET 480 is connected 
milliamperes as shown by an idle point 600 on a set of to the circuit ground reference 422 via a source resistor 490 
characteristic curves shown in FIG . 6 . Each curve in FIG . 6 30 and an SCS ground terminal 492 . In the illustrated embodi 
represents the plate current versus the plate voltage for a ment , the source resistor has a nominal resistance of 
particular grid - to - cathode voltage ( Ec ) . Circuits for biasing approximately 300 , 000 ohms . The drain terminal 486 of the 
the grid terminal to a desired bias voltage are known in the first FET is connected to a control node 500 , which connects 
art and are not shown in FIG . 4 . In operation , the input signal the input section 470 of the SCS 460 to the output section 
is caused to vary as an AC signal about the bias voltage . 35 472 of the SCS . Within the input section , the control node is 

The plate terminal 418 of the vacuum tube 410 in FIG . 4 connected to a plate supply voltage ( Vcc ) bus 510 via a 
is connected to a current summing node 430 . The current current sensing resistor 512 . In the illustrated embodiment , 
summing node is connected via an AC - coupling capacitor the current sensing resistor has a nominal resistance of 
432 to a first terminal 444 of a primary winding 442 of a approximately 3 , 000 ohms . As described below , a voltage 
power output transformer 440 . A second terminal of 446 the 40 VNODE on the control node functions as a control signal to 
primary winding is connected to the circuit ground reference control the operation of the output section of the SCS . 
422 . The power output transformer has a secondary winding The control node 500 of the SCS 460 is also connected to 
450 , which is connected to an audio transducer ( e . g . , a a control ( e . g . , gate ) terminal 522 of second FET 520 within 
loudspeaker ) 452 or other load . In the illustrated embodi - the output section 472 of the SCS . The second FET has a 
ment , the turns ratio of the primary winding to the secondary 45 source terminal 524 and a drain terminal 526 . The source 
winding is selected to be 500 : 1 such that when the loud terminal of the second FET is connected to the Vorbus 510 
speaker has an impedance of 4 ohms , the impedance via a current control resistor 530 . In the illustrated embodi 
reflected into the primary impedance is 2 , 000 ohms . Other ment , the current control resistor has a nominal resistance of 
turns ratios and other impedance values may be used in other approximately 40 ohms . The drain of the second FET is 
embodiments . As discussed below , when an AC input signal 50 connect to the output terminal 464 of the SCS and is thus 
is applied to the grid terminal 412 of the vacuum tube , an AC connected to the plate terminal 418 of the vacuum tube 410 
load current ( ILOAD ) flows through the AC - coupling capaci via the current summing node 430 . In the illustrated embodi 
tor to the primary winding of the power output transformer . ment , the second FET is a p - channel enhancement mode 

The plate terminal 418 of the vacuum tube 410 is also FET in which current flows from the source terminal to the 
connected via the current summing node 430 to an input 55 drain terminal of the FET when a voltage on the gate 
terminal 462 and an output terminal 464 of a steered current terminal is lower than a voltage on the source terminal . The 
source ( SCS ) 460 . The SCS comprises an input section 470 second FET operates as a variable resistance in series with 
coupled to the input terminal and comprises an output resistance of the current control resistor . Together , the two 
section 472 coupled to the output terminal . As described resistances have a total resistance Rscs . A voltage drop VSCS 
below , the SCS is responsive to the plate voltage on the input 60 develops across the total resistance . The voltage drop Vses 
terminal to provide a selected steered current Iscs on the is the product of the current Iscs flowing from the Vcc bus 
output terminal . The steered current is controlled to reduce to the output terminal of the SCS times the resistance Rscs . 
the plate current during portions of each cycle of the The SCS 460 operates to control the current from the 
amplified AC signal such that the vacuum tube can operate output terminal 464 of the SCS in response to the plate 
over a much greater voltage range and provide greater peak 65 voltage applied to the input terminal 462 of the SCS via the 
power without exceeding the maximum average power current summing node 430 . The SCS is driven solely by the 
dissipation of the vacuum tube . Although the input terminal plate voltage V PLATE on the plate terminal 418 of the 
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vacuum tube 410 . As described below , the SCS selectively to the gate terminal 522 of the second FET 520 to cause the 
reduces the plate current flowing from the plate terminal to gate terminal of the second FET to be at a voltage level less 
the cathode terminals 414 , 416 ; however , the SCS does not than the voltage of the Vcc bus 510 . The Vcc bus is 
affect the plate voltage and thus does not introduce distortion connected to the source terminal 524 of the second FET via 
to the amplified voltage on the plate terminal . As described 5 the current control resistor 530 . Thus , the lower gate voltage 
above , the first FET 480 , the source resistor 490 and the causes the second FET to turn on and to conduct current 
current sensing resistor 512 comprise the input section 470 from the source terminal to the drain terminal 526 of the 
of the SCS , which is driven by the plate voltage on the input second FET . The source - to - gate voltage of the second FET 
terminal . The input section of the SCS determines the is presumed to be approximately 0 volts for the purposes of 
control voltage VNODE on the control node 500 . The second 10 this discussion . Thus , the voltage on the source terminal of 
FET 520 and the current control resistor 530 comprise the the second FET is approximately equal to VNODE . The 
output section 472 of the SCS and generate a steered current voltage developed across the current control resistor is 
in response to the signal on the control node . The steered approximately Von - VNODE , which corresponds to Van 
current is provided to the plate terminal via the current ( Vcc - VSENSE ) , which reduces to V SENSE : Thus , the sensed 
summing node without affecting the plate voltage . Accord - 15 voltage across the current sensing resistor 512 is applied 
ingly , the SCS operates as a servomechanism to control the across the current control resistor . 
steered current in response to the plate voltage . A current 1530 through the current control resistor 530 is 

The operation of the SCS 460 is first described under a approximately equal to the voltage across the current control 
no - load condition such that no current flows from the current resistor ( e . g . , VSENSE ) divided by the resistance R530 of the 
summing node 430 through the AC - coupling capacitor 432 20 current control resistor ( e . g . , 1530 = V SENSE / R530 ) . Thus , in 
to the power output transformer 440 . The no - load condition the illustrated example where R330 is approximately 40 
can be represented by removing the AC - coupling capacitor ohms , the current 1530 is approximately equal to V SENSE 40 . 
432 between the current summing node and the first terminal As described above , VSENSE is approximately equal to 
444 of the primary winding 442 of the power output trans - V PLATE / 100 ( 3 volts in the illustrated example ) . Thus , the 
former as shown in FIG . 7 . When no load is present , the 25 current 1530 through the current control resistor is substan 
plate current is determined by the SCS as shown on a first tially equal to ( VRATE / 100 ) / R530 . In the illustrated embodi 
load line 800 in FIG . 8 . The first load line is shown ment where R zo is approximately 40 ohms , the current 1530 
superimposed on the characteristic curves of FIG . 6 . As is approximately VPLAT / 4000 , which , in the illustrated 
discussed above , when the vacuum tube 410 is in the idle example , is approximately 75 milliamperes . The current 
state , the grid voltage on the grid terminal 412 of the vacuum 30 1530 through the current control resistor passes through the 
tube is approximately – 60 volts with respect to the grounded second FET 520 to the output terminal 464 of the SCS 460 
cathode terminals 414 , 416 . This grid voltage causes the as the steered current Iscs . The steered current is thus 
plate voltage V PLATE to be approximately 300 volts . The provided to the current summing node 430 . 
SCS is responsive to the plate voltage of 300 volts to force The second FET 520 illustrated in FIG . 4 is a p - channel 
the plate current I PLATE to be approximately 75 milliam - 35 FET able to accommodate a source - to - drain voltage of at 
peres . The plate voltage is applied to the gate terminal 482 least 600 volts . Although illustrated as a single p - channel 
of the first FET 480 in the SCS . The gate of the first FET has FET , the second FET may comprise a plurality of p - channel 
a very high impedance . Thus , substantially no current flows FETS ( e . g . , three FETS ) connected in series to accommo 
into the gate terminal of the first FET . The gate - to - source date the maximum voltage developed across the second 
voltage is presumed to be approximately 0 volts when the 40 FET . For example , FIG . 5 illustrates the second FET as three 
first FET is turned on such that the voltage developed on the p - channel FETs connected in series . A first series FET 520A 
source terminal 484 of the first FET is approximately the has a gate terminal 522A corresponding to the gate terminal 
same as the plate voltage . Thus , the voltage V PLATE develops 522 of the second FET , which is connected to the control 
across the source resistor 490 with respect to the circuit node 500 as shown in FIG . 4 . The source terminal 524A of 
ground reference 422 . A source current 1490 flows through 45 the first series FET corresponds to the source terminal 524 
the source resistor that is determined by the resistance of the of the second FET , which is connected to the current control 
source resistor . In the illustrated embodiment , the resistance resistor as shown in FIG . 4 . The drain terminal 526A of the 
of the source resistor is approximately 300 , 000 ohms , which first series FET is connected to the source terminal 524B of 
results in a source current of approximately VPLT / 300 , 000 a second series FET 520B . The drain terminal 526B of the 
amperes . Accordingly , in the idle state , the source current is 50 second series FET is connected to the source terminal 524C 
approximately 1 milliampere ( e . g . , 300 volts / 300 , 000 of a third series FET 520C . The drain terminal 526C of the 
amperes ) . third series FET corresponds to the drain terminal 526 of the 

The source current TR490 flowing through the source second FET , which is connected to the SCS output terminal 
resistor 490 also must flow through the control sensing 464 as shown in FIG . 4 . The gate terminal 522B of the 
resistor 512 . Thus , in this example , 1 milliampere of current 55 second series FET is connected to the Vac bus 510 via a first 
flows through the control sensing resistor . The current gate - biasing resistor 540A . The gate terminal 522C of the 
flowing through the current sensing resistor causes a voltage third series FET is connected to the gate terminal of the 
drop V SENSE across the current sensing resistor . The voltage second series FET by a second gate - biasing resistor 540B . 
V SENSE is approximately equal to the source current 1490 The gate terminal of the second series FET is also connected 
times the resistance R512 of the current sensing resistor . In 60 to a first terminal of a third gate - biasing resistor 540C . The 
the illustrated embodiment where R312 is approximately second terminal of the third gate - biasing resistor corre 
3 , 000 ohms , the voltage VSENSE is approximately equal to sponds to the drain terminal of the second FET , which is 
the source current 1490 times 3 , 000 ohms , which calculates connected to the SCS output terminal as shown in FIG . 4 . In 
to V SENSE being approximately equal to 3 volts . The fore - the illustrated embodiment , the three gate - biasing resistors 
going calculations can be reduced to VSENSE = V PLATE / 100 . 65 are 100 , 000 - ohm resistors and operate to turn on the second 

A voltage VNODE on the control node 500 is approxi - and third series FETs . In the illustrated embodiment , each of 
mately equal to Vcc - VSENSE . The voltage V NODE is applied the first , second and third series FETs comprises an 
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IRF19634G p - channel FET , which is commercially available resistor 490 increases by ( AVRATE / 300 , 000 ) amperes . The 
from International Rectifier of El Segundo , Calif . Each FET increased current causes the sensed voltage across the 3 , 000 
is rated with a source - to - drain voltage of 250 volts such that ohm current sensing resistor 512 to increase by AV RATE / 100 
the three FETs in series are able to accommodate at least 750 ( e . g . , AV SENSE = 200 millivolts ) . As discussed above , the 
volts , which is more than the 600 volts maximum applied 5 voltage change across the current sensing resistor is applied 
across the FETs as described below . The first series FET across the current control resistor 530 via the control node 
controls the voltage applied across the current control resis - 500 and the second FET 520 . Thus , the voltage across the 
tor as described above . The three FETs can be replaced with current control resistor also increases by 200 millivolts . The 
a single FET having a source - to - drain voltage rating of at current IR530 through the current control resistor increases by 
least 600 volts 10 the voltage change across the current control resistor divided 

The foregoing calculations are illustrated by the load line by 40 ohms ( e . g . , Alz30 = 5 milliamperes ) . Thus , for the 
800 in FIG . 8 . In particular , the load line starts with illustrated 20 - volt increment in plate voltage , the steered 
milliampere of current flow when the plate voltage is at current Iscs increases by 5 milliamperes ( e . g . , Alscs = 5 
volts and rises to 150 milliamperes of current flow when the milliamperes ) 
plate voltage is at 600 volts . Thus , the load line 800 15 The 5 - milliampere increase in the steered current Iscs 
represents the equivalent of the combination of the SCS 460 from the SCS 460 does not provide all the increase in current 
and the vacuum tube 410 having a positive resistance of ( 10 milliamperes ) required for the primary winding 442 . In 
4 , 000 ohms . The load line 800 can also be said to represent order to satisfy Kirchhoff ' s current summing law , the alge 
a voltage - to - current relationship of 0 . 25 milliamperes of braic sum of all currents entering and exiting the current 
plate current per 1 volt of plate voltage . The data represented 20 summing node 430 must equal zero . Since an increase of 10 
by the load line are shown in a Table 900 in FIG . 9 . milliamperes of current is exiting the current summing node 

The benefits of the steered current source 460 become via the AC - coupling capacitor 432 and an increase of only 
apparent when an AC load is coupled to the plate terminal 5 milliamperes of current is entering the current summing 
416 of the vacuum tube 410 by coupling the loudspeaker 452 node from the SCS , an additional increase of 5 milliamperes 
to the plate terminal via the power output transformer 440 25 of current must enter the current summing node to achieve 
and the AC - coupling capacitor 432 . A first example of an AC a zero sum . Accordingly , an increase of 5 milliamperes of 
load condition is represented in FIG . 10 for a loudspeaker current must flow from the plate terminal 418 of the vacuum 
having an impedance of 4 ohms . The loudspeaker imped - tube 410 to the current summing node . Since the current can 
ance is reflected into the primary winding 442 of the power only flow into the plate terminal , the increase of 5 milliam 
output transformer as an impedance of 2 , 000 ohms . In the 30 peres of current flowing from the plate terminal to the node 
frequency range of interest , the reflected impedance is is actually a decrease of 5 milliamperes of plate current 
considered as a resistive load of 2 , 000 ohms , and the flowing from the current summing node to the plate termi 
AC - coupling capacitor is presumed to be a short circuit for nal . The foregoing is illustrated in FIGS . 11A and 11B by 
the AC component of plate voltage . The capacitance of the two equivalent current flows at the current summing node . 
capacitor is selected such that the capacitor does not become 35 FIG . 11A shows the actual changes in the current flows 
substantially charged at the audio frequencies applied to the wherein the change in the plate current in the actual direction 
signal input line 424 . Thus , each change in the plate voltage of current flow is negative . FIG . 11B replaces the negative 
is propagated to the primary winding of the power output change of the current flow in the conventional direction with 
transformer such that the current flowing through the pri - a positive change of the plate current flow in the opposite 
mary winding is directly responsive to the change in plate 40 direction from the plate terminal toward the current sum 
voltage . ming node . Thus , the 5 - milliampere increase in current from 

If the plate voltage is initially at the idle voltage ( e . g . , the SCS and the 5 - milliampere decrease in the plate current 
V PLATE = VIDLE ) , the voltages and currents within the com - ( shown flowing toward the current summing node in FIG . 
ponents of the SCS 460 have the initial ( e . g . , idle ) values 11B ) provide the 10 - milliampere increase in current pro 
described above . In FIGS . 7 - 9 , increasing the plate voltage 45 vided to the primary winding ( shown flowing away from the 
increases the plate current and decreasing the plate voltage current summing node ) . 
decreases the plate current to cause new steady - state con - It should be understood that the foregoing description is 
ditions at each magnitude of plate voltage as expected for the an AC analysis directed to changes in the current caused by 
DC analysis . As described below , the effect of the SCS under dynamic changes in the plate voltage . If the plate voltage 
AC loading conditions is to decrease the plate current in 50 changes from the idle voltage of 300 volts to a new steady 
response to increases in plate voltages and to increase the state voltage of 320 volts , the AC coupling capacitor would 
plate current in response to decreases in plate voltage . eventually become fully charged at the new voltage level 

In an illustrated example , the plate voltage V PLATE and no current would flow through the primary winding 442 
increases by 20 volts from VIDLE to VIDLE + 20 ( e . g . , of the power output transformer 440 . Under the new steady 
AV PLATE = + 20 volts ) . The incremental change in the plate 55 state conditions , the plate current would increase by 5 
voltage is communicated via the current summing node 430 milliamperes , and the steered current from the SCS 460 
and the AC - coupling capacitor 432 to cause 20 volts to would increase by 5 milliamperes to provide the increased 
develop across the primary winding 442 of the power output plate current as described above for the embodiment with no 
transformer from the first primary winding terminal 444 to output load . 
the second primary winding terminal 446 . This results in an 60 The AC analysis described above , also works for a 
initial change in load current ( AILOAD ) of 10 milliamperes reduction in the plate voltage . For example , if the plate 
flowing from the plate terminal 416 through the AC - cou - voltage decreases from the plate idle voltage ( VIDLE ) of 300 
pling capacitor to the primary winding . The 20 - volt increase volts to a plate voltage of 280 volts ( e . g . , AV PLATE = - 20 
in plate voltage is also applied via the SCS input terminal volts ) . When this occurs , the decrease in the plate voltage 
462 to the gate terminal 482 of the first FET 480 , which 65 appears across the primary winding 442 to cause the first 
causes the voltage on the source terminal 484 of the first terminal 444 of the primary winding to be at a potential of 
FET to increase by 20 volts . The current through the source - 20 volts with respect to the second terminal 446 of the 

47 
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primary winding . The negative change in the voltage across For AC considerations , Vcc and ground are equivalent . 
the primary winding causes a current of 10 milliamperes to Thus , Vcc is equal to 0 volt for the AC analysis such that 
flow from the primary winding through the AC coupling Equation ( 4 ) reduces to the following Equation ( 5 ) : 
capacitor 432 to the current summing node 430 . Within the 
SCS 460 , the decrease of 20 volts on the gate terminal 482 5 is Rscs = - V PLATE / Iscs 
of the first FET 480 appears across the source resistor 490 Substituting Equation ( 3 ) for Iscs into Equation ( 5 ) results 
to cause a current change of - 20 volts divided by 300 , 000 in the following Equation ( 6 ) : 
ohms to occur within the source resistor . The decrease in 
current flow through the source resistor causes a correspond Rscs = - V PLATE ( VPLATEX ( IPLATE _ IDLE 
ing decrease in current flow through the current sensing 10 VPLATE _ IDLE ) ) = - V PLATE _ IDLE / PLATE _ IDLE 
resistor 512 . The decrease in current flow through the As set forth above , V PLATE DE is 300 volts and 
current sensing resistor causes a reduction in the voltage IPLATE _ IDLE is 75 milliamperes . Thus , Rscs is - 4 , 000 ohms 
across the current sensing resistor of ( - 20 / 300 , 000 ) x3 , 000 ) in the illustrated example . Accordingly , the effect of the SCS 
volts ( e . g . , - 200 millivolts ) . The 200 - millivolt decrease 460 is to position a negative resistance of 4 , 000 ohms 
across the current sensing resistor is applied across the 15 between the current summing node 430 and the circuit 
current control resistor 530 via the second FET 520 . The ground reference 422 for AC voltages on the plate terminal . 
corresponding 200 - millivolt decrease across the current con - This effect is illustrated in FIGS . 15A , 15B , 16A and 16B , 
trol resistor causes the steered current ( Iscs = 1330 ) provided wherein the SCS is replaced with an SCS equivalent resis 
to the output terminal 464 of the SCS 460 to decrease by 5 tance 1500 having a negative resistance of Rscs between the 
milliamperes ( e . g . , - 200 mV / 40 ohms ) . The decrease in the 20 current summing node and the circuit ground reference . The 
steered current flowing from the output terminal of the SCS SCS equivalent resistor is positioned in parallel with an AC 
to the current summing node in FIG . 12A is represented as equivalent resistance 1510 having a resistance RPRIM ( e . g . , 
a positive increase in current flow from the current summing 2 , 000 ohms ) representing the load impedance reflected into 
node to the output terminal of the SCS in FIG . 12B . the primary winding 442 of the power output transformer 

The operation of the embodiment of FIG . 10 results in the 25 440 . The vacuum tube 400 is represented by a voltage source 
AC load line 1300 shown in FIG . 13 . The data correspond - 1520 in FIGS . 15A , 15B , 16A and 16B . The output of the 
ing to the load line of FIG . 13 are shown in FIG . 14 . As voltage source corresponds to the plate terminal 418 of the 
illustrated in FIG . 13 , the AC load line has a negative slope . vacuum tube . One skilled in the art will appreciate that the 
The line extends from a plate voltage of 0 volts and a plate two resistances are effectively in parallel for the AC analy 
current of 150 milliamperes to a plate voltage of 600 volts 30 sis . The negative resistance of the SCS equivalent resistance 
and a plate current of O milliamperes . and the positive resistance of the winding equivalent resis 

The foregoing can also be explained mathematically . As tance can be combined using the conventional formula for 
shown by the table 900 in FIG . 9 for the open load DC calculating parallel resistances to confirm the results 
characteristics , the plate current IPLATE is related to the plate described herein . The formula for parallel resistances can be 
voltage V PLATE by the following Equation ( 1 ) : 35 written as follows : 

IPLATE = V PLATEX0 . 00025 Amperes / Volt RTOTAL = 1 / [ ( 1 / RPRIM ) + ( 1 / Rscs ) ] 
Since the plate current and the steered current ( Iscs ) are When Rscs is - 4000 ohms and RPRiM is 2000 ohms as in 
equal in the open load representation of FIG . 7 , Equation ( 2 ) the illustrated example , RTOTAL is calculated as Rrotar = 1 / 
can also be written as the following Equation ( 2 ) : 40 [ ( - 1 / 4000 ) + ( 1 / 2000 ) ] = 1 / ( 1 / 4000 ) = 4000 ohms . With a total 

effective AC load of 4000 ohms on the vacuum tube 410 , the Iscs = VPLATEX0 . 00025 Amperes / Volt 300 - volt swing of the plate voltage can deliver twice the 
Equations ( 1 ) and ( 2 ) result in the idle plate current power to the 2 , 000 - ohm AC load ( e . g . , the loudspeaker 452 ) 

the 

. ( 2 ) 

amperes at an idle plate voltage ( V PLATE DDLE ) of 300 volts . 45 within a safe power dissipation region . 
Since the plate current and the steered current are both As shown in FIG . 15A , when the voltage on the current 
proportional to the plate voltage , Equation ( 2 ) can be rewrit summing node 430 produced by the voltage source 1520 
ten as the following Equation ( 3 ) : increases by 20 volts with respect to the circuit ground 

reference 422 , the increased voltage causes an increased 
Iscs = V PLATEX ( IPLATE _ IDLE / V PLATE JDLE ) ( 3 ) 50 load current AlloAD through the AC equivalent resistance 

For the foregoing AC analysis , the idle current and idle 1510 of the primary winding . In the illustrated example , the 
voltage are neglected . As discussed above , the effective load resistance of 2 , 000 ohms allows 10 milliamperes of 
resistance Rscs is the sum of the resistance of the current current to flow toward the circuit ground reference 422 . The 
control resistor 530 in series with the effective source - to increased voltage also causes an increased current Alcro 
gate resistance of the second FET 520 . The steered current 55 through the SCS equivalent resistance 1500 ; however , the 
Iscs flowing through the two resistances develops the volt SCS equivalent resistance has a negative resistance ( e . g . , 
age drop Vses between the Vcc bus 510 and the output - 4 , 000 ohms in the illustrated example ) . Thus , a negative 
terminal 464 of the SCS 460 . The resistance Rscs is related current of 5 milliamperes flows in the direction towards the 
to the steered current and the voltage drop by the following circuit ground reference . Accordingly , to balance the cur 
Equation ( 4 ) : 60 rents , a negative current of 5 milliamperes must also flow 

from the voltage source to the circuit ground reference as 
Rscs = Vscs / Iscs ( 3 ) shown . The foregoing can also be understood as before by 

FIGS . 4 , 7 and 10 show that Vscs is equal to Vec substituting positive currents in opposite directions for the 
V PLATE : Thus , the resistance can be determined by the two negative currents as shown in FIG . 15B . As shown in 
following Equation ( 4 ) : 65 FIG . 15B , the reduction in current provided by the voltage 

source ( e . g . , the vacuum tube ) at the current summing node 
Rscs = ( Vcc - V PLATE ) Iscs ( 4 ) and the increase in the SCS current provided to the current 



US 10 , 256 , 776 B1 
17 18 

summing node flow into the current summing node to A benefit of the combination of the current steering source 
compensate for the increased load current ALLOAD through ( CSC ) 460 and the vacuum tube 410 is to enable the vacuum 
the AC equivalent resistance of the primary winding , which tube circuit to provide increased power to the load ( e . g . , the 
flows out of the current summing node . loudspeaker 452 ) while operating the vacuum tube well 

In FIG . 16A , a decrease in the plate voltage AV PLATE at 5 within safe operating limitations . The 300B vacuum tube 
the current summing node 430 , results in a decrease in the illustrated herein has a maximum safe power dissipation of 
load current AILOAD through the AC equivalent resistance 40 watts , which is illustrated by a curved line 1900 on the 
1510 of the primary winding . The decrease in the load load lines reproduced in FIG . 19 . The curved line can be 
current is represented by a negative value of 10 milliamperes considered as the upper boundary of the safe operating area 

10 ( SOA ) wherein the product of the plate voltage times the in the conventional current flow direction from the current 10 plate current does not exceed 40 watts . As shown in FIG . 19 , summing node toward the circuit ground reference 422 . The the load line 1300 from FIG . 13 is well within the safe decrease in the plate voltage applied across the negative operating area . The previously known circuit topologies 
resistance of the SCS equivalent resistance 1500 causes the illustrated in FIGS . 1 , 2 and 3 can also operate a 300B 
current to increase in the direction from the current summing 15 Irrent summing 15 vacuum tube within the safe operating area ; however , it can 
node toward the circuit ground reference by 5 milliamperes be shown that the typical maximum power transferred to the 
in the illustrated example . To balance the currents , the load by the previously known topologies is around 10 watts . 
current through the voltage source 1520 in the direction Trying to drive the 300B vacuum tube to transfer greater 
from the current summing node toward the circuit ground power to the load with one of the circuits 100 , 200 , 300 of 
reference must also increase by 5 milliamperes . FIG . 16B 20 FIGS . 1 , 2 and 3 may cause the average power dissipation 
illustrates the same result with the decreased load current of the vacuum tube to approach or exceed the 40 - watt 
illustrated as a positive current directed toward the current dissipation boundary . 
summing node . Unlike the circuits 100 , 200 , 300 of FIGS . 1 , 2 and 3 , the 

The SCS 460 can also be used with other load resistances circuit 400 of FIG . 4 with the steered current source ( SCS ) 
representing the primary winding . For example , if the char - 25 460 transfers significantly greater power to the load without 
acteristic impedance of the loudspeaker 452 is increased to stressing the 300B vacuum tube . As illustrated by the load 
8 ohms , the impedance reflected into the primary 442 of the line 1300 in FIGS . 13 and 18 , at a plate voltage of 0 volts , 
power output transformer 440 is 4 , 000 ohms rather than the vacuum tube 410 draws 150 milliamperes of current into 
2 , 000 ohms . With R , on equal to 4 , 000 ohms , the foregoing the plate terminal 418 . The vacuum tube transfers the plate 
AC analysis results in a substantially constant plate current 30 current to the circuit ground reference 422 via the cathode 
as represented by a load line 1700 in FIG . 17 and as terminal 414 . From Equation ( 3 ) , a plate voltage of 0 volts 
represented by data in a table 1800 in FIG . 18 . For example , causes the steered current Iscs from the SCS to be 0 
increasing the plate voltage by 20 volts causes the load milliamperes . Thus , the entire 150 milliamperes of plate 
current Iload to increase to 5 milliamperes ( e . g . , AILOAD = 5 current is drawn out of the load ( e . g . , the primary winding 
milliamperes ) flowing into the primary winding from the 35 442 of the power output transformer 450 ) . The vacuum tube 
plate terminal ( current summing node ) 418 . As before , the does not have to conduct current from the SCS when the 
SCS provides an increased current Iscs of 5 milliamperes plate voltage is 0 volts . 
( e . g . , AISCs = 5 milliamperes ) into the current summing node , When the plate voltage is at a maximum voltage of 600 
which balances he load current flowing away from the volts , the plate current is O milliamperes , and the steered 
current summing node . Thus , the plate current does not 40 current Iscs provided by the SCS 460 is 150 milliamperes . 
change and remains at 75 milliamperes . In a similar manner , The steered current is provided to the load ( e . g . , the primary 
a decrease in the plate voltage of 20 volts causes the load winding 442 of the power output transformer 440 ) with no 
current to have a magnitude of 5 milliamperes flowing from contribution to the load current from the vacuum tube . 
the primary winding toward the current summing node . The For the circuit 400 of FIG . 4 , the peak negative load 
change in plate voltage causes the SCS to produce a 45 current - I PEAK LOAD is – 150 milliamperes at a plate voltage 
decreased output current Ises that changes by 5 milliamperes of 0 volts . The peak positive load current + I PEAK LOAD is 
( e . g . , Alsos = - 5 milliamperes ) . This negative change in + 150 milliamperes at a plate voltage of 600 volts . Thus , 
current , which flows away from the current summing node , I PEAK LOD is + 150 milliamperes . For a sinewave audio 
balances the change in current from the primary winding output signal , the RMS value of the load current ILOAD 
that flows into the current summing node such that the plate 50 provided to the load is 150 milliamperes divided by V2 , 
current does not change and remains at 75 milliamperes . which equates to approximately 1 . 06 milliamperes RMS . 
Accordingly , the load line 1700 in FIG . 17 is substantially The power provided to the load is calculated as the RMS 
horizontal . This can also be understood using Equation ( 7 ) current squared times the resistance ( e . g . , ( 150 / V2 ) 2x2000 ) , 
wherein the total load on the plate RTOTAL = 1 / [ ( 1 / - 4000 ) + which is approximately 22 . 5 watts . Accordingly , the power 
( 1 / 4000 ) ] . The equation results in a division by 0 , which 55 applied to the load is over twice the power applied to the 
results in an infinite AC load on the plate . Accordingly , the load under similar operating conditions for a previously 
AC current through the plate is zero , which results in no known single - ended amplifier circuit topology using a cor 
change in the plate current over the entire AC voltage swing . responding vacuum tube . As discussed above , the power is 

The negative resistance ( - 4 , 000 ohms ) of Rscs can also provided to the load while operating the vacuum tube 410 
be used to explain the slope of the load line 800 in FIG . 8 60 along the load line 1300 , which is well within the safe 
for the open load condition ( e . g . , RPRIV = 00 ) . From Equation operating range of 40 watts as illustrated by the SOA line 
( 7 ) , RTOTAL = 1 / [ ( - 1 / 4000 ) + ) ( 1 / 00 ] = - 4000 ohms . The nega - 1900 in FIG . 19 . 
tive value for the total resistance causes the load line 800 to The foregoing analysis can be compared with the analysis 
have the opposite slope from the load line 1300 in FIG . 13 . for a typical constant current plate supply such as the supply 
Thus , the plate current for the open load condition increases 65 illustrated in FIG . 3 . To achieve near maximum power 
with increasing voltage as described above with respect to output provided to the load ( e . g . , the primary winding 342 
FIG . 8 . in FIG . 3 ) , the circuit is operated with an idle plate voltage 

K - L 
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of 337 . 5 volts and with an idle plate current of 100 milli output terminal of the amplification component is pro 
amperes as represented by an idle point 2000 . At a plate portional to the output voltage of the amplification 
voltage of 137 . 5 volts , the plate current is 200 milliamperes . component . 
At a plate voltage of 537 . 5 volts , the plate current is o 3 . The steered current source as defined in claim 2 , 
milliamperes . Because of the constant current provided at 5 wherein : 
the plate terminal 316 , the plate voltage and the plate current the input section of the steered current source comprises : 
can be represented by a load line 2010 in FIG . 20 that varies a first transistor having a control input terminal , a first 
from a plate voltage of 137 . 5 volts and a plate current of 200 controlled terminal and a second controlled terminal , 
milliamperes to a plate voltage of 537 . 5 volts and a plate the control input terminal coupled to the output 
current of 0 milliampere . The plate voltage must be main terminal of the amplification component , the first 
tained at or above 137 . 5 volts to preclude the plate current controlled terminal coupled to a first resistor to 
from exceeding a maximum recommended peak current of produce a first voltage across the first resistor pro 
200 milliamperes . Since the current provided by the constant portional to the output voltage on the output terminal 
current source 370 in FIG . 3 is a constant 100 milliamperes , 10 of the amplification component and to produce a first 
the current provided to the load ( e . g . , the primary winding ) current through the first resistor proportional to the 
varies + 100 milliamperes with respect to idle condition . first voltage , the first current flowing between the 
Accordingly , the power applied to the load can be calculated first and second controlled terminals of the first 
as ( 100 / 2 ) 2x2000 = 10 watts . The power transferred to the transistor ; and 
load is much lower than the power transferred to the load by 20 a second resistor coupled to the second controlled 
the steered current source - based circuit 400 in FIG . 4 . terminal of the first transistor to receive the first 
Furthermore , the conventional constant current source current , the second resistor producing the input sec 
based circuit 300 of FIG . 3 operates much closer to the safe tion voltage proportional to the first current ; 
operating area represented by the line 1900 of FIG . 19 , and and 
also operates with a higher maximum plate current ( e . g . , 200 25 the output section of the steered current source comprises : 
milliamperes versus 150 milliamperes ) . a second transistor having a control input terminal , a 

Although described above with respect to the vacuum first controlled terminal and a second controlled tube 400 as the amplifying component , the steered current terminal , the control input terminal of the second 
source 460 may also be used to drive a load with increased transistor coupled to receive the input section volt 
power using other amplification components . For example , 30 age , the first controlled terminal of the second tran 
the vacuum tube may be replace with a FET or other sistor coupled to a third resistor to reproduce the 
semiconductor amplifier with suitable modifications to the input section voltage across the third resistor , the other components . third resistor producing the steered current propor 

The previous detailed description has been provided for tional to the input section voltage , the steered current the purposes of illustration and description . Thus , although 35 propagating through the second transistor from the 
there have been described particular embodiments of a new first controlled terminal to the second controlled 
and useful invention , it is not intended that such references terminal and to the output terminal of the amplifi 
be construed as limitations upon the scope of this invention cation component . 
except as set forth in the following claims . 4 . The steered current source as defined in claim 3 , 

40 wherein the first transistor comprises at least one n - channel 
What is claimed is : enhancement mode metal oxide semiconductor field effect 
1 . A steered current source for a class - A single - ended transistor ( MOSFET ) , and the second transistor comprises at 

amplifier having an amplification component that produces least one p - channel enhancement mode MOSFET . 
a time - varying amplified output voltage on an output termi 5 . The steered current source as defined in claim 1 , 
nal in response to an input signal on a control terminal , the 45 wherein the amplification component comprises a vacuum 
output terminal AC - coupled to a load , the steered current tube having at least a cathode , an anode and a grid , and 
source comprising : wherein the output terminal is the anode of the vacuum tube . 

an input section coupled to the output terminal of the 6 . A method for increasing the power provided to an 
amplification component , the input section receiving AC - coupled load from a class - A single - ended amplifier 
the output voltage produced by the amplification com - 50 having an amplification component responsive to an input 
ponent and producing a control signal responsive to the signal to produce a time - varying amplified output voltage on 
output voltage ; and an output terminal connected to the load , the method com 

an output section that generates a steered current respon prising : 
sive to the control signal produced by the input section , coupling the output voltage from the output terminal of 
the steered current provided to the output terminal of 55 the amplification component to the input of a steered 
the amplification component , the steered current current source ; 
increasing in response to the output voltage increasing , generating a steered current within the steered current 
the steered current decreasing in response to the output source , the steered current proportional to the output 
voltage decreasing . voltage from the output terminal of the amplification 

2 . The steered current source as defined in claim 1 , 60 component ; and 
wherein : coupling the steered current to the output terminal of the 

the input section produces a first current proportional to amplification component to provide at least a portion of 
the output voltage of the amplification component ; the steered current to the load . 

the control signal is an input section voltage proportional 7 . The method as defined in claim 6 , wherein the ampli 
to the first current ; and 65 fication component has an amplifier current that flows from 

the steered current is proportional to the input section the output terminal through the amplification component to 
voltage such that the steered current provided to the a reference voltage , the method further comprising ; 
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increasing the steered current from the steered current a steered current source having a voltage input coupled to 
source and decreasing the amplifier current when the the output terminal of the amplification component and 
output voltage increases ; and having a steered current output coupled to the output 

decreasing the steered current from the steered current terminal of the amplification component , the steered source and increasing the amplifier current when the 5 current source configured to increase the steered cur output voltage decreases . 
8 . The method as defined in claim 7 , wherein : rent to provide current to the load when the output 
the output voltage of the amplification component has an voltage on the output terminal of the amplification 

idle voltage magnitude ; component increases and to decrease the steered cur 
the amplifier current has an idle current magnitude when rent output when the output voltage on the output 

the output voltage of the amplification component is at terminal of the amplification component decreases . 
the idle voltage magnitude ; 10 . The single - ended Class - A amplifier as defined in 

the magnitude of the amplifier current decreases below claim 9 , wherein the amplification component is a vacuum 
the idle current magnitude when the magnitude of the tube , wherein the control terminal is a grid terminal , wherein 
output voltage increases above the idle voltage mag - , the output terminal is an anode terminal , and wherein the 
nitude ; and reference terminal is a cathode terminal . the magnitude of the amplifier current increases above the 11 . The single - ended Class - A amplifier as defined in claim idle current magnitude when the magnitude of the Te 9 , wherein the load is the primary winding of an output output voltage decreases below the idle voltage mag transformer , the output transformer having a secondary nitude . 

9 . A single - ended Class - A amplifier comprising : 20 winding coupled to an audio transducer . 
an amplification component having at least an output 12 . The single - ended Class - A amplifier as defined in 

claim 9 , wherein : terminal , a reference terminal and a control terminal , 
the control terminal receiving a time - varying input the DC current flowing through the amplification com 
signal , the amplification component responsive to the ponent increases with increasing DC voltage on the 
time - varying input signal to vary an output voltage on 23 output terminal , and 
the output terminal and to vary a current flowing the AC current flowing through the amplification current 
between the output terminal and the reference terminal ; decreases with increasing AC voltage on the output 

a load AC - coupled to the output terminal of the amplifi terminal . 
cation component ; 


